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Abstract

Fate and transport of carbon nanomaterials can be strongly dependent on the interaction with
secondary particulates in the aquatic systems. Bio-particulates in water, e.g., viruses with charged
and hydrophobic surface moieties, may profoundly influence the interfacial behavior and hence
the environmental fate of nanomaterials (and vice versa). This study systematically evaluates the
interfacial interaction of acid-functionalized multiwalled carbon nanotubes (MWNTS) with MS2
bacteriophages, or heteroaggregation behavior of these particulates, under mono- and di-valent
cations and with Suwannee River humic acid (SRHA). Results indicate that the highest
concentration of MS2 (i.e., MWNT:MS2 of 100:1) renders exceptional stability of MWNTS, even
in high salinity conditions. However, at lower MS2 concentrations (i.e., MWNT:MS2 of 1000:1
and 10,000:1), the suppression of MWNT heteroaggregation rate is not as significant. The
observed enhanced stability is likely caused by the preferential attachment of the MS2 capsids
onto MWNT surfaces, which is mediated by electrostatic attraction (between negatively charged
oxygen-containing moieties on MWNTS and positively charged amino acid residues on MS2
surfaces) and/or by MS2 capsids with positive hydropathy index (indicating strong
hydrophobicity). Presence of SRHA also shows stability enhancement; however, at lower MS2
concentrations, SRHA dominated the heteroaggregation behavior. These results implicate that
preferential interaction between virus capsids (i.e., MS2 and may be other waterborne viruses) and
carbonaceous nanomaterials may influence environmental transport of both in aquatic
environments.

Graphical Abstract

Multiwalled carbon nanotubes preferentially interact with MS2 capsids and can result in long-
range transport of both.
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1. Introduction

The likelihood of release of tubular carbon allotropes or carbon nanotubes (CNTS) during
manufacture, use, or from CNT-enabled products at the end-of-life disposal has been shown
to increase (Wiesner et al., 2006; Baughman et al., 2002; Grassian et al., 2016; Wohlleben et
al., 2016). Recent studies estimate that CNTs can be released in ng/L to ug/L concentrations
to surface waters and wastewater effluents, respectively, while near mg/kg quantities of
CNTs may be found in the sediment environment (Gottschalk et al., 2013). Release of CNTs
in the natural aquatic environments will result in interaction with naturally occurring
particulates, including bio-particulates, such as viruses. Understanding the interfacial
interaction between carbonaceous nanomaterials and bio-particulates is thus imperative to
assess the fate and transport of both entities in natural waters.

Viruses, one of the most important bio-particles, are known to bear a large burden of the
global waterborne diseases (Gorchev and Ozolins, 1984). Norwalk virus, now called
norovirus, is known to cause 18% of all the diarrheal disease incidences worldwide (Ahmed
etal., 2014). Bacteriophage MS2 is a positive-sense single stranded RNA virus, that infect
several types of enterobacteriophages. These have similar surface composition and average
virion diameter (27 nm), similar to those of several other viruses, e.g., those of norovirus.
MS2 thus can be easily used as a model surrogate for norovirus in systematic environmental
studies (Hoelzer et al., 2013). Due to their size and surface chemistry, these viruses have
elongated residence time in the water column or in the subsurface pore-water. Though a
wealth of literature is available on fate and transport of MS2 capsids (Mylon et al., 2010), as
well as on inactivation of such phages with nanomaterials (Gutierrez et al., 2009; You et al.,
2011; Huo et al., 2017), none of the studies consider biophysical interfacial interaction of
these bio-particles with engineered carbon-nanoparticulates in the natural environment.
Similarly, the studies focusing on viral removal and inactivation with different nanoparticles
and with immobilized carbon nano-filters (Brady-Estévez et al., 2010; Rahaman et al., 2012)
identify pore-size (i.e., not interfacial physicochemical factors) to be the key factor
responsible for the demonstrated performances. These observations highlight the need for
studies that evaluate the interfacial interaction of nano and bioparticles in natural aqueous
systems.
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Homoaggregation of single-walled (Wang and Hobbie, 2003) and multiwalled CNTs (Saleh
et al., 2008) has been extensively studied under a wide range of aquatic conditions (pH,
ionic strength and composition (Saleh et al., 2008), NOM (Saleh et al., 2010)) and as a
function of surface functionality (Khan et al., 2013a; Smith et al., 2009) and atomic structure
(e.g., chirality (Khan et al., 2013b)). Results conclusively demonstrate that these carbon
allotropes aggregate in water, but can be electrosterically stabilized with geo- and bio-
macromolecules (Saleh et al., 2010; Hyung and Kim, 2008; Hyung et al., 2006; Chen et al.,
2017). Aggregation of CNTSs in the presence of a secondary particulate is known to be
facilitated or suppressed, depending on the ionic condition and concentration of the
secondary particulates (Khan et al., 2013b; Bedran-Russo et al., 2013; Schierz et al., 2014).
MS2 capsids on the other hand, consist of small icosahedral shells (7= 3), composed of 90
dimers of the coat protein, which protects the genomic RNA inside (Valegard et al., 1990).
The virus coat proteins include various amino acid residues, both on the interior (20-90
residues) and the exterior (1-20 and 90-129 residues) of the capsids (Penrod et al., 1996).
These amino acids present positively and negatively charged moieties that include
protonated amine and diaminoiminium groups and carboxylates, respectively, which display
a pH dependent (Penrod et al., 1995) net surface charge on the MS2 (Penrod et al., 1996).
Furthermore, a number of the residues on the capsid exterior exhibit positive hydropathy
index values, indicating strong hydrophobicity (Penrod et al., 1996; Kyte and Doolittle,
1982). Aggregation studies of these MS2 bacteriophages show that these bio-particles are
highly stable and can be destabilized by elevated ionic strength and by a change in pH
(Mylon et al., 2010; Langlet et al., 2007). Strong hydrophobicity and the presence of surface
moieties on these colloidally stable MS2 capsids have been shown to facilitate attachment to
CNTs; however, no systematic heteroaggregation studies have been performed to assess the
fate and transport of both.

This study presents a systematic assessment of acid functionalized multiwalled carbon
nanotubes (MWNTS as primary particles) and MS2 (as secondary particle) interaction in
aqueous environments. Different MWNT:MS?2 ratios are used to evaluate the role of particle
concentration on heteroaggregation kinetics under a range of monovalent (NaCl) and
divalent (CaCly) salt concentrations and in the presence of Suwannee River humic acid
(SRHA). A subset of these heterogeneous interactions is then visualized with cryogenic
TEM (cryo-TEM) to decipher mechanisms of heteroaggregation.

2. Materials and methods

2.1. Preparation and characterization of MWNTs and MS2 samples

Multiwalled carbon nanotubes (MWNTSs) with 8-15 nm outside diameter were procured
from Cheap Tubes Inc., Brattleboro, VT. These pristine MWNTSs were acid functionalized
using a previously established protocol (details in SI) (Smith et al., 2009). Bacteriophage
MS2 15597-B1 was obtained from American Type Culture Collection (Manassas, VA).
Particle number of MWNT and MS2 suspensions were estimated using Nanoparticle
Tracking Analysis (NTA) (LM10, NanoSight Ltd., Amesbury, U.K.), equipped with a 405
nm violet laser. Transmission electron microscopy (TEM; FEI Tecnai F20 200 kV S/TEM,
FEI Company, Hillsboro, OR) was used to assess physical morphology, while Zetasizer-ZS
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2.2.

2.3.

2.4,

3.2.

(Malvern Instruments Ltd., Worcestershire, U.K.) was used to measure the surface potential
of the particles (details in SI).

Solution chemistry

Reagent grade NaCl and CaCl, stock solutions (Sigma-Aldrich, St. Louis, MO) were used to
simulate a wide range of aquatic conditions. Suwannee River Humic Acid (SRHA) stock
solution (Standard I1, International Humic Substances Society) was prepared and the details
are described in earlier studies (Saleh et al., 2010; Khan et al., 2013a) as well as in the SI.

Aggregation kinetics

Time-resolved dynamic light scattering (TR-DLS) was employed using a goniometer system
to determine hydrodynamic radii of MWNT and MS2 aggregates during both
homoaggregation and heteroaggregation. Details are described in earlier studies (Saleh et al.,
2008; Saleh et al., 2010; Khan et al., 2013a) and in the SI.

Cryogenic transmission electron microscopy

The samples for cryogenic TEM were vitrified in liquid ethane (at or below -182 °C) and
analyzed with a FEI Tecnai F20 200 kV S/TEM (FEI Company, Hillsboro, OR). This study
closely followed a previously published protocol (Bedran-Russo et al., 2013) (details in SI).

Results and discussion

Physicochemical properties of MWNTs and MS2

The electron micrographs show debundling of MWNTSs when acid etched, with
approximately 15-20 nm outer-diameter and little presence of catalyst particles. The MS2
capsids are 35.6 £ 11.3 nm in diameter (Fig. S1), and this observed size is in agreement with
previous literature reports (Redman et al., 1997). The bacteriophages tend to form small
clusters in the stock solution, often appearing in doublets and triplets. Hydrodynamic radii
obtained from dynamic light scattering (DLS) measurements for MWNTSs and MS2 are 74.0
+1.6 nm and 44.6 £ 2.0 nm, respectively (Fig. S2).

Electrokinetic properties of MWNTs and MS2

The electrophoretic mobility (EPM) values of MWNTSs and MS2 are shown in Fig. S3(a)
and (b), respectively. Carboxyl groups (pKa = 4-5) on functionalized MWNTS are expected
to dissociate at stock pH conditions, resulting in negative surface charge (Fig. S4)
throughout the pH range of interest (i.e., 2-10). MS2 capsids also display negative surface
charge in most pH conditions and the point of zero charge is near pH 3.0 (Fig. S4); this
value is consistent with previous literature reports (Penrod et al., 1996; Redman et al., 1997;
Zerda and Gerba, 1984; Langlet et al., 2008a). The driver for such surface charge trend can
be identified as the dissociable functional groups (Fig. S4). EPM values of both MWNTs
and MS2 are observed to decrease with the increase in salt concentration, which is caused by
either double-layer compression or counter ion adsorption indicating a classical
electrokinetic behavior.
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3.3. Homoaggregation behavior

Homoaggregation of MWNTSs and MS2 follow classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) type behavior with defined reaction- and diffusion-limited regimes (Fig.
S5). Under mono-valent NaCl, the MS2 capsids do not show any aggregation tendency and
the attachment efficiency values thus cannot be estimated with reasonable confidence.
Estimated critical coagulation concentration (CCC) values are 139 mM NaCl for MWNTSs
and 1.34 mM and 147 mM CaCl, for MWNTSs and MS2, respectively. The MWNT
aggregation is induced by double layer compression and cation adsorption, while the MS2
aggregation is likely caused by surface adsorption of divalent Ca2* and subsequent bridging
with amino acid residues on the MS2 capsids (Mylon et al., 2010). These results strongly
agree with the literature-reported homoaggregation behavior of MWNTS (Saleh et al., 2008;
Smith et al., 2009) (reported CCC of 25-93 mM NaCl and 1.2-2.6 mM CacCl,) and MS2
(Mylon et al., 2010) (CCC is 160 mM CacCly).

3.4. Heteroaggregation behavior: MS2 stabilizes MWNTs profoundly

Aggregation of MWNTSs (1010 particles/mL) in the presence of secondary MS2 capsids
(between 108 and 108 particles/mL) under both monovalent NaCl and divalent CaCl, has
been suppressed substantially (Fig. 1). MS2, when present at the highest concentration
(MWNT:MS2 of 100:1), reduce the rate of aggregation of MWNTS (i.e., homoaggregation)
by 2 to 3 orders of magnitude (from 2 x 101 to 3 x 104 nm/s) in mono-valent electrolytes
and by more than 4 orders of magnitude (from more than 1.0 to 5 x 10~ nm/s or lower) in
di-valent electrolytes (Fig. 1). The presence of lower MS2 concentrations (i.e., MWNT:MS2
of 1000:1 and 10,000:1) also cause a reduction in MWNT aggregation rate, but by no more
than an order of magnitude (when compared to the homoaggregation rates).

Such suppression of MWNT aggregation propensity is likely due to preferential attachment
of MS2 capsids onto the tubular surfaces. Though the overall surface potential of MS2 is
slightly negative at the pH of the heteroaggregation studies (Fig. S4), the attachment may
have been facilitated by electrostatic attraction between the positively charged amine or
diaminoiminium groups in MS2 amino acid residues and negatively charged carboxylate
moieties on the MWNTSs (Penrod et al., 1995). MS2 may also preferentially attach to the
MWNT surfaces due to the positive hydropathy index (Penrod et al., 1996; Kyte and
Doolittle, 1982; Wang et al., 2003) of the capsids, indicating strongly hydrophobic exterior
of these virus surrogates (Penrod et al., 1996; Lytle and Routson, 1995; Shields, 1986).
Penrod et al. used the hydrophobicity or hydropathy scale developed previously (Penrod et
al., 1996; Kyte and Doolittle, 1982). The Kyte-Doolittle scale is a commonly cited scale
based on the physicochemical properties of the amino acid side-chains (Kyte and Doolittle,
1982). An algorithm was developed by Kyte and Doolittle to calculate the hydropathy values
of a protein along its sequence, where the weighted sum of the assigned hydropathy values
within a segment was sequentially plotted. The assigned hydropathy value was computed by
utilizing previously published (Chothia, 1976) data on water-vapor transfer free energies and
the interior-exterior distribution of amino acid side-chains. A ‘moving window’ or a ‘moving
segment’ approach assigned an average hydropathy score for a predetermined segment
length of residues and plotted the average hydropathy of the segment against the positions of
the amino acid residues starting from the amino- until the carboxyterminus. The increased
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stability of the MWNTS under di-valent cations likely has resulted from a higher number of
MS2 capsid attachments through cation bridging between MS2 particles and MWNTSs and
subsequent soft-repulsion (Langlet et al., 2008b) between the MS2-attached MWNTS. Long-
range electrostatic and short-range hydrophobic interactions likely mediate preferential
attachment, which has likely resulted in such colloidal stability of this heterogeneous
particulate system.

3.5. Cryogenic TEM to decipher attachment mechanism

Since conventional TEM cannot visualize MS2 without addition of a stain and also suffers
from the limitation of agglomeration caused by sample drying, cryo-TEM is identified as an
appropriate method for obtaining visual analysis of heteroaggregation systems (Huynh et al.,
2014). Representative cryo-TEM images of heteroaggregate structures formed in
MWNT:MS2 suspensions of 100:1 (frozen at 45 min) and of 10,000:1 (frozen at 25 min)
ratios after the addition of 100 mM NaCl are presented in Fig. 2. The MWNTSs interacting in
such a binary particle system exhibit a preferential association with MS2 capsids (Figs. 2
and S6). The MS2 bio-particles are found to be attached to the surface of the MWNTSs in
both low and high MS2 concentration cases (Fig. 2). Though cryo-TEM images present a
temporal snapshot of the dynamic heteroaggregation process, these results provide
convincing visual evidences of preferential interaction between MWNTSs and MS2.

3.6. influence of humic acid on heteroaggregation

Heteroaggregation studies are also repeated with the addition of SHRA (as 2.5 mg/L TOC)
at all solution chemistries tested previously (Fig. 3). Typical heteroaggregation histories up
to 1500 s in the presence of SRHA and salts are shown in Fig. S7. Results indicate that
SRHA has reduced the homoaggregation rate of the MWNTSs by 0.5-1 order of magnitude
compared to the rates with no SRHA. Heteroaggregation rates are also suppressed by 2—-3
orders of magnitude, but only for the highest MS2 concentrations in monovalent (high
salinity) and di-valent salt conditions (Fig. 3). Little change in MWNT heteroaggregation
rate with lower concentrations of MS2 indicates that SRHA is controlling the aggregation
process, likely by adsorption onto MWNT surfaces and by providing steric hindrances to
attachment. It is likely that SRHA at lower MS2 concentrations is outcompeting MS2 for
attachment onto MWNT surfaces and thus dominating the aggregation behavior under these
conditions.

4. Conclusions

Interfacial interaction of MWNTSs and MS2 is an important process that drives fate and
transport of both particles in natural systems. The results presented indicate that MWNTS
and MS2 have preferential interaction in water, mediated by long-range electrostatic and/or
short-range hydrophobic forces, which are induced by the surface functional moieties in
MS2 capsids and functionalized MWNTS. Such interaction stabilizes MWNTSs in water,
even at high salinity conditions, and thereby will likely facilitate long-range transport of
both carbon nanotube and bio-particulates in surface and groundwater systems. In the
presence of SRHA and high MS2 concentrations, the stability is further enhanced, which
may extend the residence time of MWNTSs and MS2 in natural waters. However, the
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presence of MS2 in low concentrations in natural waters with SRHA may not result in an
increase in stability. It is also notable that stability of particulates in heterogeneous systems
will likely be altered as the naturally occurring biomacromolecule composition changes. The
implication of this work may extend beyond MS2 capsids and into other similar waterborne
viruses (e.g., rotavirus, adenovirus, etc.), since many such virus capsids are decorated with
similar amino acid residues and functional moieties (Gutierrez et al., 2009; Dawson et al.,
2005; Armanious et al., 2016). However, further studies are necessitated that involve
MWNTs (functionalized with other functional groups) and other relevant waterborne viruses
to assess the influence of virus capsids on facilitated transport of carbonaceous
nanomaterials in the aquatic environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Heteroaggregation between multiwalled carbon nanotubes and MS2 phages is
studied.
. MS2 phages stabilize the carbon nanotubes even in high salinity conditions.
. The stability is a likely result of MS2 preferential-attachment on nanotube
surface.
. Electrostatic attraction between MS2 and nanotubes is a driver for attachment.

. Positive hydropathy index (strong hydrophobicity) of MS2 can be another
driver.
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Fig. 1.
Aggregation history and aggregation rates with (a—b) monovalent NaCl and (c—d) di-valent

CacCly. Error bars in(b) and (d) represent standard deviations from at least three replicates.
The asterisk represents near-zero aggregation rate, which could not be estimated with a
reasonable accuracy. All measurements were conducted at pH 5.6.
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Fig. 2.

Representative cryogenic TEM images of heteroaggregates at MWNT:MS2 of (a) 100:1 and
(b) 10,000:1. Samples were frozen after 45 and 25 min for ‘a’ and ‘b’, respectively. The
background electrolyte concentration was 100 mM NacCl.
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the above measurements. Error bars in (b) and (d) represent standard deviations from at least
three replicates. The asterisk represents near-zero aggregation rate, which could not be

estimated with a reasonable accuracy. All measurements were conducted at pH 5.6.
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