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ABSTRACT: Changes to nanoparticle surface charge, colloidal stability, and hydrodynamic
properties induced by interaction with natural organic matter (NOM) warrant consideration in
assessing the potential for these materials to adversely impact organisms in the environment.
Here we show that acquisition of a coating, or “corona”, of NOM alters the hydrodynamic and
electrokinetic properties of diamond nanoparticles (DNPs) functionalized with the polycation
poly(allylamine HCI) in a manner that depends on the NOM-to-DNP concentration ratio. The
NOM-induced changes to DNP properties alter subsequent interactions with model biological
membranes and the Gram-negative bacterium Shewanella oneidensis MR-1. Suwannee River
NOM induces changes to DNP hydrodynamic diameter and apparent C(-potential in a
concentration-dependent manner. At low NOM-to-DNP ratios, DNPs aggregate to a limited
extent but retain a positive (-potential apparently due to non-uniform adsorption of NOM
molecules leading to attractive electrostatic interactions between oppositely charged regions on
adjacent DNP surfaces. Diamond nanoparticles at low NOM-to-DNP ratios attach to model

membranes to a larger extent than in the absence of NOM (including those incorporating
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lipopolysaccharide, a major bacterial outer membrane component) and induce a comparable
degree of membrane damage and toxicity to S. oneidensis. At higher NOM-to-DNP ratios, DNP
charge is reversed, and DNP aggregates remain stable in suspension. This charge reversal
eliminates DNP attachment to model membranes containing the highest LPS contents studied
due to electrostatic repulsion and abolishes membrane damage to S. oneidensis. Our results
demonstrate that the effects of NOM coronas on nanoparticle properties and interactions with

biological surfaces can depend on the relative amounts of NOM and nanoparticles.

INTRODUCTION

Rapid growth in the production and use of engineered nanomaterials has been
accompanied by an increase in the potential for these materials to be released into the
environment and for organisms to be exposed to them.'? The large surface-to-volume ratio of
nanomaterials as well as their high surface energy promotes the acquisition of a coating or
“corona” of natural organic matter (NOM)* upon entry into wastewater treatment plants, natural
waters, aquatic sediments, and soils. Natural organic matter is comprised of a complex mixture
of relatively low molecular mass organic compounds resulting primarily from microbial
degradation of vegetation, algae, and bacterial biomass.® Natural organic matter is found in
natural waters at organic carbon (oc) concentrations ranging from ~0.5 mgOC-L'1 in seawater and
groundwater to over 30 mge'L" in wetlands.” Over the pH range typical for environmental
systems (4 to 9), NOM bears a net negative charge due to the deprotonation of carboxyl and
phenolic groups.®® Acquisition of a NOM “corona” alters the physical and chemical properties

10-13 Tnteraction with

of nanomaterials and impacts their transport and fate in the environment.
NOM can stabilize nanoparticle suspensions electrostatically or through a combination of

electrostatic and steric interactions."” Natural organic matter can induce aggregation of
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nanoparticles in the presence of elevated concentrations of divalent metal cations and when
neutralizing nanoparticle charge.'*'® Such nanoparticle aggregation in the presence of NOM

18-21

depends on the nanoparticle coating,'*'” NOM properties (e.g., polarity fraction, molecular

2225y and NOM concentration.'®**?” Natural organic matter-induced changes to
g g

mass
nanoparticle surface charge, colloidal stability, and hydrodynamic properties warrant
consideration in assessing the potential for these materials to adversely impact organisms in the
environment.

The initial point of contact between nanoparticles and cells is often a lipid membrane, yet
the impact of NOM on nanoparticle interactions with cell membranes has received little study.
One previous study showed that humic acid decreased fullerene accumulation in zwitterionic and
negatively charged solid-supported lipid membranes and reduced uptake by Caco-2 cells.”® The
reduction in cellular uptake was attributed to electrostatic repulsion between the negatively
charged humic acid-coated fullerene surface and the negatively charged Caco-2 cytoplasmic
membrane.” Similarly, NOM prevented adhesion of nanoscale zero-valent iron to the outer
membrane of Escherichia coli through electrostatic and steric repulsion, decreasing toxicity.””
These studies demonstrate that NOM coatings can modulate the interaction of nanoparticles with
cellular membranes.

Solid-supported lipid bilayers are often used as model systems to understand the
complex interactions that occur between nanomaterials and cellular membranes.’*® The
majority of these studies have employed bilayers composed of a single phospholipid or binary
mixtures of phospholipids. Such bilayers do not include cell surface components expected to be

important for the interaction of nanoparticles with bacteria. For example, the outer membrane of

Gram-negative bacteria is complex and its outer leaflet contains up to 75% lipopolysaccharides
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(LPS), a class of glycolipids.”” The construction of model membranes incorporating LPS has

been recently reported.>**

Nanoparticle interactions with model membranes incorporating LPS
are expected to correspond more closely to results obtained using bacteria than are those with
bilayers lacking these important cell-surface molecules.* Identification of the impacts of NOM
on nanoparticle hydrodynamic and electrokinetic properties as well as on their interactions with
model and actual bacterial membranes is needed to better elucidate the role NOM plays in
interactions between nanomaterials and bacteria.

The objectives of this study were to investigate the impact of NOM-to-nanoparticle
concentration ratio on the interaction of cationic nanoparticles with model cell membranes,
including those incorporating LPS, and with the Gram-negative bacterium Shewanella
oneidensis MR-1. To achieve these objectives, we used diamond nanoparticles (DNPs)
functionalized with the polycation poly(allylamine HCI) (PAH) and Suwannee River NOM as
model systems. Nanodiamond is used as a polishing material,*® an additive in rubbers* and
lubricants,” and in drug delivery and bioimaging.*' Use of DNPs in the present study was
motivated by their chemical stability and the ease with which they can be functionalized,
allowing us to probe interactions with NOM and model and actual bacterial surfaces without
complications arising from dissolution of the nanoparticle core material.*> We chose the PAH
polymer to functionalize the DNPs to investigate the impact of NOM on a capping agent
previously shown to be toxic to bacteria and the microcrustacean Daphnia magna when mounted
on nanogold.** We used quartz crystal microbalance with dissipation monitoring (QCM-D) to
investigate nanoparticle interaction with model membranes lacking or incorporating LPS. We

further examined the impact of NOM on membrane damage and toxicity to S. oneidensis induced
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by PAH-DNP. The results presented here provide new insights into how NOM affects the

interaction of nanomaterials with bacterial membranes.

MATERIALS AND METHODS

Functionalization of diamond nanoparticles. Diamond nanoparticles
(Monocrystalline Synthetic Diamond, MSY 0-0.03 pm) were obtained from Microdiamant
(Legwil, Switzerland). As-received DNPs were oxidized by reflux in a 3:1 (v/v) mixture of
concentrated H,SO, and HNO; for 3 d (Caution: extremely caustic). After oxidation the
nanodiamond was diluted (10x) in ultrapure water (18.2 MQ-cm resistivity, MilliQ-Advantage
A10, Millipore) and centrifuged (5 min, 4696g) to sediment the particles. After an additional
wash (centrifugation and resuspension in ultrapure water), the pellet was resuspended in 3:1 (v/v)
H,SO4:HNO; and refluxed for another 3 d. The resulting nanoparticle suspension was diluted,
centrifuged (5 min, 4696g), and resuspended repeatedly until the pH was neutral and the particles
did not sediment. The dispersed particles were electrostatically wrapped with PAH polymer (15
kDa, Sigma Aldrich) by mixing particles (1 mg-mL'1 as determined by gravimetric analysis) with
polymer solution (1 mg-mL'1 in 0.001 M NacCl) at a 1:1 ratio overnight. Particles were dialyzed
(Spectrum Labs, nominal molecular weight cut-off 50 kDa) against 4 L of ultrapure water three
times (4 h the first time and 24 hr each for the two subsequent times) to remove excess polymer.

Natural organic matter. Suwannee River NOM was obtained from the International
Humic Substances Society (IR10IN, St. Paul, MN). Stock solutions of NOM (200 mge.-L™)
were prepared in ultrapure water (18.2 MQ-cm resistivity, Barnstead GenPure Pro) adjusted to
pH 10 with 6 M NaOH. The solution was allowed to stir overnight in the dark, filtered through a
0.22 um Teflon® filter, and stored at 4 °C. The total organic content in the stock solution was

determined after filtration using the UV/persulfate oxidation method with membrane
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conductometric detection of CO, (GE Instruments/Sievers Model 900 TOC analyzer, 186 + 13
mgo-L™"). Prior to use in experiments, NOM solutions were buffered to pH 7.4 with 0.002 M 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Fisher Scientific) and the ionic
strength was adjusted to 0.025 M with NacCl.

Hydrodynamic and electrokinetic characterization. We determined diffusivities
and electrophoretic mobilities of PAH-DNPs over a range of NOM-to-DNP concentration ratios,
by dynamic light scattering and laser Doppler microelectrophoresis (75 V; Malvern ZetaSizer
Nano ZS, Worcestershire, UK). Unless otherwise noted, experiments were conducted at a 1 nM
number concentration of PAH-DNP in 0.025 M NaCl buffered to pH 7.4 with 0.002 M HEPES
(ionic strength and pH values within the ranges encountered in natural freshwater systems).*’
After addition of PAH-DNP to a buffered NOM solution, the mixture was vortexed and analyzed
immediately. (Experiments were conducted to evaluate the effect of contact time on DLS and
potential measurements, and we saw no significant differences between immediate analysis and
analysis after 1 h of contact time, here we report findings for the case where the particles were
mixed and immediately analyzed). Diffusivity and electrophoretic mobility measurements
represent averages of five measurements. We calculated intensity-averaged hydrodynamic
diameters from the particle diffusivities using the Stokes—FEinstein equation. Hydrodynamic
diameter (dn) number distributions were estimated from the intensity measurements using Mie
‘[heory.46 We estimated DNP (-potentials from the -electrophoretic mobility using the

Smoluchowski approximation.*’**

The Smoluchowski approximation assumes the particle is a
hard sphere; however, the polyelectrolyte coatings on the nanodiamond used here renders a

relatively soft, ion-penetrable shell on a hard particle core, making the {-potential derived from

the Smoluchowski approximation an apparent value.*®
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Quantification of free NOM in solution. Ultraviolet-visible (UV-Vis) absorption
spectroscopy was used to determine the amount of chromophoric NOM bound to the surface of
the PAH-DNPs (Shimadzu UV-2401PC). Samples varying in NOM-to-DNP ratio were prepared
as described for DLS measurements and then centrifuged (90 min, 25,000g, 25 °C) to produce a
pellet of either PAH-DNP or NOM/PAH-DNP. Supernatant was removed, and the chromophoric
NOM remaining in the supernatant was quantified by comparing the absorbance at 320 nm to a
calibration curve made from a stock NOM solution (Figure S1).

Preparation and characterization of phospholipid vesicles. We prepared small
unilamellar vesicles (SUVs) composed of solely 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC, 16:0-18:1 PC; Avanti Polar Lipids) or with 0.46 mol% rough LPS
(rLPS) or smooth LPS (sLPS) or 6.4 mol% rLPS as recently described.’®> Rough and smooth LPS
were from Salmonella enterica serotype minnesota Re 595 (the so-called deep rough mutant) and
serotype minnesota, respectively (Sigma Aldrich). Further details on preparation and
characterization of these vesicles, as well as the generic structure of LPS are presented in the
Supporting Information (Figures S2 and S3).

Interaction of diamond nanoparticles with supported lipid bilayers. We used
QCM-D to monitor the formation of supported lipid bilayers and their interactions with
nanoparticles in real time and without the use of labels. The QCM-D technique measures the
changes in resonance frequency (Af) and energy dissipation (AD) for an AT-cut quartz crystal as
an analyte interacts with the sensor surface. Changes in frequency are related to changes in the
mass coupled to the sensor surface, which includes the mass of both the analyte and of any
dynamically coupled solvent. The dissipation factor, D, represents the fractional energy loss per

radian at the oscillation frequency and provides information on the viscoelastic properties of
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laterally homogeneous adlayers or the stiffness of particle—surface contacts for films of discrete
nanosized objects.*” Rigidly adsorbed films have a fractional energy loss per radian of oscillation
that is small relative to the change in frequency of a given harmonic (n), defined —AD,/(Af,/n)
<< 2/(f,) (equal to 4 x 107 Hz' for the 4.96 MHz crystals used here),” where # is the harmonic
number. For such films, the adsorbed surface mass density (Al'gem-p) 1s linearly related to the

change in frequency, as described by the Sauerbrey equation:™

C

AFQCM-D = _;Afn

2)

where C is the mass sensitivity constant (equal to 18.0 ng-Hz'-cm™ for a 4.96 MHz crystal). In
the PAH-DNP experiments presented, —AD,/(Af.,/n) < 4 x 107 Hz' (Table S7), and the
Sauerbrey equation was used to estimate acoustic surface mass density. The fundamental and
odd harmonics (n = 3-11) were measured simultaneously. Data from odd harmonics 3 through 11
were equivalent;’' we present data from the 5™ harmonic (~25 MHz) for all studies. Initial rates
of PAH-DNP deposition (r;) were calculated as the first derivative of the change in acoustic

surface mass density with respect to time over the first 30 seconds of attachment:**>*

.= dr QCM-D

d dt 3)

Prior to QCM-D experiments, SiO,-coated sensor crystals (QSX303, Biolin Scientific,
Stockholm, Sweden) were cleaned by sonicating in a 2% sodium dodecyl sulfate solution (10
min), rinsing alternatively with ultrapure water and ethanol three times, drying with N, gas, and
exposed to ultraviolet light (185 nm and 254 nm) from a low-pressure mercury lamp (20 min) to
remove any trace organic compounds (Bioforce Nanosciences UV/Ozone Procleaner).

We formed supported lipid bilayers on SiO,-coated quartz crystal microbalance sensors

from SUVs composed of POPC with or without LPS via the vesicle fusion method”***° using a
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Q-Sense E4 instrument (Biolin Scientific). The sensors were first equilibrated in 0.150 M NaCl
buffered to pH 7.4 with 0.002 M HEPES (pH and buffer concentration used throughout unless
otherwise noted). Vesicles (0.125 mg'mL™") in a solution of the same composition were flowed
(0.100 mL-min™") over the surface until the critical surface vesicle concentration (evidenced as
the time at which the maximum frequency change is observed)™® was attained and the vesicles
ruptured and fused to form a bilayer. After frequency and dissipation values stabilized, vesicle-
free solution was flowed over the sensor to remove any loosely adsorbed vesicles. The ionic
strength was lowered by exchanging the 0.150 M NaCl solution with 0.025 M NaCl solution
until a stable baseline was reached. Figure S4 shows a representative frequency trace.

Suspensions of PAH-DNP with or without NOM (5 or 30 mgOC-L'l) or NOM alone (5 or
30 mgo'L™") in 0.025 M NaCl were flowed over the supported lipid bilayers, and attachment was
monitored for 20 min. (For samples including NOM and PAH-DNPs, PAH-DNPs were exposed
to NOM for up to 20 min before introduction to the QCM-D as no further aggregation of the
particles was observed by DLS in this time frame.) After 20 min, bilayers were rinsed with
nanoparticle-free solution to examine the reversibility of attachment. In a subset of experiments,
the bilayer was equilibrated with 4.7 mg-L™' PAH polymer prior to the introduction of PAH-DNP
(with or without NOM) to examine the influence of adsorbed polymer on nanoparticle
attachment to the bilayers (Table S9). Attachment experiments were conducted in at least
triplicate at 25.0 £ 0.5 °C.

Shewanella oneidensis viability and membrane damage. Shewanella
oneidensis was grown from colonies on an agar plate in Difco’™ Luria-Bertani (LB) Broth
overnight in a shaker incubator (30 °C, 275 rpm). Cells were sedimented (2000g, 10 min) and

resuspended in Dulbecco's phosphate-buffered saline (D-PBS), and sedimented and resuspended
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again in fresh 0.025 M NaCl buffered to pH 7.4 with 0.002 M HEPES before exposure to
nanoparticles.

We evaluated the toxicity of PAH-DNP to S. oneidensis using a growth-based viability
assay to quantify actively metabolizing cells.”” The time for a cell culture to reach log phase
depends on initial cell density: the longer the delay (lag phase), the lower the initial viable cell
density (measured in colony forming units, CFU). A calibration curve of S. oneidensis was
constructed using serially diluted cell culture where 10’ CFU-mL™" was defined as 100% viable.
A S. oneidensis culture at 10’ CFU-mL" was incubated (10 min) with NOM alone or with
NOM-+DNP at ratios ranging from 0 to 6.67 mg,.-mgpan.one ', then diluted in fresh LB medium in
a 96-well plate. Optical density at 600 nm was monitored at 20-min intervals for 20 h
(SpectraMax Plate Reader) at 30 °C with agitation between readings to track cell growth. The
time to reach log phase for each exposure condition was compared to the calibration curve to
determine any change in viability.

The LIVE/DEAD BacLight™ kit (ThermoFisher Scientific) was used to assess bacterial
membrane damage by PAH-DNP in the presence and absence of NOM. We exposed S.
oneidensis to 1 nM PAH-DNP at NOM-to-DNP ratios ranging from 0 to 6.67 mg,.-mgpan.pnp - fOr
10 min, and the cells were distributed in a 96-well plate in triplicate. The LIVE/DEAD stain
mixture was used according to manufacturer recommendations. Analyses were conducted using a
fluorescence plate reader using an excitation wavelength of 485 nm. Fluorescence intensity was
measured at 528 nm and 635 nm for SYTO9 and propidium iodide (PI), respectively. SYTO9-to-
PI fluorescence intensity ratios were determined for each exposure and normalized to that of a

control bacterial sample not exposed to either PAH-DNP or NOM.

ACS Paragon F;llgs Environment

Page 10 of 33



Page 11 of 33

228
229

230

231

232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

249

Environmental Science & Technology

Statistical analyses. Comparisons across bilayer types and particle conditions were
made using a two-way ANOVA with a Tukey correction for multiple comparisons at the o =

0.05 level of significance (Prism 6.0).

RESULTS AND DISCUSSION

NOM alters nanoparticle hydrodynamic and electrokinetic properties. We
determined the hydrodynamic diameter (dy) and (-potential of the PAH-DNPs over a range of
NOM concentrations (0 to 30 mge'L™") representing NOM-to-PAH-DNP ratios of 0 to 8 mg-
oc'Mgparonp - Interaction with NOM induced changes to PAH-DNP &, (Figure 1a) and {-potential
(Figure 1b). In the absence of NOM at an ionic strength of 0.025 M and a pH of 7.4 (0.002 M
HEPES), PAH-DNPs were present in suspension primarily as single positively charged
nanoparticles (d, = 17 £ 6 nm, equivalent to the nominal core size of the nanoparticles, ~15 nm;
{-potential = +21 £ 3 mV). At a NOM-to-DNP ratio of 1.33 mg..-mgpanone ', the d, of PAH-DNP
increased to 42 + 9 nm, indicating a modest degree of aggregation, but the (-potential remained
unchanged (+22.3 + 0.6 mV). Measurement of the NOM in solution that was not bound to PAH-
DNPs at this NOM-to-DNP ratio was thwarted by the inability to sediment these particles from
suspension even at centrifugal forces up to 649,555¢g for 120 min. The PAH-DNPs were more
stable with respect to sedimentation at 1.33 mg,-mgpan.one than when no NOM was present.
Increasing the NOM-to-DNP ratio to 2.67 mg,.-mgpan.one - resulted in further particle aggregation
and a reversal of (-potential to —13.0 = 0.4 mV. At NOM-to-DNP ratios of 4 mgoc-mgpAH_DW'1
and higher, the dj, and (-potentials of the PAH-DNP remained relatively constant, near 40 nm
and —30 mV, respectively. Sedimentation of aggregates formed at NOM-to-DNP ratios of 2.67

and 8 mg,.mgpanpne” from suspension by centrifugation (90 min, 25,000g) and determination of
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250  the amount of NOM remaining in the supernatant (Figure S1), suggested that 2.1 mg,.-mgpap-
251 DNp'1 bound to the surface of the DNP (0.011 mgoc~nm'2).

252 We attribute the decrease in PAH-DNP C(-potential with increasing NOM-to-DNP
253  concentration ratio primarily to electrostatic interaction of deprotonated carboxyl groups of
254  NOM with the positively charged pendant primary amines on the PAH polymers. At low NOM-
255  to-DNP ratios (< 1.33 mg..-mgpappne '), interaction with NOM molecules induces a small degree
256  of aggregation, but the NOM molecules are not present at high enough concentration to
257  neutralize the overall charge of the PAH-DNPs or displace the PAH polymer wrapping. At this
258  low NOM-to-DNP ratio, aggregation may be due to NOM adsorption leading to uneven charge
259  distribution and a concomitant attractive contribution to the interaction energy.Sg'59 Aggregation
260 induced by oppositely charged patches on nanoparticle surfaces is not satisfactorily represented
261 by classical Derjaguin-Landau—Verwey—-Overbeek (DLVO) theory.”” As the NOM-to-DNP ratio
262  increased, electrostatic interaction with NOM molecules neutralized and then reversed the
263  positive charge on the DNPs; when the magnitude of the -potential was small, attractive van der
264  Waals forces overcame electrostatic repulsion between particles and destabilized the particle
265  suspensions. Alternatively, aggregation rates may have risen as the probability of favorable
266 interactions increased between oppositely charged regions on the DNP surfaces (a function of
267  surface coverage and charge density of both the PAH and the adsorbing NOM molecules)
268  leading to maximum aggregation rates at non-zero net surface charge.”®”’ At yet higher NOM-
269  to-DNP ratios (>4 mg,.-mgpanone ), the NOM-coated particles possessed strongly negative (-
270  potentials (—30 mV) and yielded stable suspensions of DNP aggregates with comparable d}, (one-
271 way ANOVA, p = 0.2334). The observed charge reversal indicated that NOM molecules either

272 overcoat the positively charged polymer on the nanodiamond surface, forming a “NOM corona”
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around the particles, or displaced the electrostatically wrapped PAH polymer. Charge reversal of
positively charged bare zinc oxide,’"*? hematite," and titanium dioxide'® due to interaction with
NOM has been reported previously. Furthermore, increasing the concentration ratio of NOM to
gold nanoparticles functionalized with positively charged branched polyethylenimine or
aminated polyethylene glycol led to charge neutralization and ultimately charge reversal much
like we observed with PAH-DNPs.'” Our findings are consistent with these results and
demonstrate the same phenomenon for particles differing in core material and initial organic
coating.

Nanodiamond attachment to zwitterionic phospholipid bilayers. We next
investigated the impact of the NOM-induced changes to PAH-DNP properties on their
interaction with model membranes composed of the zwitterionic phospholipid POPC. We
examined the influence of NOM on initial attachment rates to and acoustic surface mass densities
attained on POPC bilayers of PAH-DNPs at NOM-to-DNP ratios of 0, 1.33, and 8 mg,. mgpan.
oxe' by QCM-D (Figure 2). Consistent with expectations, electrostatic attraction between the
positively charged PAH-DNP and the negative potential of the supported zwitterionic POPC
bilayer’*® led to attachment in the absence of NOM (Figure 2). We calculated the efficiency of

PAH-DNP attachment to lipid bilayers to quantify the kinetics of initial attachment:**

_ (dFQCM'D/ dt)lipid bilayer
(AT geren /). )

p

where dl'qem-p/dt 1s the change in adsorbed surface mass density per unit time and the subscript
fav on the term in the denominator refers to the change in adsorbed surface mass density under
favorable deposition conditions (absence of an energy barrier to deposition). In the present study,

we approximated favorable deposition conditions for the positively charged PAH-DNPs using
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295 the strongly negatively charged SiO, surface.” To do this, we empirically determined initial
296 rates of attachment to SiO; under the same conditions used for the bilayers. We found all
297  attachment efficiencies for PAH-DNPs to be near unity (Table S2), consistent with previous
298 findings of favorable interaction between cationic nanoparticles and zwitterionic lipid

299  bilayers.”>*>%

We hypothesize that the amine groups on the PAH polymer on the nanodiamond
300 interacted with the phosphate group in the phosphatidylcholine headgroup of the POPC lipids.®”
301 The surface mass density of PAH-DNPs attained after 20 min was higher on the POPC bilayer
302 than on SiO, by a factor of ~3.6 (Figure 2b, Table S8). Lateral repulsion between positively
303 charged PAH-DNP appears to limit the extent of attachment on the SiO, surface. Lateral
304  repulsion seems to be diminished on the POPC bilayer, likely due to phospholipid extraction,”>®’
305 allowing higher surface densities to be reached. Rinsing with nanoparticle-free solution produced
306  small (9 + 2 ng-em™) decreases in acoustic mass consistent with removal of a small population of
307 loosely adhered PAH-DNPs. The attachment of the remaining PAH-DNPs was irreversible on
308 the timescale of our experiments.

309 At the low NOM-to-DNP ratio of 1.33 mg. mgpanone’, the PAH-DNP aggregated to a
310 moderate extent (d =42 + 9 nm) and retained a positive {-potential (+22.3 + 0.6 mV). The initial
311 rate of PAH-DNP attachment to POPC bilayers at this low NOM-to-DNP ratio did not differ
312 significantly from that for PAH-DNP in the absence of NOM (p > 0.05; Figure 2a and Table S1),
313  and attachment efficiencies were close to unity (Table S2). This result is not attributable to the
314  deposition of NOM itself to the bilayer. Control experiments showed the initial rate of NOM
315  attachment to POPC to be nearly zero at a concentration of 5 mgOC-L'1 (the total NOM

316  concentration in the 1.33 mg, mgpan.one’ NOM-to-DNP suspensions; Table S1). Furthermore,

317  exposure of POPC bilayers to 5 mg,.-L”' NOM prior to introduction of PAH-DNP did not alter
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the initial attachment rate (—1.8 + 0.2 ng-em™s™; p > 0.05). We expect transport of the
aggregates formed in the presence of 5 mg.'L”' NOM to the model membrane surface to be
slower than that of the individual PAH-DNPs. Using a Lévéque solution for convective-diffusive
transport modified to account for the curvilinear flow in the QCM-D flow chamber,” we
estimate that in the presence of 5 mg,-L"' NOM the spatially averaged mass-transport limited
attachment rate constant is smaller by a factor of 0.56 + 0.15 relative to the case without NOM
(for details of this analysis see the Supporting Information). The equivalence of the initial
attachment rates in the absence and presence of 5 mgoc-L'1 NOM implies that the average
effective mass of the aggregates (mass of PAH-DNPs, NOM and internal water) attaching to the
model membrane during the initial attachment period is roughly twice that of the individual
PAH-DNPs.

The acoustic surface mass density (I'qem-p) of PAH-DNP on POPC bilayers after 20 min
exposure under flowing conditions was substantially larger at a NOM-to-DNP ratio of 1.33 mg-
o'Mgparpne . than in the absence of NOM (p < 0.0001; Figure 2b, Table S8) and was
accompanied by larger energy dissipation than in the absence of NOM (Table S6) and more
pronounced dispersion in Af,/n indicating that the NOM/PAH-DNP aggregates were less rigidly
coupled to the oscillating sensor than in the absence of NOM. Rinsing with PAH-DNP- and
NOM-free solution resulted in no net change in acoustic mass indicating that NOM/PAH-DNP
attachment to POPC bilayers was irreversible over experimental time scales. The much larger
I'ocm-p Was not attributable to adsorption of NOM alone; exposure of POPC bilayers to 5 mg,-L
I NOM in the absence of PAH-DNP resulted in I'gcm-p values far too small (Table S8) to account
for the large difference observed in PAH-DNP attachment in the presence and absence of this

concentration of NOM. Furthermore, I'gcm.p for attachment to POPC bilayers was statistically
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341  indistinguishable whether or not the bilayers had been first exposed to 5 mgoc-L'1 NOM for 20
342  min prior to interaction with PAH-DNP. We therefore attributed the higher I'qcmp at the 1.33
343 mg,mgpanone. NOM-to-DNP ratio relative to that in the absence of NOM to NOM-induced
344  changes to PAH-DNP properties. As noted above, adsorption of NOM molecules may lead to
345  electrostatic attraction between oppositely charged regions on adjacent DNPs and thereby a
346  moderate degree of aggregation at NOM concentrations insufficient to induce rapid aggregation
347  while the (-potential remains positive. The effective mass of these aggregates (mass of PAH-
348  DNPs, NOM and internal water) is higher than that of single PAH-DNPs. We therefore attributed
349  the higher I'ocm-p at a NOM-to-DNP ratio of 1.33 mg,.mgpappne to the larger effective mass of
350 the aggregated particles delivered to the sensor surface.

351 At a NOM-to-DNP ratio of 8 mg,.mgpaone» NOM molecules induced a modest degree
352  of aggregation (d, = 34 + 13 nm) and coated the PAH-DNPs to the extent that the surface charge
353  was reversed and the (-potential was strongly negative (-33 + 1 mV). At this NOM-to-DNP
354  ratio, the initial rate of PAH-DNP deposition was more than an order of magnitude lower than in
355  the absence of NOM (p < 0.0001; Figure 2a, Table S1) and I'gcm-p values at 20 min were much
356  smaller than in the absence of NOM (Figure 2b, Table S8). The NOM concentration remaining
357 in PAH-DNP suspensions at the NOM-to-DNP ratio used here was ~22 mgoc-L'l. We examined
358 the initial rate of deposition of 30 mge' L' NOM (the total NOM concentration in the 8 mg-
359  ,mgpanone. NOM-to-DNP suspensions) and the adsorbed surface mass density at 20 min and
360 found the NOM deposition rate and I'qcmp to be comparable to those measured for the 8 mg-
361  oomgpanone. NOM-DNP ratio (Figure 2b, Table S1). We therefore attribute the small frequency
362  shifts observed in the NOM-DNP attachment experiments at the high NOM-to-DNP ratio to

363 NOM molecules adsorbing to the bilayer. These results are consistent with following
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interpretation: NOM molecules overcoated the PAH-DNP or displaced the electrostatically
wrapped PAH polymer on the DNP surface to the extent that the {-potential of the aggregates
became strongly negative resulting in a significant electrostatic energy barrier to attachment to
the negatively charged supported model membranes to which NOM had adsorbed.®>"
Nanodiamond interaction with phospholipid bilayers containing
lipopolysaccharides. Full-length, or smooth, LPS is composed of three parts: Lipid A, a core

oligosaccharide, and an O-polysaccharide (Figure S2).”'"

The presence or absence of an O-
polysaccharide determines whether a LPS molecule is respectively smooth or rough.”' Rough
LPS (expressed by some bacteria) is a truncated form of LPS, which contains Lipid A and at
least part of the core oligosaccharide, but lacks the outer O-polysaccharide. The rough LPS
produced by deep rough mutant 595 used in the present study is composed of Lipid A and two
residues of 2-keto-3-deoxy-D-manno-octonate (Kdo) in the core oligosaccharide. In contrast, the
smooth LPS also contained a variable length O-polysaccharide lacking acidic residues and the
portion of the core oligosaccharide between the Kdo residues and the O-polysaccharide, which

includes two phosphate groups.®>™

The core oligosaccharide of the deep rough and smooth LPS
thus contained two and four negative charges, respectively.

Due to the relevance and abundance of these biomolecules at Gram-negative bacterial
surfaces we investigated the effect of including rough or smooth LPS molecules in supported
POPC bilayers on PAH-DNP interaction with model membranes in the absence and presence of
NOM. To construct bilayers incorporating LPS, we employed the vesicle fusion method using
LPS-containing POPC vesicles. Vesicles incorporating LPS exhibited more negative (-potentials

than did those composed solely of POPC (Figure S3). Smooth LPS is larger and more negatively

charged than is deep rough LPS. Electrostatic and steric repulsion limits the maximum amount of
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smooth LPS that can be incorporated into SiO,-supported model membranes via the vesicle

S.3%3 To enable direct

fusion method to a lower mol% than can be achieved with rough LP
comparison between the two types of LPS we therefore prepared bilayers from vesicles
containing 0.46 mol% rough or smooth LPS. To examine the impact of rough LPS surface
density on PAH-DNP attachment, we also formed bilayers from vesicles containing 6.4 mol%
rLPS.

Initial rates of PAH-DNP attachment to POPC bilayers and those formed from vesicles
containing 0.46 mol% rLPS or sLPS were statistically indistinguishable (p > 0.05; Figure 2a,
Table S1) and attachment efficiencies were close to 1 (Table S2). This is likely attributable to the
small amount of LPS incorporated into these membranes. Increasing vesicle rLPS content from
0.46 to 6.4 mol% produced a small decrease in the initial rate of PAH-DNP attachment relative
to that of POPC (p < 0.01, Figure 2a, Table S1). Increasing the incorporation of rough LPS into
vesicles by a factor of ~14 decreased the {-potential of the vesicles from —12.6 = 3.6 mV to —41.7
+ 2.2 mV(Figure S3). We therefore hypothesize that the decrease in r4 was due to the LPS
groups sterically hindering accessibility to the negative charges on the phosphatidylcholine
groups of the bilayer. Values for I'qcmp after 20 min attachment of PAH-DNPs to POPC
bilayers and those incorporating rLPS or sLPS were statistically indistinguishable (»p > 0.05;
Figure 2b, Table S8).

At a low NOM-to-DNP ratio of 1.33 mg,.-mgpan.one’, the initial rates and attachment
efficiencies of NOM/PAH-DNPs attachment to bilayers containing 0.46 mol% rough or smooth
LPS were equal to those measured in the absence of NOM (p >0.05; Figure 2a, Table S1).
Equivalent amounts of NOM at this ratio (5 mge-L™") showed little attachment to 0.46 mol%

rLPS and no attachment to 0.46 mol% smooth or 6.4 mol% rough LPS. In the case of 6.4 mol%
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rLPS, an increase in attachment rate was observed relative to that in the absence of NOM (p
<0.0001). Acoustic surface mass densities after 20 min attachment of NOM/PAH-DNPs to all
bilayers were higher at a NOM-to-DNP ratio of 1.33 mg,.-mgpai.pone” relative to those obtained in
the absence of NOM (p < 0.0001; Figure 2b, Table S8). As noted in the case of POPC, the larger
I'ocm-p values may be attributable to the higher mass associated with the aggregated particles
(PAH-DNPs, NOM and internal water) at this NOM-to-DNP ratio.

As we observed for POPC bilayers for NOM-to-DNP ratios of 8 mg..-mgpanpne s
attachment rates to bilayers containing LPS were at least an order of magnitude lower than in the
absence of NOM and indistinguishable from one another (Figure 2a, Table S1). The deposition
rate of 30 mgoc-L'1 NOM with no PAH-DNP (the total NOM concentration in the 8 mg,.-mgpap.
pxe' NOM-to-DNP suspensions) was similar to that observed when particles were present to all
three bilayer types (Table S1). Furthermore, the acoustic surface mass density of the 8 mg-
o'Mgparpnp . particles after 20 min attachment was indistinguishable from that of NOM binding
to the bilayer (Table S8, p > 0.05). Therefore, we attribute the observed attachment rate and
attachment for the 8 mg,.-mgpan.pnp particles solely to NOM binding to the 0.46 mol% rLPS and
0.46 mol% sLPS bilayers. Neither attachment of particles at NOM-to-DNP ratios of 8 mg-
oc'Mgparone . NOr NOM itself was observed to attach to the 6.4 mol% rLPS bilayer likely due to
increased electrostatic repulsion between the NOM and the more negatively charged bilayer
relative to the other three studied here (Figure S3).

Natural organic matter modulates PAH-DNP impact on Shewanella
oneidensis. We examined the influence of NOM on the effect of PAH-DNP on the Gram-
negative bacterium Shewanella oneidensis. A significantly higher coverage of LPS was expected

on bacterial surfaces (up to 75%) than was modeled in the membrane studies; nonetheless, we
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anticipated a similar trend in surface attachment to bacterial cells to be observed. We note that
under the growth conditions in this study (30 °C), S. oneidensis elaborates only rough LPS.*

We employed the LIVE/DEAD assay to quantify membrane damage. This fluorescence-
based method uses two fluorescent dyes that bind to nucleic acid: green-fluorescent SYTO 9 and
red-fluorescent PI. Cell-permeant SYTO 9 stains all live cells; the non-permeant PI stains nucleic
acids only in the cells with damaged membranes. In the absence of NOM, exposure to 1 nM
PAH-DNP resulted in membrane damage to >60% of the cells (Figure 3a). As the NOM-to-DNP
ratio increased, the proportion of cells with membrane damage remained unchanged at ratios up
to 0.8 mg,. - mgpanpne - A sharp increase in the proportion of cells with intact membranes was
observed at ratios between 0.8 and 1.1 mg,. mgpan.onp, With no observable damage above a ratio
of 1.1 mg,.'mgpar.one .

The impact of NOM on the toxicity to S. oneidensis induced by exposure to PAH-DNP
exhibited a similar trend (Figure 3b). The toxicity of 1 nM PAH-DNP was completely
ameliorated at NOM-to-DNP ratios > 1.3 mg,. mgpan.one . The strong correspondence between
the membrane damage and bacterial viability results displayed in Figure 3 was expected. Earlier
studies have indicated that the toxicity of cationic polymer-wrapped nanoparticles arises largely
from attachment of the positively charged particles to negatively charged bacterial surfaces
leading to membrane damage.** The reduced toxicity and membrane damage at higher NOM-to-
DNP ratios are consistent with the drastically reduced attachment of PAH-DNP to supported
bilayers containing 6.4% rough LPS at NOM-to-DNP ratios of 8 MEoe MEpAHDNP (Figure 2b).
The discrepancy between the results obtained at 1.3 mg, mgpanpne” in the whole cell and 6.4%
rLPS-POPC studies may be attributable to the much higher LPS content on cell surfaces. The

higher density of rLPS on the bacterial surface may have sterically hindered nanoparticle
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disruption of the outer membrane. We also note that the critical NOM-to-DNP ratio that resulted
in amelioration in toxicity and membrane damage by PAH-DNP occurred at a slightly lower
NOM-to-DNP ratio than that of charge reversal of the nanoparticle by NOM (Figure 1b). An
earlier study examining the attachment to and uptake by HeLa cells of an array of Au
nanoparticles spanning a range of {-potentials found a threshold of effective surface charge
density below which minimal binding occurred even when the particles exhibited positive (-
potentials.”” Our observations likely reflect such a threshold in effective charge density as
modulated by adsorbed NOM molecules.

Environmental implications. We have demonstrated that hydrodynamic and
electrokinetic properties of DNPs wrapped with the polycation PAH are altered upon interaction
with NOM and that NOM influences the interaction of these nanoparticles with model cell
membranes and with intact bacterial cells. As the NOM-to-DNP ratio increased the following
sequence of events occurred. Initial adsorption of NOM molecules to PAH-DNP surfaces
resulted in uneven charge distributions and induced attractive interactions between oppositely
charged regions on adjacent particles leading to a moderate degree of aggregation. As further
NOM molecules adsorbed to DNP surfaces, the probability of favorable interactions between
oppositely charged regions on the DNP surfaces increased leading to higher aggregation rates.
Concurrently, adsorbing NOM molecules progressively neutralized and eventually reversed the
positive potential of the particles. Aggregation was promoted at NOM-to-DNP ratios producing
low (-potentials because the electrostatic energy barrier had been lowered sufficiently to allow
attractive van der Waals interactions to cause aggregation. At still higher NOM-to-DNP ratios,
the amount of NOM on the particles increased and electrostatic repulsion prevented further

aggregation of PAH-DNPs. The changes to PAH-DNP hydrodynamic and electrokinetic
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479  properties influenced the attachment of these particles to model membranes and their toxicity
480 toward a Gram-negative bacterium. Our results lead to the expectation that the influence of
481  NOM on nanoparticle-induced effects depends on the NOM-to-nanoparticle ratio (as well as the
482  affinity of NOM for the nanoparticle surface).

483 In the experiments described here, a finite amount of NOM was available to bind to the
484  PAH-DNP. This is particularly important for the low NOM-to-DNP ratios studied because this
485  imposes a limit on the extent of overcoating/displacement of PAH polymer in the experimental
486  system. In the environment, the amount (mass) of NOM ultimately available would be large
487  enough to eventually overcoat/displace the PAH polymer entirely, even at low NOM
488  concentration. The concentration ratios of NOM to PAH-DNP studied here varied from 1.33 (for
489 5 mgOC-L'1 NOM) to 8.0 (for 30 mgoc-L'1 NOM). In typical freshwater environments the ratio of
490 NOM to engineered nanoparticle is expected to be much larger due to the expected low
491  concentrations of engineered nanoparticles.'” Overcoating/displacement would occur, but more
492  slowly at low NOM concentrations. Differences in kinetics of overcoating/displacement could
493  have biological consequences, similar to those demonstrated here at different NOM
494  concentrations, depending on how rapidly the nanoparticles come in contact with organismal
495  surfaces.

496 The present study represents an initial demonstration of the complex influence that NOM
497  can have on nanomaterial interactions with bacterial surfaces. The present study focused on a
498  single type of nanoparticle (diamond) functionalized with a single capping agent (the cationic
499  polymer poly(allylamine HCI)). In the specific system investigated, at low NOM-to-PAH-DNP
500 ratios PAH-DNP bound to model membranes and elicited membrane damage in the bacteria.

501 Higher ratios, which caused reversal of the charge of the polymer-wrapped nanodiamond,
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reduced attachment to the model membranes and damage to bacterial membranes. Effects similar
to those we observed at high NOM concentrations have been reported for nanoscale zero-valent
iron to Escherichia coli,”’ although the mechanism of toxicity likely differed. We expect our
results to be most directly transferable to positively charged natural colloids and engineered

1735 and ligands'**>"*"". We hypothesize that

nanoparticles functionalized with cationic polymers
NOM overcoating/replacement of ligands occurs at the high NOM-to-nanoparticle ratios
expected in the environment; in environments with low NOM concentrations, this would occur at
slower rates than observed in the present study. Future studies are needed to understand the

influence of NOM properties and divalent cations on nanomaterial interactions with cell surfaces

in the presence of NOM.
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Figure 1. PAH-DNP (a) number-averaged hydrodynamic diameters and (b) apparent {-potentials
as a function of Suwannee River NOM-to-nanoparticle concentration ratio in 0.025 M NaCl
buffered to pH 7.4 with 0.002 M HEPES. Error bars represent one standard deviation of five
replicate measurements. In some cases error bars in the apparent (-potential plot fall within the
size of the marker.
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Figure 2. Natural organic matter (NOM) influences the attachment of PAH-DNP to supported
lipid bilayers composed of the zwitterionic phospholipid POPC alone or with the indicated
amounts of smooth or rough lipopolysaccharide (LPS). (a) Initial rates of PAH-DNP attachment
to and (b) acoustic surface mass density (I'ocm-p) at 20 min for the indicated bilayers and SiO, as
a function of NOM concentration. Attachment rates defined as the first derivative of the change
in acoustic surface mass density with respect to time over the first 30 seconds of attachment.
Dotted lines are to guide the eye. Acoustic surface mass densities calculated from the Sauerbrey
equation™ (in all cases AD,/(Af;/n) < 0.4 x 10° Hz")*. Symbols represent means of at least
triplicate measurements; error bars denote one standard deviation. Experiments used 1 nM
(number concentration) of PAH-DNPs in 0.025 M NaCl buffered to pH 7.4 with 0.002 M
HEPES with the indicated amount of Suwannee River NOM at 25 °C. Numerical data for initial
attachment rates and I'qcm.p are presented in Tables S1 and S8, respectively. Abbreviations:
PAH-DNP, diamond nanoparticles functionalized with poly(allylamine HCI); POPC, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; rLPS, rough lipopolysaccharide; sLPS, smooth
lipopolysaccharide.
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777  Figure 3. The influence of NOM-to-DNP ratio on (a) membrane damage and (b) toxicity to
778  Shewanella oneidensis by 1 nM PAH-DNP. Experiments were performed in 0.025 M NacCl
779  buffered with 0.002 M HEPES to pH 7.4.
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