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ABSTRACT

We show that water-soluble fullerenes accumulate on the surface of zwitterionic and cationic supported bilayers to different extents. We
propose on the basis of bilayer thicknesses, phase-transition temperatures, and fullerene movement that the water-soluble fullerenes do not
penetrate into the hydrocarbon tails of supported bilayers. These findings are important to toxicity issues concerning fullerene materials and
the development of decorated lipid bilayers for future drug delivery or sensor application.

The discovery of fullerenes in 198%he ability to produce  to toxicity-related issue¥:2°In this paper, we utilize in situ
larger quantities of fullerenes in the 1&B,and their atomic force microscopy (AFM) to investigate the interaction
subsequent commercial availability have resulted in multiple of water-soluble @ with supported lipid bilayers.

applications for fullerene-based materials. Current proposed  Supported lipid bilayers composed of pure zwitterionic 1,2-
applications for fullerene-based nanomaterials involve items dimyristoyl-sn-glycero-3-phosphcholine (DMPC) and cation-
as varied as face crearhgirug delivery vghicle§v,6 and ic 1,2-dimyristoyl-3-trimethylammonium-propane (DMTAP)
mechanical lubricantsThe growing diversity of uses for  \vere formed on freshly cleaved mica substrates and imaged
nangmaltztalgals has led to debate in both the sciefitifiand  pefore and after water-soluble fullerene exposure to ascertain
political**> communities on their toxicological and envi-  fy|lerene-lipid interactions. To further elucidate fullerene
ronmental impact. The debate has arisen over whether currenfiniq interactions, fullerene-exposed DMPC bilayers were
safety and disposal practices based on bulk material propermeited through the gel- to fluid-phase transition and exam-
ties are applicable to nanomaterials of the same substancgned with AFM and attenuated reflectance infrared spectros-
because nanosized materials can have different pr_op@r’ci‘es. copy (ATR-IR) to understand the effect fullerene adsorption
The mechanism of their interaction with biological com-  haq on lipid chain packing. Our findings show that water-
of nqnomaterials. In the partiCl_JIar case of fullerenes, severalgisrypt lipid hydrocarbon chain packing. Additionally, under
i~9,14,15 i i . N ..
otic®****and prokaryotié’ c;elll(:;?;alth through the generation \yater-soluble fullerenes with supported bilayers containing
of reactive oxygen specied:>* However, other studies positively charged headgroups. These findings clarify the
present evidence that water-solubilzed fullerenes actually interactions between water-solubilized fullerenes and biologi-
protect lipids from oxidative damage and indicate that these 4, components, which relate to toxicity concerns. The
materials are nontoxfe:**°In addition, little is known about fingings also outline a method for decorating supported lipids
the specific interaction of water-soluble fullerenes with lipid \yith water-soluble fullerene aggregates for the potential

bilayers. In particular, the way in which water-soluble development of delivery vehicles and sensors.
fullerenes interact with bilayers, including those with both

charged and zwitterionic head groups, has never been
evaluated. A fullerenelipid association featuring fullerene
intercalation into the bilayer leaflets or more dramatically
featuring bilayer disruption clearly presents different con-
sequences relative to one where the lipidllerene interac-
tion is less strong. The location of water-soluble fullerene
whether residing in the hydrophilic headgroup or the
hydrophobic tails of lipid bilayers might be of importance

Lipid vesicles were prepared with ultrapure water (18.2
MQ cm, Milli-Q UV plus, Millipore, Billerica, MA) adjusted
to specific pHs with NgHPO, and NaHPO,-H,O at a
concentration of 10 mM when necessary. Phosphate buffer
salts (PBS) were obtained at purities of 99.9% or greater
(Fisher Chemical). All lipids used in this study were
purchased from Avanti Polar Lipids, Inc., and used without
further purification. Supported lipid bilayers were formed
utilizing the vesicle fusion technique pioneered by others
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Figure 1. AFM of aqueous G on mica after exposure to 1 M
NaCl. A white arrow points to a fullerene aggregate. The AFM
image hascy dimensions of 5x 5 um? and az scale of 15 nm.

(MER Corporation). Water-soluble fullerenessgCwere
prepared using freshly distilled tetrahydrofuran (THF) and
ultrapure water using a literature procedtte? Briefly, Figure 2. AFM of DMPC bilayer: (A) at 15°C (gel phase) without
fullerene powder was added to THF and stirred for 24 h to Cg, (B) at 34 °C (liquid phase) without g, (C) at 15°C (gel
produce a dilute solution (9 mge@mL THF)*24 of THF phase) with 2900 ppb 4 and (D) at 32°C (liquid phase) with
solubilized Go. Milli-Q water was then added to the flask 2900 ppb _Go. White lines bisect dark bllayer defects, and white
. . arrows point to fullerene aggregates. All images arg 5 um?
containing THF and 6, _Whlch was heated to remove (xy) at az scale of 15 nm.
THF 224 Complete extraction of C60 into the organic phase
was verified by the absence of peaks observed in-Migible size over 15 weeks and no precipitation was observed.
spectra of the aqueous extract layer (see the SupportingAddition of 0.7 M NaCl was observed to precipitate fullerene
Information)?425 UV —visible spectroscopy was also used aggregates out after 48'HA related stud$f examining the
to determine the concentration ofdn this solution?42° stability of fullerene aggregates over a time period of 2
Water-soluble fullerenes were further characterized with months reported thd M NaCl increased the mean hydro-
MALDI-TOF. The MALDI-TOF measurements revealed dynamic diameters of fullerene aggregates by more than a
only a single peak atVz= 720 (as shown in the Supporting factor of 22.1628.33.39The mean height of 4.7 nm for fullerene
Information) as expected for a singlesgCOmolecule?®:2” aggregates in the presenckloM NaCl observed here is
Atomic force microscopy (AFM) was used to analyze the consistent with these previous results.
height of fullerene aggregates. AFM images were collected A DMPC bilayer prepared on a mica substrate in 10 mM
using a MAC mode noncontact configuration described pH 7.2 PBS buffer was imaged through the two phase-
previously?? AFM images of 700 ppb &in pure water over  transition events reported previough?> 3’ Figure 2A and
mica showed no deposition. The addition of high concentra- B shows the gel-phase DMPC bilayer and fluid-phase DMPC
tions of salt destabilizes the water-soluble fullerene ag- bilayer obtained at 15 and 34, respectively. Thickness
gregates and leads to their precipitation from solutfoi4: values of 4.4+ 0.3 nm for the gel-phase DMPC bilayer were
Thus, we utilized the additionfd M NaCl to 700 ppb Go attained through cross-section analysis of defects in the
solutions over mica substrates in an AFM solution cell to bilayer surface, as illustrated by the white line bisecting a
demonstrate aggregation ogdCAfter incubation of 1 M dark defect to the mica surface in Figure 2A. The first
NaCL and 700 ppb & in the solution cell for 12 h time,  melting transition occurred over the range of2% °C, and
fullerene aggregates were observed on the mica surface ashe second melting transition was observed over a range of
shown in Figure 1. The white arrow in Figure 1 points to a 28—31°C. As seen in Figure 2B, the DMPC bilayer formed
fullerene aggregate on the substrate. Aggregate heightsa flat homogeneous bilayer after lipid expansion closed
ranged from 3 to 15 nm with a mean of 4.7 nm. According defects to the mica substrate during the melting transitions.
to the height we observe, a multilayer feature must be presentThe bilayer thicknes%,383°phase-transition behaviétand
on the mica surface because monolayers of pristine fullereneflat homogeneous liquid-phase bilayer morphof8g§+
vapor deposited on substrates are reported to~henm appear as expected before water-solublg &ddition,
tall.>®3°The diameters of the aggregates ranged from 35 to establishing that a well-formed bilayer has been created.
72 nm with a mean of 49.6 nm. However, the observed Figure 2C and D depicts images of the same bilayer in
diameters of the fullerene aggregates are skewed to highetthe gel and fluid phase, respectively, after incubation of 2900
values as a result of convolution with the finite radius of ppb Gy in the solution cell for 2 h. The image shown in
the AFM tip (ca. 26-50 nm)3132 Figure 2C is similar to the image before exposure tg C
Literature reports using various preparation and analysis with 4.4+ 0.3 nm deep bilayer defects. The phase-transition
methods of aqueous fullerene dispersions without salt reporttemperatures were unchanged, suggesting that water-soluble
diameters ranging from 1 to 500 ntA¢-28:33.34The addition fullerenes, at least at the concentrations used in our study,
of 0.001-0.05 M NaCt® had no effect on fullerene aggregate do not effect lipid chain ordering. The main difference in
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aggregates on the liquid-phase DMPC bilayer. The white
boxes show the movement of the aggregate in the two scans.
A white arrow in Figure 3C and D points to an isolated
aggregate that remained immobile on the bilayer surface.

The movement of fullerene aggregates on the liquid-phase
supported lipid bilayer further suggests that the aggregates
rest on top of lipid headgroups because no disruption of the
underlying bilayer was observed. The exact movement
mechanism of fullerenes on the supported bilayer is currently
unknown; however, several references detail similar rolling
and sliding movements for fullerene matertéai$® and carbon
nanotube®¥4° under various conditions. In our experimental
setup, it is likely that the AFM tip induces some of the
movement observed because (1) aggregates were observed
to accumulate outside the scanning window and (2) in certain
instances aggregates were observed to roll in one direction,
stop, and then roll back in the opposite direction depending
on the tip scan direction.

Figure 3. AFM images showing fullerene immobility on a gel- ; ; P "
phase DMPC bilayer and mobility on a liquid-phase DMPC bilayer. On the basis of the insensitivity of the phase transition to

Parts A and B were obtained for down and up scanning directions fullerene addition and lack of damage to the bilayer with
at 15°C. Parts C and D were obtained for down and up scanning fullerene movement, we propose that water-soluble fullerene

directions at 35°C. White arrows point to immobile fullerene  aggregates settle onto the supported bilayer and do not
aggregates. White boxes depict movement path of fullerene penetrate the hydrophilic headgroup region. In particular, the
ﬁ%gregates. All images are 2010 um* (xy) at azscale of 15 haqe ransition invariance suggests that there is no change
' in lipid chain ordering upon fullerene addition. Support for
his claim comes from ATR-IR spectroscopy (Supporting
nformation), which showed that the Glfvs) band at 2850
cm* for gel-phase bilayers and 2853 chfor liquid-phase

images exposed to water-soluble fullerenes is the presenc
of white protrusions, highlighted by white arrows in Figure

2C and D, which extend 5.6 1.1 nm above the bilayer . "
plane. The tip-convolved diameters of these protrusions bilayers were unchanged upon the addition of 2900 ppb

varied between 80 and 170 nm. The heights of the aggregategvater'SOIUbl.e . fuIIerene.. This mfrargd band 'S a knpwn
are within the range of heights €25 nm) observed for measure of lipid acyl chain conformation and shifts to higher
fullerene aggregates deposited on mica substrates under higﬁ?et:]gy ;V'th dlntcrefalsled chain dg'.f.orééi' Thel msensﬂngtyth
salt conditions described above. In addition to aggregate0 € banc 1o lufierene acdition strongly supports the
height and diameter data, the gel-phase lipid area coverecﬁontem'on that_ the fuIIe_rene does not penetrate into the
by fullerene aggregates was calculated from AFM images. ydrogarbon tail of th? t_Jllayer.. ) )
Corrections were made to the calculations to account for lipid  Previous work examining the interaction of fullerenes with
surface area discrepancies induced by differences in bilayerliPid bilayers f_°“2§3 that fullerene aggregates in the lipid
defect amounts. The fullerene aggregate coverage wasdilayer tail regiod?=3disrupt hydrocarbon chain packing of
observed to increase over time with 0.380.26% of the the lipids2%54 increase the electron permeability of lipid
lipid surface being covered with fullerene afteh and 1.49 bilayers, and lead to a decrease in phase-transition temper
+ 0.62% being covered after 11 h of 2900 pphoC ature® However, the fullerenelipid constructs examined
incubation. in this work do not indicate any disruption of lipid chain
To further investigate the behavior of the fullerene packing _relative to the_ fullerene-free sample. Tv_vo possible
aggregates on supported lipid bilayers, we captured imagesexplanatlon_s for the discrepancy betwe.e-n our findings qnd
sequentially for DMPC bilayers in the gel phase, as they these previous reports are (1) the different preparative
melted, and in the fluid phase after exposure to 2900 ppb methods used in previous studies involving the co-hydration
Coo. Figure 3A and B illustrates the immobility of fullerene  Of dried fullerenes and lipid filnt$™>¢ and (2) the use of
aggregates on gel-phase DMPC bilayers during AFM Scan_fu'llerene powders in previous studles'as opposgd to water-
ning in opposite directions. White arrows in Figure 3A and dispersed fuIIer_ene aggregates US_Ed in-our st_ud|es.
B points out several aggregates that do not move on the gel-  Electrophoretic mobilit{**> and fitration studie$ show
phase bilayer during scanning. Alternatively, bilayer material that water-dispersed fullerene aggregates carry a net negative
inside the defects was observed to migrate, as discussed irtharge, and two possible mechanisms for fullerene aggregate
a previous papef As DMPC bilayers melted at increased ~ charge accumulation have been propo$éd™”>*We won-
temperatures, fullerene aggregates became mobile (showrslered whether this charge would enhance their interaction
in the Supporting Information) either by diffusing with liquid-  with a cationic lipid. Fullerene aggregates are known to
phase lipids or through interaction with the AFM tip. Figure interact with cationic fluorescent dy&snd cationic iong?#>2
3C and D, obtained during AFM scans collected in opposite  Figure 4A and B shows AFM images of pure gel-phase
directions, demonstrates the movement of two fullerene DMTAP bilayers in Milli-Q water before and after the
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Figure 4. AFM comparison of DMTAP (A and B) and DMPC at
15°C (C and D). Images A and C were taken before 700 pgp C
addition, and images B, D were taken after incubation of 700 ppb
Ceo for 2 h. White lines in Figure 4A, C, and D depict cross-section
analysis. A white arrow in Figure 4D points to a fullerene aggregate.
Allimages are 10< 10um? (x,y) with az scale of 15 nm. Bilayers
were prepared in Milli-Q water with no additional salts.

addition of 700 ppb water-solublesgat 15°C. Figure 4C

Figure 5. AFM scraping of G, off of DMTAP. (A) MAC mode
image of scraped square (010 um?). (B) MAC mode image of
scrape area with & removed (4x 4 um?). Both images shown
with a z scale of 15 nm.

Coverage data obtained from Figure 4 show that fullerene
aggregates settle onto cationic DMTAP bilayers to a greater
extent than on the zwitterionic DMPC bilayers. This finding
is to be expected because water-dispersed fullerenes are
known to carry a net negative chat§e& and would be
attracted to cationic lipid headgroups through electrostatic
interactions. Fullerene aggregates are likely drawn to DMPC
bilayers through a weaker interaction between thg @nd
the dipole moment induced by the -N-(gkf headgroup
unit, such as that observed in previous molecular interactions
with lipid headgroup$3-%> The difference in attraction
strength results in different coverage percentages observed

and D provides images of gel-phase DMPC bilayers, before over 2 h time.

and after Go addition, under the same conditions as images
taken for DMTAP bilayer to allow a direct comparison of

Figure 5A and B shows that despite being heavily covered
with fullerene aggregates DMTAP bilayers still exist intact

coverage amounts. Cross-section analysis, illustrated by aunder the fullerene layer. Figure 5A shows a1 @0 um’

white line in Figure 4A, of DMTAP bilayers formed on mica

area of a DMTAP bilayer scraping away fullerene aggregates

substrates shows the expected presence of two solid phasefsom a 4 x 4 um? area. Fullerene aggregate layer heights

with different chain tilt angles, which results in height
differences of 1.1 0.2 nm between the solid phas$és??
After confirmation of DMTAP bilayer formation, the bilayer
was examined over time as 700 ppky,@as incubated in
the solution above the DMTAP bilayer. Over the course of
2 h, the DMTAP bilayer was observed to accumulate

collected from AFM images by cross-section analysis were
found to extend 6.3t 1.1 nm above the DMTAP bilayer
plane. This height compares favorably with the height of
fullerene aggregates, 5461.1 nm, on DMPC bilayers stated
in a previous section. Figure 5B shows an image of the 4
4 um? area where 6 aggregates have been removed. Cross-

increased amounts of fullerene aggregates on the bilayersection analysis of the bilayer underneath fullerene aggregates

surface until no additional material was observed to ac-
cumulate. A representative image of DMTAP bilayers after
incubation fo 2 h with 700 ppb & is provided in Figure
4B. The fullerene material was determined to cover 45.4
3.7% of the DMTAP bilayer surface aft@ h time.
Experiments undertaken with DMPC bilayers for com-
parison followed a similar method of confirming bilayer
viability in Milli-Q water through cross-section analysis of

indicates that the DMTAP bilayer has a morphology with
gel-phase domains differing in height by 1420.2 nm as
observed for DMTAP bilayers withoutgg(Figure 4A). This
data along with similar results discussed above for DMPC
bilayers show that most of the water-solublg, @dhere to
the headgroup portion of the lipid molecules without drasti-
cally altering the underlying bilayer.

To summarize, we have shown that water-dispersed

images, as shown in Figure 4C, to record bilayer thicknessesfullerenes adhere to supported lipid bilayers containing

of 4.6 & 0.3 nm as expected. Well-formed DMPC bilayers
were then exposed to 700 ppb water-solublg f6r 2 h,
while being imaged with the AFM. Figure 4D shows a
DMPC bilayer after the incubation of 700 pphGvith a
white arrow pointing to a fullerene aggregate on the bilayer.

zwitterionic lipid headgroups or cationic lipid headgroups.
Negatively charged fullerene aggregates were observed to
accumulate onto supported lipid bilayers consisting of
cationic lipid headgroups to a greater extent than bilayers
consisting of only zwitterionic lipid headgroups under the

Fullerene aggregate coverage was observed to increase ovesame conditions. We propose that fullerene aggregates

time in a manner similar to DMTAP, albeit to a lesser extent
with only 2.3+ 1% of the lipid surface being covered. The
adsorption of fullerenes to DMPC bilayers under Milli-Q

interact only with the lipid headgroups and do not penetrate
into the lipid hydrocarbon chains based on data indicating
no alteration of bilayer thicknesses, phase-transition tem-

water did not change the thickness, exactly as discussedperatures, and underlying bilayer morphology during fullerene

earlier for DMPC bilayers in PBS.
534

movement and detachment. These findings are relevant to
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the basic interactions water-dispersed fullerenes have with (26) Ko, W.-B.; Heo, J.-Y.; Nam, J.-H.; Lee, K.-BJltrasonics 2004

both zwitterionic lipids in membranes and charged molecules,

such as proteins, near membrane surfaces.
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