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P
recise control over the fluidic trans-
port of nanoparticles and biomole-
cules represents a fundamental

requirement in the development of many
innovative technologies that aim to exploit
their unique properties.1�3 In particular, the
ability to tune nanoparticle diffusion dy-
namics yields new opportunities for the
delivery of pharmaceuticals whereby nano-
particles can be engineered to carry both
drugs and surface-functionalized targeting
moieties.4�7 Such a capability would also
enable metronomic delivery whereby the
timing of the delivery is as equally important
as the amount administered.8,9

Recently, nanochannels have been em-
ployed for passively controlling the diffusive
transport of a variety of clinically relevant
molecules.10 Despite the successful demon-
stration of zero-order release for a wide
range of analytes presenting different sizes,
morphologies, charge states, and surface
residues,11,12 as well as the important theo-
retical contributions from hindered trans-
port theory,13 a full description of the
physics of nanoscale fluidic transport had
yet to be achieved. The difficulty in provid-
ing such a description derives from the
highly coupled effects of charge distribu-
tion, spatial confinement, and surface-to-
molecule interactions present at the
nanoscale, where surface properties be-
gin to dominate over volume proper-
ties.14�16 Many of these effects are pri-
mary contributors to concentration-inde-
pendent transport and cannot be con-
sidered solely on the basis of adjustments
to important diffusion and hydrodynamic
parameters.
In this work, we have experimentally

and theoretically studied the constrained

diffusion of highly charged negative and
positive fullerene nanoparticles (dendritic
fullerene-1, DF-1, and amino fullerene,
AC60) through nanochannels, constructs
previously investigated as nanocarriers for
therapeutics17�22 and reliable and stable
probes for diffusive transport of charged
particles.23 The measurements were carried
out using UV spectroscopy at absorption
wavelengths of 320 and 280 nm (for DF-1

* Address correspondence to
mferrari@tmhs.org.

Received for review February 25, 2011
and accepted October 27, 2011.

Published online
10.1021/nn2037863

ABSTRACT

Nanoparticles and their derivatives have engendered significant recent interest. Despite considerable

advances in nanofluidic physics, control over nanoparticle diffusive transport, requisite for a host of

innovative applications, has yet to be demonstrated. In this study, we performed diffusion

experiments for negatively and positively charged fullerene derivatives (dendritic fullerene-1, DF-1,

and amino fullerene, AC60) in 5.7 and 13 nm silicon nanochannels in solutions with different ionic

strengths.With DF-1, we demonstrated a gated diffusionwhereby precise and reproducible control of

the dynamics of the release profile was achieved by tuning the gradient of the ionic strength within

the nanochannels. With AC60, we observed a near-surface diffusive transport that produced release

rates that were independent of the size of the nanochannels within the range of our experiments.

Finally, through theoretical analysis we were able to elucidate the relative importance of physical

nanoconfinement, electrostatic interactions, and ionic strength heterogeneity with respect to these

gated and near-surface diffusive transport phenomena. These results are significant for multiple

applications, including the controlled administration of targeted nanovectors for therapeutics.

KEYWORDS: nanoconfinement . electrostatics . ionic strength . controlled
delivery . nanocarriers . silicon membranes . [60]fullerene
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and AC60, respectively) in a custom-designed diffusion
apparatus described in Methods. First, we analyze the
variation over time of the ionic strength of the solution
and its effect on the electrical double layer (EDL) and
dynamics of transport. We then investigate and eluci-
date the theoretical basis for the gated diffusive trans-
port of negative DF-1 and the near-surface diffusion of
positive AC60.

RESULTS AND DISCUSSION

Ionic Strength and Electrical Double Layer. The ionic
strength (I) and the dielectric properties of fluids
determine the size of the EDL adjacent to the nega-
tively charged silica walls. To investigate the effect of
different I's, and thus EDLs, on the diffusive transport of
the oppositely charged fullerene derivatives in nano-
confinement, DF-1 and AC60 solutions with both low
and high ionic strengths (IL and IH, respectively) were
prepared and employed in release tests performed
with dual-chamber UV-diffusion devices as described
in the Methods and elsewhere.24 Table 1 details the
contents of the source and sink solutions used in the
experiments. In addition, to evaluate the effect of the
variation of I over time, we exploited the initial ionic
strength imbalance created by the sodium carbonate
and sodiumbicarbonate that were added to the source
solutions to stabilize DF-1 and AC60, respectively, by
adjusting the pH to 7.4 (DF-1) and 4.25 (AC60). The
natural short-term equilibration of the ionic concen-
tration between the source and sink reservoirs allowed
for the analysis of DF-1 and AC60 transport under
transient conditions of varying ionic strength, without
obscuring long-term diffusive behavior. The imbalance
of DF-1, AC60, and other ions in the system also
generates an osmotic potential, which is proportional
to the differential concentration, Δc. However, the
effect of the osmotic transport of solvent was ne-
glected, Δc being small for all ions in solution.

The approximate thickness of the EDL, known as the
Debye length (λD), increases with decreasing ionic
strength, as fewer solvated ions are available to screen
the SiO2 surface charge. Table 1 lists λD values for both
DF-1 and AC60 in the IL and IH solutions calculated as
follows:25

λD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εε0kBT

e2∑
i

niz2i

vuut (1)

where ε is the dielectric constant of the solvent, ε0 is
the dielectric permittivity of free space, kB is Boltz-
mann's constant, T is the absolute temperature, e is the
charge of an electron, and ni and zi are the concentra-
tion and the valence of the ith species, respectively.
The relatively low concentrations of both AC60 and
DF-1, as compared to the other ionic species, lead to an
average minimum distance between particles, l , of
10.8 and 11.6 nm, respectively, within the source
solution (calculated as N�1/3, where N is the number
density at the maximum concentration of 3 mg/mL).
The high positive valence of AC60 (þ8.4 at pH 4.25),
however, drives accumulation near the nanochannel
wall's surface, which increases its concentration over
the source solution (this will be elucidated later). AC60
is therefore likely to contribute globally to the EDL,
despite its relatively large size sufficient to develop its
own EDL, and so is included in the first-order calculation
of λD. DF-1, with its high negative valence (�10.4e at pH
7.4), is generally repulsed from the nanochannel wall's
surface, reducing its concentration with respect to the
source and increasing its interparticle spacing over the
already large value listed above. At these interparticle
distances, DF-1 is deemed to produce only local pertur-
bations to the nanochannel EDL during transit, without
homogeneously and permanently contributing to a
global variation, and is therefore excluded from the
calculation of λD (see Supporting Information for addi-
tional details on the λD calculation). The time variation of
I required the determination of λD at two distinct time
points: (1) at t = 0, before the diffusion of any ionic
species occurs; (2) At t = Eq, corresponding to the
establishment of a quasi-equilibriumof the ionic species
distributions (with the exception of DF-1 and AC60)
between the source and sink reservoirs.

The values of λD depicted in Table 1 demonstrate
that at higher ionic strength the EDLs that line thewalls
of both the 5.7 and 13 nm nanochannels do not
overlap at any time, t = 0 or t = Eq. In the case of the
lower ionic strength solutions, however, the EDLs
significantly overlap in both the 5.7 and 13 nm nano-
channels at t = Eq after the ionic distribution (except
DF-1 and AC60) has reached quasi-equilibrium. When
the EDLs overlap, the nanochannel wall surface charge
cannot be fully screened by the ionic species in solu-
tion, resulting in either a gated or a near-surface

TABLE 1. DF-1 and AC60 Source Solutions and Sink Fluids (at time t = 0) and Debye Lengths, λD, Calculated at Time t = 0

and t = Eq

fullerene source solution (at t = 0) sink fluid (at t = 0)

λD

t = 0 [nm]

λD

t = Eq [nm]

DF-1 H2O, 50 mM NaCl, 11 mM Na2CO3 (at pH 7.4) (IH) H2O, 50 mM NaCl 1.19 1.36
DF-1 H2O, 11 mM Na2CO3 (at pH 7.4) (IL) H2O 2.38 13.19
AC60 H2O, 50 mM NaCl, 2.86 mM NaHCO3 (pH 4.25) (IH) H2O, 50 mM NaCl 0.98 1.04
AC60 H2O, 2.86 mM NaHCO3 (pH 4.25) (IL) H2O 1.41 1.95
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accumulation effect for negative and positive charges,
respectively, that approach the nanochannel inlet.

Gated Diffusion of Negatively Charged DF-1. The functio-
nalized DF-1 (MW = 2827 Da) presents dimensions of
approximately 3 � 2 � 1.5 nm (corresponding to the
minimized structure in water), including its two den-
dritic arms, and has 18 carboxylic acid surface residues,
leading to a net charge of �10.4e at pH 7.4.26 When
diffusing within a narrow nanochannel, DF-110.4- ex-
periences an electrostatic repulsion from the channel
walls associated with the surface charge, which limits
the cross section of the nanochannel that can be
occupied by the charged DF-1 without significant
energetic penalties (ΔG). Using a z-potential analyzer
(Delsa Nano C, Beckman Coulter, Inc.) we measured a
negative surface charge density associated with the
silicon dioxide nanochannel walls of approximately
�1μC/cm2, a value that is consistentwith the literature.27

For DF-1 in the IH solution (see Table 1), the concen-
tration of cationic charges (Naþ and H3O

þ) is sufficient
to shorten the EDL (minimize λD) at both t = 0 and t = Eq
such that DF-1 can diffuse through the nanochannel
freely (in 13 nm) or with low energetic penalties related
to the reduced translational degrees of freedom (in
5.7 nm). Similar results related to the connection be-
tween pH and the diffusion of lectin have been
reported.28 The release results shown in Figure 1
(curves a and b) clearly represent this effect, showing
a seemingly unperturbed Fickian release profile of DF-1
nanoparticles in IH solution in 13 nm and the character-
istic quasi-linear release profile in 5.7 nm, similar towhat
has been observed in the literature for molecules
diffusing under nanoconfined conditions.23

These high ionic strength effects are schematically
represented in Figure 2A for the 13 nm nanochannels.
In this case, only a modest variation in the electric
potential profile ψ(z), established by the negative

surface charge and the EDL, occurs between t = 0
and t = Eq, which leads to a slight shrinking of the
normalized number density profile n(z) across the
nanochannel cross section (normalized with respect
to the source reservoir concentration).

When DF-1 is dissolved in the Na2CO3-buffered IL
solution (no NaCl added) and released into pure DI
water, the ionic strength within the nanochannels
decreases between t = 0 and t = Eq, as is evident by
the change in release dynamics of curves c and d in
Figure 1. At t = 0, the I is sufficiently high that the EDLs
of the nanochannel walls do not occupy the entire
nanochannel cross section and rapid release is ob-
served. This ionic imbalance between the source and
sink reservoirs, however, drives a net flux of all ions
down their respective concentration gradients. The
charged species in the source solution include DF-
110.4� and the dissociation products of the sodium
carbonate buffer (Naþ, HCO3

�, and CO3
2�). The bulk

diffusivities of Naþ (1.3 � 10�5 cm2/s), HCO3
� (1.19 �

10�5 cm2/s),29 and CO3
2� (0.92� 10�5 cm2/s)30 are 1 to

4 orders of magnitude higher than for DF-110.4� diffus-
ing through the nanochannels (the DF-1 experimental
diffusivity analysis is discussed later). In addition, the
above low-valence ionic species are partially (HCO3

�,
CO3

2�) or completely (Naþ) unaffected by the negative
surface charge in the nanochannel, as compared to the
DF-1.31 As such, these smaller and less charged ions
rapidly redistribute between the source and sink re-
servoirs, causing an increase in λD and a corresponding
decrease of the effective nanochannel cross section
that allows for low-energy loss of DF-1 occupancy.

At t = Eq, a quasi-equilibrium is reached in the
source and sink reservoirs between the chemical and
Nernst potentials arising from the charge concentra-
tion imbalances of Naþ, HCO3

�, CO3
2�, and the DF-1.

By considering that the smaller ionic species equili-
brate much more rapidly than DF-1, regardless of their
positive or negative charge, t = Eq was estimated by
neglecting the effect of the Nernst potential buildup.
The obtained t = Eq values (0.9 and 1.7 days for 13 and
5.7 nm, respectively, in IL solutions), corresponding to
95% of the equilibration, are in agreement with the
experimental observation, approximating the time at
which a steady-state release is established (see Figure 1
curves c and d). Details are available in the Supporting
Information. The EDLs from the nanochannel walls and
the DF-1 now overlap (see Table 1), with the resulting
reduction in negative charge screening producing a
significant energetic barrier, EB, to the diffusion of DF-132

through the nanochannels due to electrostatic repul-
sion. This dramatic increase in the potential barrier
as the ionic strength shifts from high to low is graphi-
cally shown in Figure 2B for the 5.7 nm nanochannels.
ψ(z) flattens between t = 0 and t = Eq such that the
potential in the center of the nanochannel is close in
magnitude to the wall potential and correspondingly

Figure 1. Cumulative released amount and percentage
release of DF-1 in IH and IL solutions in 5.7 and 13 nm
nanochannels.
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leads to a significant reduction in the n(z) peak height by
over 2 orders of magnitude. The calculated values of the
energy barriers for DF-1 diffusing through both nano-
channel sizes in IL and IH solutionsat t=0and t=Eqcanbe
found in the table in Figure 2 (see the Supporting
Information for details on the calculationof EB). Thehigher
energy barriers lead to lower release rates because of
fewerparticleswith sufficient thermal energy to surmount
the potential energy barrier, as can been seen from a
comparisonof the release rates producedby thehigh and
low ionic strength solutions calculated from Figure 1: 39.5
to 0.45 μg/day for 5.7 nm (a 98.4% reduction) and a rapid
Fickian profile (450 μg over 10 days) to 4.3 μg/day for
13 nm. The zero-order release regions for buffered DF-1
intoDI water follow exponential transients that exceed 21
and 52h in the 5.7 and 13 nmnanochannels, respectively.
To validate our hypothesis of an energy barrier mediated
release, and to exclude the possibility of the change in
release rate being causedbyDF-1 aggregation, a diffusion
experiment was performed during which DF-1 IL source
solutionswere spikedwithNaCl after theestablishmentof

quasi-equilibrium. The observed immediate rise in release
rate, with a slope proportional in magnitude to the DF-1
concentration gradient, indicates that the added salt
causes a modulation in the barrier height as salt would
normally facilitate aggregation by shielding negative
charge (allowing closer particle-to-particle proximity; the
experiment is detailed in the Supporting Information).33

To further investigate the role that ionic strength
and electrostatic repulsion has on DF-1 diffusive trans-
port through nanochannels, we calculated the effec-
tive diffusivity,DEXP, of DF-1 by fitting the experimental
data with the following exponential curve:34

m(t) ¼ (cIN � cOUT)
VINVOUT

VIN þ VOUT
(1 � e�τt) (2)

τ ¼ Dexp

ReqVIN

 !
1þ VIN

VOUT

� �
(3)

wherem(t) is the mass released over time, cIN and cOUT
are the concentrations of DF-1 in the source and sink

Figure 2. Schematic representations of the electrical potential, ψ(z), and number concentration, n(z), profiles as well as the
effective cross sections at times t = 0 and t = Eq for DF-1 in IH (A) and IL (B) ionic strength solutions in both 13 (A) and 5.7 (B) nm
nanochannels. For symmetry reasons, the panels show only half of the nanochannel cross section. The time t = Eq represents
the establishment of a quasi-equilibrium whereby the concentrations of all other ionic species (Naþ, Cl�, HCO3

�, and CO3
2�)

except the ionized DF-1 have reached a steady state between the source and sink solutions. n(z) has been normalized with
respect to the source solution concentration. The surface charge density on the nanochannel wall wasmeasured to be�1 μC/cm2.
The depletion regions (lighter gray areas) represent the portion of the channel cross section that is occupied by the 5%ile of
the n(z) distribution at t = 0 and t = Eq. The increase in the potential barrier at equilibration resulting from electrostatic
repulsion of the ionized DF-110.4� by the negative surface charge is also shown to the right side of each panel. The values of
the electrostatic potential energy barrier, EB, are listed in the table. The calculations for all values can be found inMethods and
the Supporting Information.
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reservoir at time = 0, and VIN and VOUT are the volumes
of the source and sink reservoirs, respectively. The time
constant, τ, depends on both DEXP and the equivalent
“diffusive resistance”, Req, of the membrane. Details of
the calculations ofDEXP, including the derivation of Req,
are available in the Supporting Information. Figure 3
depicts the DEXP(t) curves calculated for DF-1 in both
nanochannel sizes in IL and IH solutions over the full
length of the experiment with the table listing the
calculated values. For IH solutions DEXP(t) changes very
little from the beginning to the end of the experiment
even as the nanochannel cross sections shrink. This is in
agreement with the notion that the EDLs are not yet
overlapping and negative charge screening is still
sufficient to allow for a low energy diffusive pathway
through the nanochannel. For IL solutions, however,
the DEXP(t) values fall exponentially with time, a result
that is consistent with an increasing potential energy
barrier resulting from electrostatic repulsion of the DF-
1 by the nanochannels.

Near-Surface Diffusion of Positively Charged AC60. AC60
(MW = 2287 Da) is a hygroscopic fullerene derivative,
which in its minimized structure presents a sphere-like
conformation of approximately 1.9 nm in diameter.20

AC60's 12 amino surface residues lead to a net positive
charge of þ8.4e in IL solutions at pH 4.25. Unlike the
negatively charged DF-1, the positive valence causes
AC60 to experience an attractive electrostatic force
with respect to the wall surface charge. The extent of
the resulting accumulation, including the thickness of
the layer near the nanochannel wall, strongly depends
on the I that governs both the level of charge shielding
and the electrical potential distribution within the
nanochannel (λD). While highly overlapped EDLs can
accumulate charge throughout the nanochannel cross
section, nonoverlapping EDLs (κh g 4) accumulate
AC60 in close proximity to the wall surface. Figure 4
schematically depicts the ψ(z) and n(z) that span the
cross section for the positively charged AC60 in IH
solutions for both the 13 and 5.7 nm nanochannels.
In these IH solutions, approximately 90% of AC60
diffuses within a 2 nm layer adjacent to the nanochan-
nel walls. The calculated number concentration within
this accumulation layer exceeds the source solution
concentration in both nanochannel sizes by approxi-
mately 1 order of magnitude, with the layer thickness
remaining unchanged after the smaller ions, Naþ, Cl�,
HCO3

�, and CO3
2�, have equilibrated at t = Eq. This

Figure 3. Time evolution of the diffusivity of DF-1 (A) and AC60 (B) as extrapolated from fitting the experimental data in low
and high ionic strength solutions and both 5.7 and 13 nm nanochannels. The table lists the nanochannel diffusivities at t = 0
and t = end of experiment as well as the bulk diffusivities as obtained with membranes possessing only the 3 μm
microchannels connected to the 200 μm macrochannels (see Methods and Supporting Information). The correlation
coefficients and the average percent differences between the experimental data and the fitting curves are also listed.
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accumulation effect manifests itself as an apparent
nanochannel size independent of the release rate, at
least in the range from 5.7 to 13 nm, in which the
accumulated AC60 comprises a significant fraction of
the total quantity of AC60 within the nanochannel. The
experimental release data, shown in Figure 5, confirm
this observation with statistically equivalent cumula-
tive release profiles of AC60 through both 13 and
5.7 nm nanochannels (curves g and h).

Similar results were obtained with IL AC60 solu-
tions in both nanochannel sizes, in which no statis-
tically significant difference is observed between
the two release rate profiles (see Figure 5, curves e
and f). The homogenization of the ionic strength
within the system, however, causes a significant
variation in theψ(z) and n(z) profiles (see Supporting
Information).

Although the variation in ψ(z) and n(z) is substan-
tially larger when compared to IH AC60 solutions, the
accumulation zone at t = 0 and t = Eq is still contained
within a 2 nm distance from the wall in both 5.7 and
13 nm nanochannels, which explains the similarity
between curves e and f. In this case however, the
nanochannel presents a larger electrostatic accumulation

energy, EA (as compared to IH AC60 solutions), which
drives the accumulation of AC60 to exceed the source
solution concentration by a factor of 20. The EA values
are listed in the table in Figure 4.

The accumulation effect is expected to gradually
disappear with increased nanochannel height as
the average normalized number concentration

Figure 4. Schematic representations of the electrical potential, ψ(z), and number concentration, n(z), profiles as well as the
effective cross sections at times t = 0 and t = Eq for AC60 in IH solutions in both 13 (A) and 5.7 (B) nm nanochannels. For
symmetry reasons, the panels show only half of the nanochannel cross section. The time t = Eq represents the
establishment of a quasi-equilibrium whereby the concentrations of all other ionic species (Naþ, Cl�, HCO3

�, and CO3
2�)

except the ionized AC60 have reached a steady state between the source and sink solutions with respect to AC60. n(z) has
been normalized with respect to the source solution concentration. The surface charge density on the nanochannel wall
was measured to be �1 μC/cm2. The depletion regions (lighter gray areas) represent the portion of the channel cross
section that is occupied by the 5%ile of the n(z) distribution at both time points. The increase of the accumulation energy,
EA, at equilibration resulting from electrostatic attraction of the ionized AC608.4þ by the negative surface charge is also
shown to the right side of each panel. The values of EA are listed in the table. The calculations for all values can be found in
Methods and the Supporting Information.

Figure 5. Cumulative released amount and percentage
release of AC60 in IH and IL solutions in 5.7 and 13 nm
nanochannels.
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approaches the source concentration. Although the
same quantity of accumulated AC60 persists, it
constitutes a diminishing fraction of the total num-
ber of particles within the nanochannel.

Equation 2 was used to determine DEXP for AC60 in
5.7 and 13 nm nanochannels as described above. The
results are shown and tabulated in Figure 3. Once
again, the DEXP for the high ionic strength solutions
changes very little between t = 0 and t = Eq. For the
low ionic strength solutions, the DEXP values fall
exponentially with time in a similar fashion to the
DF-1 results. This would also indicate an accumulation
potential that increases with decreasing ionic
strength. The primary difference between the release
rates for AC60 as opposed to DF-1 is therefore related
to the nature of their electrostatic interaction with the
nanochannel surface charge. Because DF-1 is re-
pulsed from the nanochannel, a lower ionic strength
leads to a higher energy barrier, a lower diffusivity,
and a lower concentration of DF-1 in the nanochannel
at steady state, all of which reinforce a diminishing
release rate. For AC60, reducing the ionic strength
also increases the accumulation potential and re-
duces the effective diffusivity. In this case, however,
the AC60 concentration simultaneously increases in a
manner that is proportional to the increasing accu-
mulation potential. As such, the release rate does not
suffer from the same significant reduction and be-
comes independent of nanochannel size. Details of

the calculations of DEXP for AC60 are available in the
Supporting Information.

CONCLUSION

In conclusion, we have demonstrated for the first time
the long-term, controlled, release of dendritic-fullerene-1
and amino-fullerene nanoparticles through monodis-
persed 5.7 and 13 nmnanochannels by exploiting electro-
static gating and accumulation effects on the diffusive
transport of these negatively and positively charged spe-
cies. In this context,wehaveelucidated thecoupledeffects
of ionic strength and nanochannel size for purposes of
modulating the nanoparticle release profile. Additionally,
we have experimentally and theoretically demonstrated
the near-surface diffusion of the positively charged AC60,
which in our range of observation is fully independent of
the nanochannel size. Additional contributions from our
work include the quantification of the effective diffusivity
of these fullerene derivatives at the microscale and in
nanoconfinement.A theoretical analysis of the influenceof
physical and electrostatic confinement on limitations to
the degrees of freedom and diffusivity of nanoparticles27

will be the subject of subsequent investigations. Our
findings, obtained with the use of highly charged carriers
to eliminate adsorption and aggregation issues, are likely
to be applicable to the controlled release of charged drug
molecules aswell as toa largenumberofnanovectors35�40

and thus represent a significant step toward the achieve-
ment of metronomically targeted delivery.

METHODS
Due to space constraints only basic information related to the

experimental and theoretical methods is included. Detailed
descriptions are available in the Supporting Information.

Nanofluidic Membrane. Robust nanofluidic membranes were
microfabricated by means of a sacrificial layer technique using
silicon-on-insulator (SOI) substrates in two configurations. Den-
sely packed slit nanochannels 5.7or 13nm inheight (width=3μm,
length = 1 μm in configuration 1, width = 3 μm, length = 3 μm
in configuration 2) and parallel to the membrane surface were
produced on top of the SOI device layer using a patterned
sacrificial material embedded in deposited silicon nitride. The
nanochannels are perpendicularly interfaced to the ambient by

inlet channels etched through the SOI device layer and handle
wafer and outlet channels etched through the silicon nitride.
The membrane structure and microfabrication process are
detailed in the Supporting Information and elsewhere.10

Membrane Characterization. The nanochannel heights, 5.7 and
13 nm, were verified by observing device cross sections using
tunneling and scanning electron microscopy (TEM and SEM);
see Figure 6. The root-mean-square roughness of both the
silicon and silicon nitride surfaces in the nanochannels was
measured by atomic forcemicroscopy and found to be 0.35 and
0.15 nm, respectively. Convective nitrogen gas flowwas used to
determine membrane uniformity.41 See Supporting Informa-
tion for details of the membrane characterization.

Figure 6. (a) SEM image of the array of outlet microchannels. (b) TEM image of 5.7 nm nanochannel cross section. (c)
Schematic of the diffusion testing apparatus: [A] silicone rubber cap, [B] silicon nanochannel membrane, [C] sink solution
reservoir, [D]magnetic stir bar, [E] SS316L stainless steel screws, [F] fullerene source solution reservoir, [G] epoxy resin, [H] UV
cuvette.
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Experimental Apparatus. Fullerene releasewasmeasured using
a custom diffusion testing apparatus comprised of an upstream
300 μL source reservoir and a downstream 4.45 mL sink
reservoir separated by the membrane (see Figure 6c). A UV
macrocuvette epoxied to one end of the membrane housing
comprises the sink reservoir and allows for the measurement of
released DF-1 or AC60 by UV absorbance (see Supporting
Information).

Experimental Procedure. Separate solutions were prepared by
dissolving DF-1 fullerene powder (ChemPacific, Baltimore, MD,
USA) in pureMillipore DIwater and in a 50mMNaCl solution to a
final concentration of 3 mg/mL. The solutions were then
adjusted to pH 7.4 by adding 11 mM sodium carbonate
(Na2CO3) buffer and sonicated for 10 min to ensure complete
DF-1 dissolution. AC60 fullerene derivative was synthesized in
Dr. Wilson's laboratory by following the procedure briefly
described in the Supporting Information and detailed
elsewhere.42,43 The AC60 solutions were prepared by dissolving
15 mg of AC60 alone or AC60 plus 14.61 mg of NaCl (Fisher,
biological grade) in Millipore DI water and adjusting the pH
to 4.25 by gradual addition of 10%w/w NaHCO3 solution
(corresponding to 1.2 mg of NaHCO3). The volume of solutions
was adjusted to 5 mL, at room temperature, by using a volu-
metric flask, reaching the desired AC60 concentration of 3 mg/
mL. Piranha-cleaned (30%:70% H2O2/H2SO4, v/v) membranes
were wetted in 2-propanol for 1 h, then soaked in Millipore DI
water for 3 h, and finally immersed in the prepared solutions for
12 h prior to diffusion testing. To assemble the diffusion testing
apparatus, the sink reservoir was filled with either Millipore DI
water or 50 mM NaCl Millipore DI water solution, the wetted
membrane was clamped between the reservoirs, and the
source reservoir was filled with 150 μL of the matching DF-1
or AC60 solutions. A silicon rubber plug was used to cap the
source reservoir, which was temporarily pierced by a venting
needle during insertion to remove any trapped air. Continuous
magnetic stirring using PTFE-coatedmicrostir bars ensured sink
solution homogeneity. UV absorbance (λDF-1 = 320 nm, λAC60 =
280 nm) was periodically measured using a Beckman Coulter
DU 730 UV/vis spectrophotometer to monitor the increasing
concentration of DF-1 in the sink reservoir. Membrane cumula-
tive release was calculated using absorbance vs concentration
standard curves after data normalization with respect to absor-
bance at time = 0. Diffusion tests were performed with 3 to 5
replicates for each nanochannel size (5.7 and 13 nm) and DF-1
or AC60 solution (Millipore DI water and 50mMNaCl), for a total
of 33membranes, at a controlled temperature of 23( 0.2 �C. To
determine the bulk diffusivity of DF-1 and AC60, similar diffu-
sion tests were performed with microchannel membranes as
described in the Supporting Information. Details of the experi-
mental procedure, including solution preparation, UV-absorp-
tion standard curves, validation of the experimental protocol,
and data analysis are available in the Supporting Information.

Calculation of the Electrical Potential Profiles. In order to calculate
the profile of the electrical potentialψ across the channel, along
the z-axis, we first obtained the wall potentialψ0 by considering
a surface charge density σ = �1 μC/cm2 and by using the
Grahame equation:16

ψ0 ¼ σ

Kεε0
¼ � 15:2 mV (2a)

where κ = 1/λD. The obtained ψ0 value is compatible with the
z-potential measurements (ξ =�5.32( 0.15 mV) performed on
the silica substrate by means of a z-potential analyzer (Delsa
Nano C, Beckman Coulter, Inc.). Prior to performing the mea-
surement, the silica substrate was processed and oxidized with
the same procedure as used in the microfabrication of the
membrane channels. To calculate ψ(z), we employed the
theoretical model developed by Verwey and Overbeek44 for
overlapped EDL regions, which is based on the classical Gouy�-
Chapman EDL theory. A complete derivation of the model is
available elsewhere.44 The model was derived for an overlap-
ping EDL field between two infinite planes presenting the same
potential. In the case of small electrical potential, when
(eψ)/(kBT) < 1 (in our case 0.59 by considering ψ = ψ0 = �15.2
mV), the Poisson�Boltzmann potential equation can be

simplified according to the Debye�Hückel approximation in
the classical EDL theory to

d2ψ

dz2
¼ K2ψ (3a)

By considering the boundary conditions

ψjz¼ 0 ¼ ψ0 (4a)

dψ
dz

�����
z¼ h=2

¼ 0 (4b)

where h is the distance between the two planes (corresponding
to the nanometric size of our slit channels), the equation can be
analytically solved producing a solution describing the poten-
tial distribution in an overlapped EDL region:16

ψ(z) ¼ ψ0

cosh K
h

2
� z

� � !

cosh(Kz)
(5)

See the Supporting Information for additional details on the
derivation of ψ(z). Finally, the number concentration profiles
across the channel cross section, n�(z) for DF-1 and nþ(z) for
AC60, were calculated and normalized with respect to the
number concentration in the source reservoir n0 by using the
Boltzmann equation:

n(

n(0
(z) ¼ e-(

eziψ(z)
kBT

)
(7)

In order to evaluate the effective available cross section for
the DF-1 and AC60 diffusion, which takes into account the
electrostatic interaction between the particle and nanochannel
walls, we calculated the portion of cross section corresponding
to 90% of the diffusing particle population, identified by the
coordinate γ along the z-axis.Z z¼ y

z¼ h=2
n (z) dz ¼ 0:45

Z z¼ 0

z¼ h=2
n (z) dz (8a)

Z z¼ 0

z¼γ
nþ (z) dz ¼ 0:45

Z z¼ 0

z¼ h=2
nþ (z) dz (8b)
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