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*Highlights (for review)

e AF4-MALS for the characterization of fullerene aggregates in terms of shape
and size distribution
e Study of fullerene aggregation behavior as a function of pH and ionic strength

e Carboxy-fullerenes present a stronger tendency to aggregate than polyhydroxy-
fullerenes
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Abstract

Fullerenes are carbon nanoparticles with widespread biomedical, commercial and industrial
applications. Attributes such as their tendency to aggregate and aggregate size and shape impact
their ability to be transported into and through the environment and living tissues. Knowledge of
these properties is therefore valuable for their human and environmental risk assessment as well
as to control their synthesis and manufacture. In this work, asymmetrical flow-field flow
fractionation (AF4) coupled to multi-angle light scattering (MALS) was used for the first time to
study the size distribution of surface modified fullerenes with both polyhydroxyl and carboxyl
functional groups in aqueous solutions having different pH (6.5-11) and ionic strength values (0-
200 mM) of environmental relevance. Fractionation key parameters such as flow rates, flow
programming, and membrane material were optimized for the selected fullerenes. The
aggregation of the compounds studied appeared to be indifferent to changes in solution pH, but
was affected by changes in the ionic strength. Polyhydroxy-fullerenes were found to be present
mostly as 4 nm aggregates in water without added salt, but showed more aggregation at high
ionic strength, with an up to 10-fold increase in their mean hydrodynamic radii (200 mM), due to
a decrease in the electrostatic repulsion between the nanoparticles. Carboxy-fullerenes showed a
much stronger aggregation degree in water (50-100 nm). Their average size and recoveries
decreased with the increase in the salt concentration. This behavior can be due to enhanced
adsorption of the large particles to the membrane at high ionic strength, because of their higher
hydrophobicity and much larger particle sizes compared to polyhydroxy-fullerenes. The method
performance was evaluated by calculating the run-to-run precision of the retention time
(hydrodynamic radii), and the obtained RSD values were lower than 1 %. MALS measurements
showed aggregate sizes that were in good agreement with the AF4 data. A comparison of the
scattering radii from the MALS with the hydrodynamic radii obtained from the retention times in
AF4 indicated that the aggregate shapes are far from spherical. TEM images of the fullerenes in

the dry state also showed branched and irregular clusters.

Keywords: Asymmetrical flow field-flow fractionation; Multi angle light scattering; Fullerene

aggregates
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1. Introduction

Fullerenes, the third carbon allotrope discovered by Kroto et al. in 1985 [1], are hollow-
sphere nanoparticles composed entirely of carbon. Due to their unique physical and chemical
properties they find widespread application in diverse fields, such as in photovoltaics [2],
cosmetics [3], and biomedicine [4]. Nowadays, fullerenes functionalized with polar groups are
produced in higher quantities than native fullerenes due to their increasing number of biomedical
applications [5]. For instance, polyhydroxy-fullerenes have attracted attention for their good
water solubility and biological compatibility [6], and have been demonstrated to be radical
scavengers against superoxide anions and hydroxyl radicals [7,8]. Among these compounds,
fullerol (Ceo(OH),4) holds a special place, being investigated for clinical application as drug
carrier, tumor inhibitor [9] and mitochondrial protective antioxidant [10]. Moreover, it is being
considered as starting material for synthesis of fullerene containing polymers [11] and as coating
for solid-phase microextraction [12]. Carboxyl Cgo-derivatives have potential use for
photodynamic therapy [13,14] and as inhibitors of the HIV-1 protease [15].

The anticipated market growth of surface modified fullerenes, in combination with the
risk of direct human exposure via several applications, has led to concerns about their potential
to cause adverse effects on the environment and human health. Because-of-theirsmall-size-and

Fullerenes aggregate in aqueous media leading to the formation of elusters-structures with

various shapes and sizes. It was recently found that the size and shape of the nanoparticles
formed dictate their in vitro toxicity [16-18] {21} as well as their mobility, fate, bioavailability
and toxicity in the environment [19,20] f22,23}. However, the lack of adequate methods for their
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107  characterization and analysis in environmental samples is currently a bottleneck in this field.

108 | Currently, the prediction of the fate and behavior of fullerenes is mostly focused on pristine

109 | compounds and is being based on laboratory experiments. A direct comparison of the data is not

110 | possible because of variations in the experimental conditions which are not consistent among

111 studies. The data gained from the existing studies in not nearly enough to create a detailed

112 | prediction model of the behavior and fate of these nanoparticles in the environment, but

113 | represent a good starting point for their risk assessment. Therefore, it is crucial to develop

114 | reliable methods for the characterization of fullerene aggregates_in terms of size distribution and

115 | shape-, at variant key environmental parameters (e.g., pH, ionic strength natural organic matter)

116 | especially for the water soluble compounds for which there is a lack of studies.

117 -The most commonly used techniques for particle sizing are microscopy, e.g.,
118  transmission electron microscopy (TEM) or scanning electron microscopy (SEM), optical
119 | spectroscopy (UV-Vis) and light scattering techniques [21] f24}. Nonetheless, with microscopic
120 methods the integrity of the particles and aggregates is not always guaranteed, and light-
121 | scattering methods (e.g., static (MALS) and dynamic light scattering_(DLS)) give average size
122 | values and are less suited to obtain information on the enby-instead-ef-particle size distributions

123 | [22]. Therefore, these methods alone are often not conclusive when applied to nanoparticles and
124 | they must be combined with ene—ormere—additional-methedsseparation techniques for more
125 | accurate sizing or aggregation determination [23].

126 FIFFF is a separation technigue introduced by J. Calvin Giddings in the late seventies

127 | [24] and has become the most commonly employed mode of FFF. This is a versatile analytical

128 | tool for the separation and characterization of macromolecules and particles over a wide size

129 | range. Asymmetrical flow-field flow fractionation (AF4), including its hollow fiber format

130 | (HF5), have been the completely dominating FIFFF techniques generally used during the last
131 decade [25]. The principles of both AF4 and FIFFF have been reviewed elsewhere [26-29].

132 | Briefly, the fractionation principle is based on applying a perpendicular field (cross-flow) to

133 | main parabolic flow in an open flat channel. The retention of sample components of different

134 | sizes can be controlled by tuning the cross-flow rates and the separation is based on differences

135 | in the diffusion coefficients of eluting particles. The particles with larger diffusion coefficients or

136 | smaller sizes diffuse faster to upper layers inside the channel and, therefore, reach to the detector

137 | faster than the bigger ones. This is is the most widely used mechanism for analytes smaller than
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138 | 1 um referred to as normal-mode separation mechanism [30]. When the particle size exceeds

139 | approximately 1 um, the steric/hyperlayer mode prevails, and the elution order is reversed in that

140 | larger particles elute before smaller particles [31,32]. The relation between the retention time and

141 diffusion coefficient helps in calculating hydrodynamic radii using standard AF4 theory [28,29].

142 Recently, AF4 was reported as a method for the size measurement of some fullerene
143 | aggregates [16,33-36] [25-28}. Because of its versatility, this technique is used in a wide range of
144  research and quality control applications, including nanotechnology, molecular biology and

145  environmental analysis. Moreover, when combined with online light-scattering detection, AF4 is
146 | a powerful tool for the aceurate-determination of the size distribution of particles. For instance,
147 | Kato et al. [16] {25} studied the size distribution of aqueous Cgo and C;o fullerene in a cell
148  culture medium for in vitro toxicity assessment by AF4 coupled to MALS, and reported values of
149 | 256 + 90 nm (Cgp) and 257 + 90 nm (Cy) for their diameters. Isaacson and Bouchard [33] {26}
150 used AF4 coupled to dynamic light scattering (DLS) for the characterization of Cgo fullerene

151  aggregates in deionized water and reported hydrodynamic diameters between 80 and 260 nm.
152 | Recently, Herrero et al. {28}[35] described a method for the fractionation and online
153 identification of Cgy and two hydrophobic Cgo-derivatives by coupling AF4 to high resolution
154  mass spectrometry and to MALS. The authors reported very similar size distribution for the three
155  fullerenes, with particle radii of gyration (rg) ranging between 20 and 80 nm. Regarding water
156  soluble functionalized fullerenes, there are limited studies on their size distribution and
157  aggregation behavior. AF4 with offline atomic force microscopy (AFM) was proposed for the
158 | characterization of Cgo(OH)24 {27} [34] as a function of pH and ionic strength. The authors found
159 | that fullerol existsin-clusterspresent aggregate sizes of only few nanometers in size (=2 nm) at

160  basic pH and low ionic strength. Fullerol aggregate size increased with the salt concentration
161  from 1.8 nm at zero ionic strength up to 6.7 nm at 0.1 M NaCl, but was not affected by the pH of
162 ‘ the solutions. These results disagree with a previous study {29} [37] reporting sizes on the order
163  of 100 nm for this compound as found by dynamic light scattering and TEM. This could be due
164  to the different methodology used for the size measurements of the particles since imaging in air
165  induces aggregation due to partial drying of the sample before analysis.

166 In the present paper we describe the development and optimization of a separation
167  method for the characterization of four surface modified fullerenes (polyhydroxy-and carboxy-

168  derivatives) that find increasing biomedical application, in aqueous solutions by AF4 on-line
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coupled to UV and MALS detectors. The effect of the fractionation parameters such as carrier
liquid composition, membrane material, cross flow and focus flow rate, focusing time and flow
programming were evaluated. Additionally, TEM was employed to visualize the morphology and
aggregate structures ien—degree—of the compounds studied. This research provides relevant
information regarding the effect of the aqueous solution chemistry on the aggregation
behavieraggregate sizes and shapes of surface modified fullerenes.—in-terms-ef-shape-and-size
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229 2. Experimental Section

230
231 2.1 Chemicals and solutions
232 Fullerol (Cso(OH)24) was purchased from Materials & Electrochemical Research M.E.R.

233  Corporation (Tucson, Arizona, USA). Polyhydroxy small gap fullerene, hydrated (C;20(OH)30),
234  (1,2-Methanofullerene Cgp)-61-carboxylic acid (CeoCHCOOH) and Cgo-pyrrolidine tris acid (Ceo-
235 pyrr tris acid) were purchased from Sigma-Aldrich (Steinheim, Germany). The chemical
236 | structures and abbreviations of these compounds are given in Figure 1.

237 Bovine serum albumin (BSA, molecular weight = 66 kDa) was purchased from Sigma-

238 | Aldrich (Steinheim, Germany). NaCl and phosphate buffered saline (PBS) were purchased from
239 | Merck (Darmstadt, Germany).

240 Water was purified using an Elix 3 coupled to a Milli-Q system (Millipore, Bedford, MA,

241 USA) and filtered using a 0.22 um nylon filter integrated into the Milli-Q system.

242 Stock standard solutions of polyhydroxy-fullerenes (<1000 mg kg ') were individually
243  prepared by weight in Milli Q water and stored at 4°C. The aqueous suspensions of both
244 | carboxy-fullerenes were obtained_following the procedure proposed by Andrievsky et al., [38]
245 | with some modifications as follows:—by first dissehving-the solid powder was dissolved in
246 | tetrahydrofuran_-(Merck, Darmstadt, Germany), and then adding-an exact volume of Milli Q
247 | water was added to the solution to the solution. Next, the solution was sonicated in a high power
248 | ultrasonic bath (Transonic Digital S, Elma, 40 kHz, 130 W) (Singen (Hohentwiel), Germany)

249  until the tetrahydrofuran was completely evaporated to obtain stock solutions of approximately

250 500 mg kg . Working solutions of 1 mg/mL (polyhydroxy-fullerenes) and 0.4 mg/mL (carboxy-
251  fullerenes) were prepared weekly by appropriate dilution of the stock standard solution with
252  Milli Q water.

253

254 2.2 Instrumentation

255

256 The optimization of the fractionation was carried out with an Eclipse Dualtec AF4

257  separation system (Wyatt Technology Europe GmbH, Dernbach, Germany) equipped with a
258 | programmable pump (Isocratic 1100, Agilent Technologies, Waldbronn, Germany), an Agilent

259 1100 series degasser and an Agilent 1200 series auto sampler/injector. A mini-channel (11cm in
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260 | length, 22 mm in width at the injection point and 3 mm close to the end) was equipped with a

261 480 um spacer of trapezoidal shape and Millipore regenerated cellulose (RC) membrane of 10
262 | kDa nominal molar mass cut--off (Superon GmbH, Dernbach, Germany). Additional experiments
263 | were conducted with Millipore 3 kDa RC and 3 and 10 kDa polyethersulfone (PES) membranes

264  (Superon GmbH, Dernbach, Germany). Online detection was performed with a UV detector
265 (Applied Biosystems, Foster City, California, USA). For the measurement of the rg radii by
266 MALS, a DAWN-DSP MALS detector (Wyatt Technology Europe GmbH, Dernbach, Germany)
267  coupled in series to the UV detector was used. ASTRA software (Wyatt Technology) version 4.9

268  was used to process the data.

269 For TEM measurements a Jeol 1010 TEM instrument (Jeol, Japan) was used, applying an
270  accelerating voltage of 80 kV.

271

272 2.32 Procedures:

273

274 The calibration of FFF channel was performed by injecting 1 mg/ mL of bovine serum

275 albumin (BSA) and using as carrier solution phosphate buffer saline (PBS) of 0.15 M at pH 7.4.
276  From the retention data, determined from the UV signal at 280 nm, the exact channel thickness
277 | (w) was calculated according to the procedure described by Litzén et al. {33} [39].

278 The fractionations were performed in 3 steps. First, 1 uL of samples were injected in
279  Milli Q water with an injection flow of 0.1 mL/min. Then relaxation and focusing was carried
280 out during a specific time (3 min for the carboxy-fullerenes and 10 min for polyhydroxy-
281  fullerenes) at a cross flow rate of 2 mL/min. Time-delayed exponential (TDE) mode was used for
282  the elution step with a delay/decay time of 3 min (carboxy-fullerenes) and 7 min (polyhydroxy-
283  fullerenes), an initial cross flow of 2 mL/min and a channel flow of 1 mL/min. The eluted

284 | samples were monitored by the UV detector at 254 nm and the MALS detector. The signals from

285 | the MALS detecdetector tien were measured simultaneously at 12 different angles (channels no.
286 | 6-17) utih

287 i i ° ° for the calculation of the radii of

288 | gyration. Angle-dependent measurements revealed a Berry model to be appropriate for

289 | evaluation of the measured values. For the normalization of the MALS channels, and to

290 | determine the inter-detector delay, a standard solution of BSA was injected. In the normalization
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procedure, the Stokes radius of BSA was assumed to be 3.5 nm. The experiments were

conducted in a temperature controlled room (23 + 2 °C).

—Carrier solutions with different ionic strengths (0 to 200 mM NacCl) and pH values (6.5-
11) were tested to study the aggregation behavior of the fullerenes. Each carrier solutions was

filtered through a 0.45 pm nylon membrane filter before use.

Diffusion coefficients and hydrodynamic radii were calculated from the observed

retention times using Equations (1) and—(23).

2
ty =L |n(1+%J (1)

where w is the height of the channel, F., and F., are the flow rates of the cross flow and

channel flow, respectively, and D is the diffusion coefficient of the analyte particle.

The (translational) diffusion coefficient can be related to the hard-sphere equivalent size

of the particle via the Stokes Einstein equation for spherical particles:

DK p__ &t )
67nr,, émnry

where Kk is the Boltzmann constant, T the absolute temperature, #m the viscosity of the

solvent and ry the hydrodynamic radius of the particle,

The recovery from an AF4 run, i.e., the ratio between the recovered mass after analysis

and injected mass, was expressed as:

A
R(%) = —x100 14
(%) A (14)

where A and A, are the peak areas obtained with and without applying cross-flow,
respectively. Recovery was calculated from both UV and MALS signals.
For TEM measurements, one drop of the aqueous fullerene solutions was placed on a TEM grid

Pac

Field Cod
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345 | (carbon-coated copper grid 200 mesh (All Carbon)) and stained with a drop of uranyl formiate (1
346 % aqueous solution). After air drying of the grid (2 h), TEM images were taken.

347

348 3. Results and Discussion

349

350 ’ 3.1 AF4 separations eptimization-

351

352 The fractionation of fullerenes was optimized in terms of flow rates, flow programming,

353 | and focusing procedure. A-shert{1l-em)-trapezoid-channelwas-used-with-a—10-kDacutoff RC
354 | membrane-in-these-experiments—First, methods with a constant cross flow were conducted to

355  determine flow rates that would ensure reasonable sample retention and thus the fractionation of
356  the fullerenes studied. With a 1 mL/min channel flow, cross flow rates from 0.3 to 2.5 mL/min
357  were tested. For the polyhydroxy-fullerenes, poor separation from the void peak at cross flow
358 ‘ rates between 0.3 and 1.5 mL/min was observed, while with cross flows of 2 mL/min or higher,
359  part of the fullerenes eluted only when the cross flow was stopped. Regarding the carboxy-
360  fullerenes, their fractions could not be separated within a reasonable run time with any of the
361 isocratic cross flow conditions tested. Therefore, flow programming was evaluated. Applying a
362  cross flow program, with a decrease of the cross flow during the run, is a valuable tool in the
363  AF4 separation of polydisperse samples and a simple way to expand the size window of AF4
364 | [34}[40]. TDE programming was used and the effect of the flow conditions (initial cross flow
365 rate, delay/decay times) was established. Poor separation from the void peak was obtained for
366  polyhydroxy-fullerenes in the TDE mode with initial cross flow values of 1.5 mL/min or lower,
367  as previously observed by using the constant cross flow elution mode. Hence, a TDE program
368  with an initial cross flow and a focus flow of 2 mL/min was used for further experiments. The

369 | best results- (i.e., fractionation of the particles in a reasonable run time, and a good separation

370 | from the void peak) were obtained with a delay/decay time of 7 min (see Figure 2). The average

371 | hydrodynamic radii of the particles at the maximum of the peak height (peak-top values) were

372  estimated from the retention time of the peaks using standard AF4 theory and the Stokes formula

373 | (EQ. 42). For Cg(OH),4 tailing peaks were observed in the fractograms obtained using UV

374 | detection, with ry values between 3 and 30 nm and an average ry at the maximum of the peak of

375 | approx. 4 nm_(see Figure 2). The peak tailing may indicate the presence of unresolved higher
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376  order aggregates. The fractogram of Ci20(OH)sp showed a major peak corresponding to small
377  particles with an average ry of 4 nm and a second peak at 5 min corresponding to particles with
378  higher degree of aggregation, with an average ry of 12 nm. However, the retention time and the
379  apparent size of the fullerenes in the first peak depended on the initial cross flow rate. As can be
380  seen in Figure 3, the calculated radii of Cgo(OH)24 and Ci20(OH)so increased from 4 nm, for cross
381  flow values of 1.5 and 2 mL/min, to 10 nm for 2.5 mL/min. Similar behavior was observed when
382  increasing the focus flow rate above 2 mL/min, or when increasing the focusing time. The
383  focusing time was varied from 3 to 15 min while the other parameters (flow rates, amount of
384  sample) were kept the same. For a good separation from the void peak for the polyhydroxy-
385  fullerenes a minimum 10 min focusing time was required, while the ry value found remained
386  constant (= 4 nm). However, when using a 15 min focusing time, the ry value increased to 20
387 nm. The observed increase in the size of the particles with the cross flow and focus flow could
388 have its origin in particle-particle interactions, as during focusing the particles are strongly
389 | concentrated near the wall, and during—this—step—particle-particle interactions may be more
390 | prominent_during this step, leading to more aggregation. Although these fullerenes display

391 elevated water solubility due to the high number of hydroxyl groups covalently bound to the Cg
392  structure, they aggregate in water since the spheres tend to stick together in micelle-like
393 ’ aggregates [41]}351.

394  For the carboxy-fullerenes the optimal fractionation conditions were a 3 min focusing time and a
395  TDE program with an initial cross flow of 2 mL/min and a delay/decay time of 3 min. The Cgo-
396  pyrr tris acid fullerene eluted in at least three discernable fractions, with radii in the order of
397  approx. 10, 30 and 95 nm, respectively (see Figure 2). For CsoCHCOOH a small peak close to
398  the void time was observed in the fractograms corresponding to small particles with average ry
399  values of 10 nm and a major peak at 7 min corresponding to larger aggregates with average ry of
400 55 nm. The effect of the flow conditions (cross flow, focus flow) and focusing time on the
401 | carboxy-fullerenes was negligible, and their average radii were not affected by these
402 | experimental parameters. The effect of the cross flow on the observed ry radii-values of these
403 particles is shown in Figure 3. For Cgo-pyrr tris acid, the plotted ry values correspond to the
404  largest aggregates, the third peak in the fractogram (see Figure 2). Apparently, induced
405 aggregation by the fractionation method itself does not play a major role for carboxy-fullerenes.

406 Membranes with different chemistries, regenerate cellulose (RC) and polyether sulphone
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407  (PES), with a molar mass cut-off of 3 and 10 kDa, were evaluated for the fractionation of the

408 | fullerenes. The relative recoveries obtained using each membrane were calculated from the total
409 peak areas obtained with and without applying a cross flow. As can be seen in Table 1, similar
410 | relative recoveries (values between 83 and 88 %) were obtained for the polyhydroxy-fullerenes

411 | with all membranes. Slightly lower receveries-values were obtained for the carboxyl-fullerenes

412  when using PES membranes compared to RC membranes. PES membranes are relatively
413  hydrophobic (as measured by the water droplet contact angle) and they have a high negative
414  surface charge (measured by the zeta potential), while RC membranes are more hydrophilic and
415 ‘ have a lower negative surface charge {36,371[42,43]. It was previously reported that hydrophobic
416  aromatic compounds (e.g., polycyclic aromatic hydrocarbons, humic substances, aromatic
417  pesticides) adsorb strongly on PES membranes and that the adsorption properties depend on both
418 ‘ the hydrophobicity and molecular shape of the solutes {37-41}[43-47]. For instance, Thang et al.
419  obtained a higher recovery of isolated humic acid with a 5 kDa RC membrane than with a 2 kDa
420 PES membrane, and found the losses to be due to adsorption of humic substances to the PES
421 | membrane f40}[46].

422 Thee method reproducibility was tested by calculating the run-to-run precision. For this
423  purpose, a total of five replicate determinations for each compound at concentration levels of 1
424  mg/mL were carried out on the same day (n=5). The calculated relative standard deviation (%
425 RSD) values of the retention time at the maximum of the peak height and of the ry were between
426 0.3 and 0.9 %.

427

428 3.2. AF4-MALS and TEM measurements

429

430 AF4-MALS hyphenation can offer a further insight into particle properties and can

431 provide information on the particle size distributions as well as of the particle shape. MALS

432  measurements can provide the radius of gyration or rms radius of particles (rg). The rg is defined

433 | as the mass weighted average distance from the eore-center of mass of a molecule to each mass
434  element in the molecule and incorporates structural and shape properties of the particles. The
435  AF4 retention time, on the other hand, provides the hydrodynamic radius ry of a particle, which
436 is related to its friction factor in solution. By combining the retention data from AF4 with the

437  scattering data from the MALS detector information on the shape or architecture of particles can
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438 | be obtained, by calculating a shape factor p, which is defined as rg/ruthe ratio between the

439 | scattering radii and the hydrodynamic radii. This shape factor has a value of 0.775 for spherical

440 particles and increases as particles deviate from the spherical shape (p = 0.8 for coils and p = 1.7
441 | for rods) {42,431[49,50].

442 In the present work, the AF4 instrument was coupled to MALS detection and used for the
443 | determination of the size distribution of the surface modified fullerenes and to determine-their
444 | shape-faetorstudy their shapes in aqueous solutions. Figure 4 shows the AF4-MALS fractograms
445  obtained and the size distributions of the fullerenes studied. The 90° scattering signal shown in

446 the figure was monitored for quantification. It should be noted that the scattering intensity of
447  particles increases strongly with their size, so that the presence of larger aggregates is much
448  emphasized in the fractograms with the light scattering signal compared to the UV signals shown
449  in Figure 2. As can be seen in the plot, the fractionation of polyhydroxy-fullerenes revealed two
450 resolved peaks, indicating the presence of fractions with different degree of aggregation. For
451  Ceo(OH)y4, the first peak close to the void time, corresponds to small aggregates with rg of 10-40
452 nm and the second peak to larger aggregates with rg of 50-60 nm. Cy20(OH)3o showed slightly
453  smaller rg with values between 10 and 30 nm (first peak) and around 40 nm (second peak). The
454  separation of these two entities was not clear in the AF4-UV fractograms except for the peak
455  tailing observed (Figure 2). The AF4-MALS fractograms obtained for the carboxy-fullerenes
456  revealed in both cases a small peak corresponding to small particles with sizes lower than 20 nm
457 and one intense and broad peak corresponding to aggregates presenting rg ranging from 15 to
458 310 nm (Cgo-pyrr tris acid) and from 20 to 310 nm (CsoCHCOOH), respectively.

459 | To obtain information regarding the shapes of the aggregates, Fhe-shape-factor{p)- was-calculated

460 | by dividing—the—approximated—the average—peak-top radius values obtained by MALS
461 | measurements were correlated te—with the mean—ry values calculated for each peak in the

462 | fractograms at the maximum of the peak heightforeach—peak—in-thefractograms. It can be

463 | noticed that the rg values obtained for polyhydroxy-fullerenes are systematically higher than their

464 | ry_values. This could indicate that the aggregate shape of these fullerenes is far from spherical.

465 | For the carboxy-fullerenes this was not obvious, as the fractograms obtained by AF4-UV

466 | revealed several distinguishable peaks corresponding to particles of different aggregate sizes. For
467
468
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469
470
471 | compeunds—Additionally, the morphology and aggregate structures of the surface modified

472  fullerenes in water was studied by TEM and the micrographs obtained are presented in Figure 5.
473  The images show clear differences between their aggregate structure and particle shape. In
474 ’ agreement with the ealeulated—p—valuesresults obtained by AF4-MALS, the images show
475 complex branched aggregates with polycrystalline snow flake-like structures for the

476  polyhydroxy-fullerenes which were so strongly aggregated that it was difficult to obtain an
477  average particle size. Mostly spherical clusters and some irregular shaped structures were
478 | observed for the carboxy-fullerenes..—which-is—n-agreement-with-theresults-obtained-from-the
479 | shapefactorcaleulations. Moreover, the TEM images confirmed the polydispersity and the wide
480  size distribution of the aggregates formed by the carboxy-fullerenes as previously observed by
481  AF4. The micrographs revealed particles with estimated sizes between 20 and 160 nm and
482  between 20 and 410 nm, for Cgo-pyrr tris acid and CgCHCOOH, respectively. The somewhat
483  higher size values obtained by TEM can be due to the fact that the grids must be dried prior to
484  imaging, and that the particles are likely to aggregate further to some degree. Nevertheless, the
485 TEM images do provide a basis for comparison and for elucidating particle shapes and structure.
486

487 3.3. Influence of pH and ionic strength
488
489 The mobility and toxicity of fullerenes released to the environment will depend on the

490 colloidal stability of the aggregates formed. The aggregation of these particles into larger clusters
491  will reduce their ability to be transported or to come into contact with aquatic organisms.
492  Knowledge of the aggregation behavior of fullerenes as a function pH and ionic strength will
493 allow gaining an insight into their potential behavior when released in the environment. It has
494  been reported that high ionic strength and low pH values lead to an increase in the aggregate size
495 ‘ of Cgo fullerene [50,51]{44-45}. Regarding surface modified fullerenes, previous studies have
496 shown that fullerol aggregation is also promoted by an increase in the ionic strength and that it is
497 ’ not affected by the pH variation {2745} [34,51]. In this work, the behavior of the fullerenes
498  studied was evaluated at different ionic strength (0-200 mM) and pH values (6.5-11). These

499  values were chosen as they include the normal range of the pH of surface and sea waters (6.5-
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500 8.5) and their usual salt concentration (1-500 mM). No significant changes in the size of the
501 particles were observed when varying the pH between 6.5 and 11. Apparently, within this pH
502 range fullerene clusters maintain a substantial charge, which is in agreement with previous
503 | reports [34,37]f2%429}. In Figure 6 the influence of the ionic strength on the average
504  hydrodynamic radii of the particles is shown. The hydrodynamic radius of polyhydroxy-fullerene
505 aggregates increases significantly with the ionic strength. The mean radius of C120(OH)3 and
506  Cgo(OH)y24 increased from approximately 4 nm at zero ionic strength up to 40 nm and 50 nm,
507  respectively, in 200 mM salt concentration. At the same time, an increase in their rg with the
508 ionic strength was observed in AF4-MALS measurements. As an example, Figure 7 shows the
509 fractograms and size distribution obtained by MALS for Cg(OH)4 at 0 and 30 mM salt
510 concentrations. The change in the elution profile (retention time shift) with higher salt
511  concentration is accompanied by an increase in rg, up to 160 nm in a solution containing 30 mM
512 ’ NaCl. This behavior is in agreement with the findings in previous studies {2729}[34,37] and
513  with the Derjaguin—Landau—Verwey—Overbeek (DLVOQO) theory which is commonly used to
514 ’ describe interactions of charged surfaces across liquids [52]f46}. The increase in the ionic
515  strength showed a different effect for the carboxy-fullerenes. A slight decrease in the average
516  hydrodynamic radii of both CeoCHCOOH and Cgo-pyrr tris acid with an increase in NaCl
517  concentration was observed, from 55 and 95 nm, respectively, at zero ionic strength to 45 and 65
518 nm, respectively, in 200 mM NaCl (Figure 6). In agreement with these results, their rg as
519  obtained by MALS also slightly decreased. Moreover, the increase in the ionic strength of the
520 solution caused a significant decrease in the peak areas of the carboxy-fullerenes. Figure 8 shows

521 | the relative recoveries of these compounds from the channel at different salt concentrations. A

522  possible explanation for the low recovery of the carboxy-fullerenes at high salt concentration
523  (less than 20 % for 200 mM NaCl) could be an enhanced adsorption of these particles to the
524  membrane. Due to their higher hydrophobicity and larger size, membrane adsorption of carboxy

525 | fullerenes is more likely compared to the polydroxy-fullerenes. This assumption was further

526 | confirmed by the appearance of a brown spot in the focusing area of the AF4 membrane after

527 | repeated injections. Particle adsorption on the accumulation wall in AF4 is governed by the
528 attractive van der Waals forces and the electrostatic repulsion between particles and the
529 | membrane surface, which will decrease with increasing salt concentration f47-49}[53-55]. In

530 other studies it has been reported that the increase in the salt content reduces the zeta potential of
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531 RC membrane which lowers the electrostatic forces between nanoparticles and the RC
532 | membrane, leading to increased adsorption {56;54}[56,57].

533

534 4. Conclusions:

535

536 The chemical derivatization of fullerenes with different polar functional groups has an

537  effect on the agglomeration state of the particles in aqueous solutions and therefore could affect
538 | their environmental behavior. In this study, H-was-sheown-that AFA-MALS was used is-a-suitable
539 | technigue-to assess-determine the aggregate sizesion behavier—of surface modified fullerenes.
540 | With a 10 kDa cut-off RC membrane in the AF4 channel good relative recovery values (79-85

541 %) were obtained for the fullerenes studied. The application of TDE cross flow programming
542  enabled the separation of aggregates with sizes (hydrodynamic radii) from approximately 4 nm
543  to well over 100 nm. It was found that polyhydroxy-fullerenes are present in pure water as small

544 | aggregates with hydrodynamic radii in the order of 4-15 nm. Only a small fraction of these

545  fullerenes is present in larger agglomerates. Experiments with high cross flows and/or long
546  focusing times indicated that the aggregation as found experimentally may be partly induced by
547  the focusing process, in which the fullerenes are strongly concentrated. The pH of the solution
548  did not affect their aggregation. On the other hand, the ionic strength of the solution was found to
549  be an important factor. In the presence of sodium chloride (30200 mM) a much larger fraction
550 of the polyhydroxy-fullerenes was found in aggregates with radii in the order of 40-60 nm. The
551  carboxy-fullerenes studied showed a much stronger tendency to aggregate than the polyhydroxy-
552  fullerenes. Even in water without added salt, their aggregation radius was around 55 nm and 95
553  nm. With the addition of salt to the solution a small decrease of their average aggregate size was
554  found. However, at higher ionic strength the recovery of the carboxy-fullerenes from the AF4
555  channel was strongly decreased. This can possibly be attributed to an increased adsorption of the
556  (fairly hydrophobic) fullerenes to the membrane material. When this adsorption would be size-
557  dependent, the observed decrease of the average aggregate size could be related to this. Data
558  obtained from the MALS detector coupled on-line to the AF4 instrument largely confirmed the
559  aggregate size distributions as calculated from the fractograms. The shape factors for the
560 aggregates, obtained by comparing the scattering radii from the MALS data with the
561  hydrodynamic radii from the elution times, indicate that the aggregates of (polyhydroxy-)
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562  fullerenes are not spherical but strongly branched. TEM measurements confirmed this
563  observation.

564 The methodology developed in this study can guide future work for the characterization of
565  fullerenes, to study their aggregation behavior in aqueous media and hence to improve the

566  understanding of the fate of these particles in the environment.

567
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584

585 Figure captions:

586

587 Figure 1. Structure of the surface modified fullerenes studied.

588

589 Figure 2. AF4-UV fractograms of the surface modified fullerenes. TDE flow

590 programming with a delay/decay time of 7 min (a and b) or 3 min (c and d). For experimental
591  conditions see text. (a) Ceo(OH)24; (b) C120(OH)30; (€) Ceo-pyrr tris acid; (d) CeoCHCOOH.
592

593 Figure 3. Influence of the cross flow rate on the apparent size of fullerene aggregates.
594
595 Figure 4. AF4-MALS fractograms of surface modified fullerenes. The line shows the 90°

596  scattering intensity, the marks the values of the rg. For experimental conditions see text. (a)
597  Cgo(OH).4; (b) C120(OH)s30; (C) Ceo-pyrr tris acid; (d) CegCHCOOH.

598

599 Figure 5. TEM pictures of fullerene aggregates. (a) Cso(OH)24; (b) C120(OH)30; () Ceo-
600  pyrr tris acid; (d) CgoCHCOOH.

601

602 Figure 6. Effect of the salt concentration of the carrier solution on the aggregate sizes as
603  measured by AF4-UV.

604

605 Figure 7. Effect of the salt concentration of the carrier solution on the aggregate sizes of
606  Cgo(OH),4 as measured by AF4-MALS.

607

608 Figure 8. Effect of the salt concentration of the carrier solution on the recovery of

609 | carboxy-fullerenes.
610
611
612
613
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Table 1

Table 1. Recoveries of surface modified fullerenes from the AF4 channel using
different membrane materials.

Membrane, Recovery+ S.D. (%)
cutoff

CGO(OH)24 Clzo(OH)go Ceo-pyrr tris acid CsCHCOOH
RC,10kDa 85%4.1 87+35 83+5.0 79+ 3.6
PES, 10 kDa 88+ 3.0 8545 76 £5.7 73+4.0
RC, 3 kDa 83+3.7 85+4.0 79+3.3 76 £ 4.8
PES,3kDa 83%5.3 87+24 75+3.1 70+ 6.8
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