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ABSTRACT

Asize separation method was developed for aqueous Cg fullerene aggregates (aqu/Cgo ) using asymmetric
flow field flow fractionation (AF4) coupled to a dynamic light scattering detector in flow through mode.
Surfactants, which are commonly used in AF4, were avoided as they may alter suspension characteristics.
Aqu/Cgp aggregates generated by sonication in deionized water ranged in size from 80 to 260 nm in
hydrodynamic diameter (Dy,) as determined by DLS in flow through mode, which was corroborated by
analysis of fractions by DLS in batch mode and by TEM. The mass of Cgo in each fraction was determined
by LC-APPI-MS. Only 5.2 £ 6.7% of the total aqu/Cgp mass had Dy, less than 80 nm, while 58 4-32% of the
total aqu/Cgp mass had Dy, between 80 and 150 nm and 14 4+ 9.2% of the total aqu/Cg were between 150
and 260 nm in Dy,. With the optimal fractionation parameters, 77 + 5.8% of the aqu/Cg mass eluted from
the AF4 channel, indicating deposition on the AF4 membrane had occurred during fractionation; use of
alternative membranes did not reduce deposition. Channel flow splitting increased detector response
although channel split ratios greater than 80% of the channel flow led to decreased detector response.

This is the first report on the use of AF4 for fractionating a colloidal suspension of aqu/Cgo.

Published by Elsevier B.V.

1. Introduction

There is a growing interest in the use of fullerene nanomateri-
als in electronic, biomedical and photovoltaic applications [1-3].
As these materials enter into industrial and consumer use, it is
inevitable that they will become dispersed in the environment.
Therefore, it is essential that the risk these materials may pose
to human and environmental health be determined [4,5]. This
research need has led many scientists to report on the formation
of suspensions of nanometer size fullerene aggregates [6-8], and
the toxicity [8-11], environmental behavior and transport of these
aggregates [12,13]. However, the lack of specific analytical meth-
ods for the detection and quantification of aggregated fullerene
nanomaterials in environmental systems greatly limits these stud-
ies [4,5]. Analytical methods need to be developed which can size
separate materials in the nanometer range, while providing specific
detection which allows for the differentiation between engineered
and naturally occurring nanometer sized materials [4,5].

Current methods employed to determine the fullerene aggre-
gate size distributions of aqueous Cgg suspensions (aqu/Cgg)
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include transmission electron microscopy (TEM), atomic force
microscopy (AFM), and light scattering (e.g. dynamic and static
light scattering, DLS and SLS, respectively) [6-8,13-16]. TEM and
AFM are not well suited for the analysis of large numbers of sam-
ples and cannot be used to determine the molecular composition
of materials [17]. While light scattering techniques are applicable
to large numbers of samples, light scattering techniques too can-
not be used to determine molecular composition of analytes [17].
To date, methods for the size separation of fullerene suspensions
utilize filtration [6-8,13-16,18] and centrifugation [14] that may
introduce contaminants into the sample matrix and do not provide
direct information on aggregate size-distribution. Size exclusion
chromatography (SEC) was successful in separating fullerene com-
plexes [19-21], but is limited to narrow aggregate size ranges,
the upper size limit of SEC columns (approximately 106 molecular
weight), shear degradation and extensive analyte-matrix interac-
tions of separation in packed columns [22].

Asymmetric flow field flow fractionation (AF4) is an open chan-
nel size fractionation technique in which particles are separated
based on differences in diffusion coefficients [23-25]. AF4 is a ver-
satile method for separating aggregates ranging in size from 1
to 500 nm in normal mode and under a range of elution solvent
conditions [23,25]. This versatility with respect to mobile phase
composition allows for the use of deionized water or aqueous buffer
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solutions with ionic strengths as high as 10 mM [23] without the
addition of other mobile phase modifiers, such as surfactants, that
will affect aggregate size and surface charge. The ability to uti-
lize a wide array of aqueous mobile phase conditions allows AF4
separations to be conducted under the same background solution
conditions in which the suspensions are generated.

By size-separating polydisperse aggregates with AF4 prior to
size determination by light scattering, the occlusion of small aggre-
gates by larger aggregates and the subsequent lack of resolution
between aggregate populations is ameliorated [26]. This frac-
tionation is advantageous as the fundamental limitation of light
scattering detectors is the scattered light intensity dependence
on aggregate size in polydisperse samples [26], which results in
the poor resolution of light scattering detectors for polydisperse
samples. Additionally, ultraviolet detectors and refractive index
detectors are often coupled to AF4s to detect and quantify ana-
lytes [23], but these detectors do not provide sufficient specificity
to unambiguously quantify Cgp [17]. However, if fractions of the
AF4 eluent are collected and the mass of aqu/Cgg in each frac-
tion is quantified by liquid chromatography-atmospheric pressure
photoionization-mass spectrometry (LC-APPI-MS), unambiguous
determinations of the mass of Cgg in each size fraction are achieved
[17].

Reported herein are the first methods for the AF4 size separation
of aqu/Cgg aggregates in deionized water without the use of mobile
phase modifiers coupled with in-line dynamic light scattering (DLS)
and off-line with LC-APPI-MS. Initial investigations were aimed at
determining optimal cross flow rates to achieve optimal size sep-
aration. The DLS size determinations in flow through mode were
supported with batch mode DLS measurements and TEM analysis
of the AF4 fractions. Experiments were also conducted to deter-
mine how AF4 membrane type and injection volume affect the
aqueous fullerene size separation. In addition, experiments aimed
at enhancing detector response through split channel flow were
conducted.

2. Experimental
2.1. Materials

Standards of Cgp (>99%) and '3Cgg (>99% Cgo with 20-30%
enriched in '3C) were purchased from MER Corp., Tuscon,
AZ. Toluene and methanol (HPLC grade) were purchased from
Sigma-Aldrich (St. Louis, MO).

2.2. Aqu/Cgp suspension preparation

Fullerene suspensions were generated without the use of
organic solvents by high power sonication in water. Briefly, 25 mg
of pre-ground Cgp powder was added to 50mL of deionized
water (resistivity > 18 M2/cm), sonicated in an ultrasonic proces-
sor (GENEQ, Montreal, QC), delivering 300 W for 5 min, allowed
to cool for 5min, and sonicated at the same power for another
5 min. The aqu/Cgg suspensions were filtered with 0.45 pm cellu-
lose acetate filters (Chrom Tech Inc., Apple Valley, MN).

2.3. Asymmetric flow field flow fractionation (AF4) coupled with
in-line dynamic light scattering detection

An AF4 (Postnova, Salt Lake City Utah) with deionized water elu-
ent was coupled in flow through mode to a DLS detector (Zetasizer
NanoZS, Malvern, Westborough, MA). The trapezoidal AF4 channel
was 27.5 cm long from tip to tip with tapered inlets and outlets. The
tapered inlet and outlet were 4 and 1cm long, respectively, with
base widths of 2 and 0.5 cm, respectively. The fractionations were
accomplished with a 350 wm spacer and initially with a 500 pL

injection loop, subsequent experiments were conducted with 50,
100, 1000 or 2000 p.L injection loops. The AF4 was initially outfit-
ted with a 10 kDa polyethersulfone membrane (Postnova Salt Lake
City Utah). Additional experiments were conducted with a Celgard
2320 polypropylene membrane, 30 nm pore size (Charlotte, NC), a
10kDa regenerated cellulose membrane (Postnova Salt Lake City
Utah), and a 10 nm pore size polycarbonate membrane (GE Water
and Process Technologies, Minnetonka, MN), each of which were
exchanged each day.

The AF4 elution program consisted of a 2-15 min injection and
focusing period, depending on the injection volume, in which the
tip flow was 0.2 mL/min, and the cross flow was set to 1, 2 or
4 mL/min. The focusing flow, only used during the sample injec-
tion period, is set by the AF4 software to equal the sum of the cross
flow and detector flow less the tip flow. The detector flow was set to
1 mL/min for all fractions, except for fractionations conducted with
outlet stream splitting. For fractionations with outlet stream split-
ting, the sum of the outlet stream flow and the detector flow were
1 mL/min. The injection and focusing program was followed by the
elution program in which the cross flow was held constant for 2 min
at the same flow rate as the focusing step and then decreased non-
linearly over the next 10 min. The non-linear cross flow gradient is
described by the equation [27]:

Vx.i - Vx,f
(tr— ;)"
where Vy () is the cross flow at a given time t, Vy; is the ini-
tial cross flow, Vi is the final cross flow, t; is the time at which
the gradient ends, t; is the time at which the gradient begins and
n determines the rate at which the cross flow decreases, in the
present study n=0.05. The cross flow gradient was followed by a
2 min period in which the cross flow was set to 0 mL/min. The size of
the fractionated aggregates was measured by DLS in flow through

mode.

In batch and flow through mode the DLS correlates fluctuations
in photons scattered by particles with time. The diffusion coeffi-
cient is calculated from this correlation by the cumulant method.
The intensity weighted hydrodynamic size, Dy, is then calculated
from the diffusion coefficient via the Stokes-Einstein Equation.
The Dy, is a single, intensity-weighed value representing the entire
aggregate size distribution in a three second time increment.

Vi(t) = Vi i — (t—t)" (1)

2.4. Characterization of AF4 fractions with LC-APPI-MS and TEM

A combination of two previously published methods were used
to quantify Cgg [9,28]. Aqu/Cgo was extracted into toluene following
destabilization of the colloidal suspension with NaCl and quantified
with 13Cg internal standard calibration by liquid chromatogra-
phy atmospheric pressure photo-ionization mass spectrometry
(LC-APPI-MS).

Separation of Cgg was preformed on an Accela liquid chro-
matograph (LC), Thermo Fisher (West Palm Beach, FL). The LC
was outfitted with a cosmosil (150 mm x 4 mm) column connected
inline to a3 mm x 4 mm guard column (Phenomonex, Torrance, CA)
with a 95% toluene 5% methanol mobile phase. The LC was con-
nected to a Quantum Ultra triple quadrupole mass spectrometer
(MS), Thermo Fisher (West Palm Beach, FL). The MS was operated
in negative APPI mode with N, vaporization gas, a source tempera-
ture of 450 °C and with the krypton photoionization lamp operating
at 10 eV. The MS was set to select molecular ions Cgg (m/z 720) and
13Cgg (m/z 734) as precursor and product ion in multiple reaction
monitoring mode as no fragments or adducts were observed which
would increase analytical specificity [9,28].

For TEM imagining aqu/Cgg suspensions were drop deposited on
a 200 mesh Formvar coated copper grid. The images were acquired
at 300 kV on a Hitachi-9500 TEM with a 2K Gatan CCD camera or at
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120KkV on a Hitachi 7600 TEM with a 1K Gatan CCD camera, each
with an exposure time of 1.

3. Results and discussion
3.1. Optimizing elution program

The initial unfractionated aqu/Cgg suspension aggregates had a
hydrodynamic diameter (D, ) of 130+ 1 nm, a polydispersity index
of 0.16, a zeta potential ({) of —40+ 1 mV, and a Cgp mass concen-
tration of 1.7 £ 0.12 mg/L. For this suspension, the predicted elution
time estimation program of Leeman et al. [29] indicates that a non-
linear gradient with an exponent of 0.05 (from Eq. (1)) is needed
to resolve aqu/Cgg aggregates into size classes. Use of exponents
greater than 0.05 are predicted to result in decreased resolution
over the 10-300 nm aqu/Cg( aggregate size range, while exponents
less than 0.05 will not result in increased resolution over the size
range of interest. Therefore, an elution gradient with an exponent
of 0.05 was selected for the separation of aqu/Cgg aggregates.

At an initial cross flow of 1mL/min and a channel flow of
1 mL/min, aqu/Cgp aggregates were retained from the void time
of the channel and size separated (Fig. 1A). During elution,
aqu/Cgo aggregates continuously increased in size with the small-
est detected aqu/Cgo aggregates having a D;, of 110nm and the
largest aqu/Cgo aggregates having a D;, of 200nm (Fig. 1A). The
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observation of elution of smaller aggregates followed by elution of
larger aggregates is consistent with normal mode AF4 separation
theory [23]. The apparent lower cutoff of 110 nm results from the
lack of resolution of smaller aqu/Cgg aggregates at a cross flow of
1 mL/min: aggregates less than 110 nm in Dy, are occluded from size
determination by coelution with the 110 nm Dy, aqu/Cg (Fig. 1A).
The observation of 110nm Dy aqu/Cgy eluting at 7.8 min
is in poor agreement with the predicted retention time of
11.7min (RT¢aculated/RTmeasured = 1.5); however, the agreement
improved with increasing aggregate size as 200nm Dy, aqu/Cgg
eluted at 12 min versus a predicted retention time of 13.4min
(RTcatculated/RTmeasued = 1.1) (Table 1). Early elution, relative to
the predicted elution time, was observed for all size separa-
tions and was previously reported for low ionic strength eluents
[30-32]. Early elution results from repulsive electrostatic inter-
actions between analytes and the membrane, resulting in lower
particle concentrations at the accumulation membrane surface
[30-32]. The improving agreement between predicted and mea-
sured retention times with increasing aggregates size may result
from the larger aggregates being immobilized against the accumu-
lation membrane at the beginning of the fractionation and therefore
eluting relatively later [29]. Conventionally, the size of fractionated
particles is determined from the observed retention time; however,
this method of size determination is greatly complicated by the
non-ideal retention of aqu/Cgg aggregates. This problem is circum-
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Fig. 1. (A-C) Fractograms of aqu/Cgp showing intensity of scattered light and aqu/Cgp aggregate size distributions with initial cross flow rates of 1 mL/min (A), 2 mL/min
(B) and 4 mL/min (C). The sample is injected and focused in the AF4 channel in the first 5 min followed by elution of un-retained analytes at the 5min void time. Retained

analytes elute in order of increasing size from 7.5 to 18 min.
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Table 1
Observed and calculated retention times for aqu/Cgo.

1509

Particle size (nm) RTobserved (Min) (+95% CI)

RTcalculated (min) RTCalculaled/RTObserved

110 7.8 £0.2
125 8.5+ 0.1
150 9.9+ 0.3
173 109 + 0.4
200 12.0 + 0.6

I}ES 1.3
11.8 1.4
123 1.3
12.8 2
13.2 1.1

vented by size determining the aggregates with a light scattering
detector post-AF4 separation.

3.2. Optimizing cross flow

With a cross flow of 1 mL/min and a channel flow of 1 mL/min,
4.2 +1.8% (average of n=3, £95% confidence interval (CI)) of the
injected aqu/Cgp, eluted in the void time of the channel (Fig. 2A),
and therefore was not included in further mass distribution calcu-
lations. The mass of aqu/Cgg in the 6-8 min fraction was 9.1 +1.3%
of the injected aqu/Cgy mass and these aggregates were less
than 110nm in Dy, (Figs. 1A and 2A). The 110-150 nm aqu/Cgp,
which eluted from 8 to 10 min, accounted for 50 +32% of the
injected mass (Fig. 2A), which is consistent with the batch mea-
surement of 129 4+ 1 nm for the un-fractionated aqu/Cgg. The mass
of aqu/Cgg eluting in the subsequent 10-12 min fraction accounted
for 124+ 18% of the injected mass and ranged in size from 150
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to 200 nm in Dy, (Figs. 1A and 2A). The 12-16 min fractions con-
tained 5.0 £9.6% of the aqu/Cgg; however, the aggregates were
not sufficiently resolved to permit size determination by DLS
(Figs. 1 and 2A).

Of the aqu/Cgg aggregates that were fractionated by AF4 at a
cross flow of 1 mL/min, 764+ 7.5% eluted from the AF4 indicating
that aqu/Cgg was deposited in the AF4 channel during fraction-
ation (Fig. 2A). This deposition was further corroborated by the
appearance of a brown residue in the focusing area of the AF4 mem-
brane after repeated injection of aqu/Cgg. Additionally, aqu/Cgo did
not pass through the membrane in appreciable amounts as the
cross flow eluent contained less than 1% of the injected aqu-Cgg
mass. Deposition is unexpected as the aqu/Cgg aggregates have
a ¢ of —40+1mV and polyethersulfone (PES) membranes have
an isoelectric point of pH 3.1 [33]. Therefore, repulsive interac-
tions are expected between the aqu/Cgg and the PES membrane.
Deposition during the focusing period likely results from the
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Fig. 2. (A-C) Means and 95% Cls for mass analysis of AF4 fractograms with cross flow rates of 1 mL/min (A), 2mL/min (B) and 4 mL/min (C) fractions collected in 2 min
intervals (@), total aqu/Cgo recovered (W).
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increased particle-membrane interactions that occur during the
sample focusing.

When the cross flow was increased to 2 mL/min and the chan-
nel flow was kept constant at 1 mL/min, aqu/Cgp ranged in size
from 80 to 200 nm in Dy, (Fig. 2A). The observation of smaller Dy,
aggregates with fractionation programs at increased cross flow is
consistent with AF4 theory [23]. Of the injected aqu/Cgg, 4.1 £0.5%
of the aqu/Cgg eluted in the 4-6 min fraction, the void time of
the channel, which is statistically equivalent to the mass eluted in
the void volume at 1 mL/min (Fig. 2A and B). Aggregates less than
80nm in diameter accounted for 4.2 +1.4% of the injected mass
of aqu/Cgp, as determined from the mass collected in the 6-8 min
fraction (Figs. 1B and 2B). The 80-100 nm (8-10 min fraction) and
100-130nm aggregates (10-12 min fraction) comprised 30426
and 27 +2.1% of the injected Cgg mass, respectively (Fig. 1 B and
2B). The aqu/Cgg aggregates in the 12-16 min fractions ranged in
size from 130 to 200 nm in D;, and accounted for 14 +11% of the
aqu/Cgo mass (Figs. 1B and 2B). The mass of aqu/Cgp that eluted
from the channel, 76 4+ 14%, was not statistically different than the
mass eluted at a cross flow of 1 mL/min (Fig. 2A and B). When com-
pared to the fractionation obtained with a cross flow of 1 mL/min,
the cross flow of 2 mL/min provided improved retention and sepa-
ration which allowed for the detection of aggregates down to 80 nm
in Dy,.

When the cross flow was increased further to 4 mL/min and
the channel flow was maintained at 1 mL/min, aqu/Cgo aggregates
ranged in size from 80 to 260 nm Dy, (Fig. 1C), which is consis-
tent with higher cross flows allowing greater resolution for smaller
aggregates [29]. Observing the same lower cutoff of 80 nm Dy, with
a cross flows of 2 and 4 mL/min indicates that 80 nm aggregates are
the smallest aqu/Cgg aggregates present in sufficient concentration
to permit size determination by DLS. While the difference in the
mass of aqu/Cgg eluting at the void time for the 4 mL/min cross flow
is not statistically significant from other fractionation programs,
there is a trend of reduced elution at the void time of the chan-
nel with increasing cross flow rates (Fig. 2A-C), which is consistent
with AF4 theory [25]. At a cross flow of 4 mL/min, 5.2 + 6.7% of the
aqu/Cgo had Dy, less than 80 nm, which is in good agreement with
the 4.2 4+ 1.4% observed with a cross flow of 2 mL/min (Fig. 2B and C).
Aqu/Cgg with 80-100 nm Dy, eluted in the 10-12 min fraction and
accounted for 30 4+ 24% of the injected aqu/Cgg mass (Fig. 1Cand 2C),
in good agreement with the 30 & 26% measured at 2 mL/min cross
flow rate for the same size fraction (Figs. 1B and 2B). Aqu/Cgp With
Dy, ranging from 100 to 150 nm eluted from 12 to 14 min and com-
prised 28 +£20% of the injected aqu/Cgg mass (Figs. 1C and 2C).
Aqu/Cgp aggregates eluting in the 14-18 min fraction ranged in
size from 150 to 260 nm in Dy, and accounted for 14+ 9.2% of the
aqu/Cgg (Figs. 1C and 2C). The use of a fractionation program with
an initial cross flow of 4 mL/min resulted in elution of 77 +5.8%
of the mass of the injected aqu/Cgg, indicating that a cross flow of
4 mL/min does not result in increased deposition on the membrane
when compared to cross flows of 1 and 2 mL/min (Fig. 2A-C).

3.3. Optimizing detector response through outlet stream splitting

Outlet stream splitting is possible because the cross flow forces
analytesinto the 1-10 pmregion closest to the accumulation mem-
brane leaving most of the channel void of analytes [25]. By splitting
the channel flow into two streams and only passing the flow stream
containing analytes through the detector, the detector response is
increased. If the analytes are in the 1-10 wm closest to the mem-
brane [25], optimum outlet stream splitting will result in splitting
more than 95% of the eluent to waste and 5% of the eluent to the
detector, potentially increasing detector response by a factor of 20.

When the outlet split flow was increased from 50% to 80% of the
channel flow, the detector response increased by a factors of 1.3
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Fig. 3. Elution of aqu/Cgp and increase in detector response as a function of channel
split flow.

to 4.7, respectively (Fig. 3). This increase in detector response is in
good agreement with the predicted increase in detector response
by factors of 2-5. Additionally, the percentage of aqu/Cgg eluting
through the detector remained constant (Fig. 3), indicating that
analyte was not being lost in the split. When the outlet stream split
was further increased to 90% of the channel flow only 28 +11% of
the injected aqu/Cgp eluted through the detector, and the detec-
tor response increased by a factor of 1.7, rather than the predicted
increase of 10 (Fig. 3). The low recovery and detector response using
90% split indicates that there is non-ideal flow in the channel result-
ing in loss of aqu/Cgg through the outlet waste flow. Therefore, the
optimal split flow is 80%, as compared to the theoretic optimum of
95% [25].

3.4. Confirmation of aggregate size

To confirm the size determinations made by DLS in flow through
mode, size determinations of the fractions were conducted with
DLS in batch mode and by TEM. The batch DLS measurements
were in excellent agreement with the flow through measure-
ments (Fig. 1C), validating the use of DLS inline with AF4. The
batch DLS measurements commonly used to characterize these
systems usually rely on a single average D, value and a measure
of polydispersity to represent the entire particle size distribu-
tion. While this approach is adequate for relatively homogeneous
colloidal suspensions, it becomes less informative for more hetero-
geneous suspensions likely to be encountered in environmental
samples. AF4 coupled with DLS and LC-APPI-MS is able to frac-
tionate aqu/Cgg suspensions to determine the particle mass in each
particle size class.

Size determinations by TEM of the 100-150 nm fraction, the
most concentrated fraction, were in general agreement with the
size determinations by DLS (Fig. 4A). For fractions larger and
smaller than 100-150 nm, the dilute particle concentration and
aggregation of aqu/Cgo during sample preparation greatly reduced
confidence in size determinations by TEM (Fig. 4B-D).

3.5. Effects of membrane type and increasing injection volume on
deposition

To reduce deposition in the AF4 channel during fractiona-
tion, membranes of different chemistries and pore sizes including,
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G

Fig. 4. (A-D) TEM images of aqu/Cgo fractionated with an initial cross flow of 4 mL/min: 100-150 nm Dy, aggregates (A), 80-100 nm Dy, aggregates (B), 150-200 nm Dy,

aggregates (C), and (D) 200-260 nm Dy, aggregates.

10 kDa polyethersulfone (PES), 10 kDa cellulose acetate, 10 nm pore
size polycarbonate and 30 nm pore size polypropylene membranes
were investigated. Additionally, injection volumes of 50, 100, 500,
1000, and 2000 p.Ls were evaluated to determine if the mass of
aqu/Cgg fractionated effects the amount of deposition.

The percent of aqu/Cgg eluted from the AF4 channel was statis-
tically equivalent for the 10 kDa PES, 10 kDa cellulose acetate, and
30 nm polypropylene membranes (Table 2), indicating that mem-
brane aromaticity, electron donating capacity, hydrophobicity, and
pore size do not determine aqu/Cgg deposition. However, only
29 +5.1% of the injected aqu/Cgg eluted from the AF4 channel when
a 10 nm pore size polycarbonate membrane was used (Table 2). As
polycarbonate and PES membranes are chemically similar (both
have aromatic and electron donating functionality) and have sim-
ilar isoelectric points (Table 2) the increased deposition on the
polycarbonate membrane does not result from different membrane
chemistries. Additionally, the decreased elution observed with the
polycarbonate membrane does not result from the 10 nm pore size
as the 30 nm pore size polypropylene membrane had little deposi-
tion. Therefore, the low recovery observed with the polycarbonate
membrane is likely due to surface heterogeneities on the mem-
brane which retained aqu/Cgg.

To determine how the mass of aqu/Cgg injected effects the depo-
sition of aqu/Cgp, fractionations were conducted using 50, 100,
500, 1000, 2000 p.L injections of aqu/Cgp suspension. With small
injection volumes of 50 and 100 L only 33 4+ 5.0% and 67 & 7.0% of

Table 2

Recovery of aqu/Ceo during AF4 separation when using different membranes.
Membrane type Recovery (+£95% CI) IEP? Pore size
Polyethersulfone 79 + 5.7% 3.1b 10kDac
Cellulose Acetate 73 +7.7% 4.2b 10kDac
Polypropylene 75 + 5.3% 44 30nm¢
Polycarbonate 29 £ 5.1% 3e 10 nm¢

2 Isoelectric point (IEP).

b Pontie et al. [33].

¢ As per manufactures specification.
d Stakne et al. [34].

¢ Nagel et al. [35].

the aqu/Cgg eluted from the AF4 (Fig. 5). When the injection vol-
ume was increased to 500, 1000, and 2000 L the percent of the
aqu/Cgg that eluted from the AF4 increased to 77 +5.8%, 87 +3.3%
and 89 £ 5.8%, respectively (Fig. 5). Obtaining low recoveries at low
injection volumes and higher recoveries at higher injection vol-
umes indicates that there are a limited number of sorption sites for
aqu/Cgp in the AF4 channel. In the present study, 500-wL injection
volumes were used to minimize deposition during fractionation.

3.6. Environmental analytical applications of this study

The polydisperse nature of aqu/Cgg suspensions with respect to
particle size is problematic for size characterization of these sus-
pensions, but is also problematic for colloidal transport studies,
toxicity studies, and other environmental studies with aqu/Cgg or
other particulate species where size is an important variable. The
AF4 methodologies described above provide for improved particle
size characterization through fractionation followed by size deter-
mination by DLS and mass determination by mass spectrometry.

100

40+

Percent aqu/C,,, Eluted

20 4

0 500 1000 1500 2000
Injection Volume (pL)

Fig. 5. Mean and 95% CIs for elution of aqu/Cep as a function of injection volume.
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In addition, since the fractionation method is non-destructive and
can be performed under a wide range of background solution con-
ditions, aqu/Cgo fractions with narrower size distributions can be
generated for further study in transport, toxicity, or other studies.
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