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nderstanding the cellular internal-

ization of nanoparticles’ " is a

problem central to many emerg-
ing applications of biological nanotechnol-
ogy. Such applications include the design of
tissue-implantable or subcellular
sensors,'?'3 drug-delivery systems,' and
novel photodynamic therapies.'> Nanopar-
ticles of technological importance include
functionalized carbon nanotubes,~'°
Au,'216718 and poly(p,L-lactide-co-glycolide;
PLGA)" nanoparticles along with other
types.”? Cellular uptake of nanoparticles is
found to involve endocytosis for the major-
ity of cases.!*67210 particularly for Au nano-
particles with a diameter of 14—100 nm'?
and DNA wrapped single-walled carbon
nanotubes (DNA-SWNT) with lengths less
than 1 wm,” the internalization mechanism
is confirmed to be receptor-mediated en-
docytosis (RME).2°2! The generic uptake
mechanism arises from the adhesion of me-
dia proteins to the surfaces of nanoparti-
cles during a typical cell culture incubation
experiment,'# as originally discussed by
Lynch and co-workers in the literature.??
Briefly, in most in vivo experiments, the na-
ture of the nanoparticle surface is modified
by the outermost protein layer of adsorbed
proteins. The nature of this outer protein
layer is considered to be the single most im-
portant parameter in determining the
nanoparticle-cell interaction.

Theoretical progress has been made in
understanding how the geometry of a
nanoparticle can potentially influence its
endocytosis rate. However a quantitative
description remains elusive with some key
aspects unexplained. Gao and co-workers?
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ABSTRACT The cellular uptake and expulsion rates of length-fractionated single-walled carbon nanotubes
(SWNT) from 130 to 660 nm in NIH-3T3 cells were measured via single particle tracking of their intrinsic
photoluminescence. We develop a quantitative model to correlate endocytosis rate with nanoparticle geometry
that accurately describes this data set and also literature results for Au nanoparticles. The model asserts that
nanoparticles cluster on the cell membrane to form a size sufficient to generate a large enough enthalpic
contribution via receptor ligand interactions to overcome the elastic energy and entropic barriers associated with
vesicle formation. Interestingly, the endocytosis rate constant of SWNT (103 min~") is found to be nearly 1000
times that of Au nanoparticles (106 min~—") but the recycling (exocytosis) rate constants are similar in magnitude
(10™*to 10> min~") for poly(o,L-lactide-co-glycolide), SWNT, and Au nanoparticles across distinct cell lines. The
total uptake of both SWNT and Au nanoparticles is maximal at a common radius of 25 nm when scaled using an
effective capture dimension for membrane diffusion. The ability to understand and predict the cellular uptake of
nanoparticles quantitatively should find utility in designing nanosystems with controlled toxicity, efficacy, and
functionality.

KEYWORDS: single-walled carbon nanotubes (SWNT) - cellular
uptake - endocytosis - exocytosis - nanoparticles - size-dependent
uptake - endocytosis rate - single particle tracking (SPT)

used a thermodynamic and mechanic
analysis derived by Freund and Lin?* to esti-
mate the RME rate of a nanoparticle. Briefly,
in the process of RME of nanoparticles, re-
ceptors binding to the curved nanoparticle
surfaces causes membrane curvature with a
corresponding increase in elastic energy.
On the other hand, this receptor—ligand
binding also causes configurational entropy
to be reduced from the immobilization of
the receptors. Meanwhile, receptors can dif-
fuse to the wrapping site driven by the lo-
cal reduction in free energy, allowing the
complete membrane wrapping around the
particle (endocytosis). Decuzzi and
Ferrari?>?® generalized this approach to in-
clude the
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Figure 1. Colocalization of the fluorescence from SWNT (green) with its corresponding cell image at
the final stage of the experiment for the four different lengths: (a) 660 * 40, (b) 430 + 35, (c) 320 =

30, and (d) 1

30 = 18 nm.

contribution of nonspecific forces such as electrostat-
ics arising at the cell—nanoparticle interface. All exist-
ing models to date predict a threshold radius below
which nanoparticle uptake by RME is impossible, and a
highly asymmetric distribution of rates that decrease as
nanoparticle diameter increases. Experimentally, the
distribution is instead highly symmetric for both Au
nanoparticles in the literature'? and DNA-SWNT, as we
have demonstrated for the first time in this work. More-
over, there is relatively little quantitative data or predic-
tive modeling of the dynamics of nanoparticle traffick-
ing into mammalian cells, despite significant progress in
the quantitative description of endocytosis for small
molecule ligands.?”28

In this work, we have developed the first quantita-
tive model capable of relating the RME rate of spheri-
cal and anisotropic nanoparticles to their geometry and
predict important aspects of their trafficking dynamics.
We provide indirect evidence that nanoparticle surface
clustering on the external cellular membrane facilitates
RME by lowering the otherwise prohibitive thermody-
namic barrier. The formalism explains why particles
with a radius smaller than 25 nm can be endocytosed
in this manner, a fact not explained by previously devel-
oped models. We validate the model experimentally
for a GT repeating 30-nucleotide (d(GT)s) wrapped
SWNT of controlled lengths ranging from 130 * 18 to
660 = 40 nm and show that the mechanism accurately
describes data for SWNT in this work and also for Au
nanoparticles with diameters from 14 to 100 nm."? Also
consistent with our model is the recent study which
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shows that the changes in
nanoparticle size affect the
binding capacity of
antibody-coated Au nano-
particles with receptors.?’
The model is also the first to
quantitatively describe the
dynamics of nanoparticle
uptake and trafficking, as we
demonstrate for the afore-
mentioned SWNT using
single particle tracking (SPT).
All three nanoparticle types
(Au, SWNT, and PLGA) show
that recycling (exocytosis)
rate constants calculated
from the model are similar
in magnitude, which are
more related to the mem-
brane turnover rate

10 microns constant.

(d)

DISCUSSION

Length-Dependent Uptake of
DNA-SWNT. While size-
dependent cellular uptake
studies of spherical particles have been performed for
citrate-coated Au nanoparticles,'? these studies have
not been fully explored for highly anisotropic particles
after the first study of SWNT length and cellular uptake.?
Chan and co-workers'? reported that the maximum up-
take in Hela cells occurs with 50 nm diameter Au nano-
particles after a 6 h incubation.

We use d(GT);s wrapped SWNT with a high aspect
ratio (see Methods) to directly study the length effect
on cellular uptake using well-characterized platform
employed in several of our previous studies'>'>3931 and
others’ studies.”??33 To obtain the uptake for different
lengths, we used an altered imaging optical microscope
for SPT in the n-IR with a perfusion stage as described
previously.* During a typical experiment, a steady flow
of cell media, Dulbecco’s Modified Eagle’s Medium
(DMEM), is established followed by a pulse of 0.025
mg of perfused DNA-SWNT in media. To compare the
difference in the uptake, the concentration of SWNT (5
mg/L), the total volume of SWNT (5 mL), and the perfu-
sion speed (5.65 p.L/s) are kept constant. We note that
the amount of SWNT for different lengths is magnitudes
greater than the available receptors on the cell mem-
brane so we could consider SWNT to be in excess. Be-
cause SWNTSs do not photobleach, we are able to track
their fluorescence trajectories relative to the cell for up
to 6 h (Methods). Figure 1 shows the colocalization of
the fluorescence of SWNT (green) with the cell image
at the end of each experiment. As shown in the figure,
long (Figure 1a, 660 = 40 nm) and short (Figure 1d, 130
+ 18 nm) SWNTs have lower fluorescent intensities
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Figure 2. An illustration of endocytosis, trafficking and exo-
cytosis steps in the model for (a) single nanoparticle and (b)
nanoparticle clusters. Nanoparticles with an extracellular
concentration of L can reversibly bind to free surface recep-
tors (R) with binding and dissociation rate constant of k;and
k., respectively, and form nanoparticle-receptor complexes
on the membrane with a concentration of C,. These com-
plexes can be endocytosed with a rate constant of k.. A frac-
tion of the internalized nanoparticle-receptor complexes
(C)) can be recycled back to the plasma membrane with a
rate constant of k... Other factors, such as the recycling and
synthesis of the free receptors, do not affect L, C;, and C;
and thus will not be discussed in this model.

than SWNTs with an average length of 430 = 35 nm
(Figure 1b) and 320 = 30 nm (Figure 1c). The 320 nm
length SWNTs have the highest uptake even if one cor-
rects for the length dependent quantum yield. The
SWNT quantum yield has been shown to increase with
length.3' If a correction is applied,>* 320 nm remains the
maximum.

From our previous work, the endocytosis and exocy-
tosis are dynamically regulated for SWNTSs,* and the cor-
rected intensity therefore reflects only the accumula-
tion difference for different lengths. The exocytosis rate
can be decoupled from the nanoparticle net accumula-
tion data via separate
parallel experiments,
as recently reported
for Au nanoparticles.?
Alternatively, the abil-
ity to track and com-
pile statistics on a
single SWNT in real-
time allows for a di-
rect measurement of
the endocytosis rate
using SPT. Briefly, tra-
jectories of nonpho-
tobleaching SWNT are

(a) Frame O (t =0 s)

10 microns
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extracted using ImageJ and the ParticleTracker plu-
gin.* Endocytosis and exocytosis events are docu-
mented in real-time using a Matlab script.*

Size-Dependent Uptake Model for Nanoparticles. The rates
of internalization and recycling of membrane receptor-
bound low molecular weight ligands can be described
by a variety of kinetic network models?-?8 that approxi-
mate the rate of transport between various cellular
compartments. Experimental work has confirmed that
such networks (Figure 2a) accurately predict the dy-
namics of cellular endocytosis of small molecules and
proteins, the mechanism of which is not restricted to
RME; however their application to nanoparticle traffick-
ing has not yet been explored. In this work, we pro-
pose that nanoparticles bound to membrane receptors
initially follow similar trafficking mechanisms (Figure
2b). Our interest is only in those pathways that domi-
nate the observable rates of uptake and expulsion, and
therefore we neglect less important details of the en-
docytosis process. The unbound, protein-coated nano-
particles of concentration, L, adsorb via cell membrane
surface receptors of density R, to the membrane with k¢
and k; as forward and reverse adsorption rate con-
stants, respectively, creating a concentration C; at the
membrane surface. With rate constant k., the adsorbed
particle can be internalized into an endosome with cel-
lular concentration C. As we have demonstrated di-
rectly for the first time for SWNT,* in this scheme the
nanoparticle either accumulates inside the cells or is re-
cycled back to the membrane with rate constant k..
Membrane receptors are also recycled to the cell
surface.

In our model, we assert that nanoparticles first re-
versibly adsorb to the plasma membrane and form
receptor-bound complexes capable of membrane sur-
face diffusion (Figure 2b). This process invariably causes
clusters of sufficient size to lower the elastic energy re-
quired for wrapping so it can be overcome by the free
energy reduction associated with receptor-particle
binding, driving the diffusion of receptors for
internalization®~% as detailed previously. This is consis-
tent with the experimental data for SWNT in this work
and those published previously for Au nanoparticles,'2

(b) Frame 572 (t =1144 s)

10 microns

10 microns

Figure 3. Experimental observation of SWNT surface clustering on the cell membrane (430 = 35 nm SWNT is
shown as an example). The fluorescence of SWNT indicated by green is projected onto the corresponding

phase contrast image of the cell. (a) At the beginning of the experiment (t = 0 s), there is no SWNT present;
(b) a thin layer of SWNT adsorption on the cell membrane is observed at t = 1144 s; (c) this layer becomes
denser at t = 2120 s, indicating the existence of surface clustering.

\NIC
VOL.3 = NO.1 = 149-158 = 2009 ”@%{\\)

(c) Frame:1060 (t = 2120 s)
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Figure 4. Endocytosis rate (number/s/cell, blue) and accumulation (number/cell, green) of DNA-SWNT complexes are solved numerically
via eq A6 and eq A11 in real-time for SWNTs of length (a) 660 + 40, (b) 430 =+ 35, (c) 320 * 30, and (d) 130 = 18 nm, respectively. The en-
docytosis rate and accumulation data obtained by SPT is shown in blue diamonds and empty green diamonds. The results obtained us-
ing the parameter values of k, = 7 X 10™* min~" and k, = 0.34 min~" are summarized in 1a.

where internalization of smaller particles far below the
predicted threshold optimum is significant. Moreover,
this assumption is also consistent with a distinct in-
crease in near-infrared fluorescence from SWNT con-
centrated at the external cell membrane during the
early stages of the transient uptake experiment (Figure
3). The illuminated exterior of the cell from adsorbed
nanotubes is magnitudes higher than a single nano-
tube. To get this larger intensity, in a diffraction lim-
ited spot, it is highly possible that the nanotubes dis-

tribute or pack in a cluster.

The thermodynamic aspects of size-dependent RME
have been addressed previously.?>?* In this work, we in-
stead focus on complex formation at the membrane
surface in the following derivation. Consider two spheri-
cal nanoparticle complexes A and B in this process.
The diffusion-controlled association rate constant is cal-

culated to be 3637

k=27MD, + Dy)(R, + Ry)

(M

where D, and Dg are the surface diffusion constants for
A and B respectively, R4 and R are the radii of particles A
and B respectively. In eq 1, \ is calculated as®’

ACRT AN . .
@%\&) VOL.3 = NO.1 = JIN ET AL.

_ YK (V(Rs + Rg))
Ky(v(Ry + Rg))

where «y is the inverse of half the average distance trav-
eled by a reactant molecule in the time before desorp-
tion and K, and K; are the modified Bessel functions of
the second kind.

For cylindrical molecules such as carbon nanotubes,
ref 36 and 38 provide an effective capture radius R* de-
fined by

R* =a/In(2a/ b) (2)

where a and b are the major and minor semiaxes of
the cylinder.238 Remarkably, when this effective cap-
ture radius is used for carbon nanotubes, their relative
uptake becomes nearly identical to Au nanoparticles,
indicating its importance as an effective scaling metric.

The extracellular nanoparticles can reversibly ad-
sorb onto the membrane. Adsorbed complexes
(protein-coated SWNT or protein-coated Au NP) diffuse
on the cell membrane surface and form clusters with a
radius of sufficient size that eventually satisfy the ther-
modynamic requirement for endocytosis.?® This process
is described as follows:

www.acsnano.org
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where A(extracellular) represents the nanoparticle in
the bulk during experiments, A; represents single
nanoparticle-receptor complex, and A; represents a
cluster formed by i such singlets. The endocytosis and
recycling rate constant is represented by k.(R;) and K-
<(R;) for clusters of radius R;. We assume that the concen-
tration of A, is constant because of the extracellular res-
ervoir of A. The population of A; changes according to

[A,]= constant

diA]
g = KATA T+ A +
kre(R)[A(endocytosed)] — (ki * [A] - [A] + k_; [A] +
k.(R)A)) fori=2,3,4,.

where [A] is the concentration of A. The endocytosis
and recycling process is much slower compared to the
clustering process, so at early time,

diA]

ar KIAJIA; 41+ k) [Ar] — (ki [A A +
k_j[Al) fori=2,3,4,.

At the early stage of the clustering process, the cluster-

ing rate is much larger than the reverse rate, so

diA]
W = k,-[A1][A,'_1] - ki+1[A1][Ai]

fori=2,3,4,..

As this process advances, pseudoequilibrium is reached
for the clusters of radius R; as long as larger clusters
are permitted to form:

fori=2,3,4,.

These assumptions simplify the problem mathemati-

cally and allow us to solve for [A] given the complica-
tion of eq 1. The corresponding association rate con-

stants are calculated as (via eq 1):

www.acsnano.org

k;= 2w A(iR, v) 2DiR

Neglecting the small change in y and knowing that
Ko(yiR)/K1(yiR) =~ 1, one obtains

8

8
~
>

r="> [Alk.(R)=

1 =1

I

or for the clusters of radius R, the endocytosis rate is

=2 (R)

R
Here, R; represents the radius of the cluster formed by i
singlets as shown in Supporting Informationi, Figure
S1. We use the unmodified intrinsic endocytosis rate
constant, k., from Gao and co-workers? to describe up-
take of a cluster of radius R.. It should be noted that eq
3 requires no additional parameter estimation and in-
troduces only known or measurable parameters. Experi-
mentally, the observed endocytosis rate constant can
be obtained directly from transient nanoparticle uptake
data as a function of time and incubation concentra-
tion as detailed in the Appendix for comparison and
validation of eq 3.

DNA-SWNT. We model the dynamics of SWNT uptake
quantitatively for the four different lengths in Figure 4
(see Methods and Appendix). As with Au nanoparticles
in the literature,'? there is a maximum rate observed ex-
cept for SWNT, it occurs at 320 nm length. We note
that the effective capture radius for SWNT of this size
is 26.4 nm (via eq 2), which is very close to the 25 nm ra-
dius reported for maximum update of Au
nanoparticles."? Further, our model describes the equi-
librium cellular uptake as a function of the size for both
Au nanoparticles and DNA-SWNT (Figure 5). The up-
take of DNA-SWNT of different lengths is demonstrated
in Figure 5a. The calculations for SWNT are shown in
Figure 5b with contributions from clusters varying from
singlets (A;) to quintuplets (As) as example curves com-
pared to the summation model distribution. As seen in
Figure 5¢c, the model can accurately predict the experi-
mental trends observed for the uptake of both Au nano-
particles and SWNT. Here, we have assumed a Gauss-
ian distribution of energies for the nanoparticle-
receptor bond (eg ) and the excess binding energy (e.)
with a mean of 15(kgT) for eg. + €2 and a standard de-
viation of 12(kgT). The ratio () of the initial receptor
density on the membrane to the receptor density at
the nanoparticle—receptor contact area?* was esti-
mated at 0.01. In the SPT experiments, the initial SWNT
concentration is 5 mg/L. The cell density is 1.4 X 10~*

VOL.3 = NO.1 = 149-158 = 2009 153
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Figure 5. (a) The uptake of DNA-SWNT of different lengths
obtained by SPT. (b) The symmetric size-dependent uptake
curve (red) in this model (eq 3) is obtained by adding up the
contributions from clusters of different sizes (singlets, dou-
blets, triplets, etc.) shown in blue curves. The calculations of
SWNT are shown here as an example. (c) The uptake of Au
nanoparticles (blue) and DNA-SWNT (pink) of different sizes
is described by the model eq 3 and compared to the model
prediction in ref 23. The size R* for SWNT in this case can be
scaled via eq 2 with the value for Au nanoparticles case re-
maining as the radius.

cells/pm?, hence Ly is 4.5 X 107/cell in eq A11. Values
for k,, and k; depend on the type of ligand attached (in-
tentionally or otherwise) to the nanoparticles and their
corresponding receptors on the membrane. Both quan-
tities can be estimated from the literature.?” The esti-
mates for k, and ks are 0.34 min~" and 7.2 X 10’ M~
min~', respectively, and k, is 7 X 10~* min~" from a re-
ceptor concentration of 10°/cell and a cell density of 6
X 107 cell/L (eq A7). Our model is used to fit the cellu-
lar uptake quantitatively for SWNTs of different length

N ) )
IN() voL.3 = NO.1 = JIN ET AL

and the results are shown in Figure 4 and 1a. The confi-
dence interval is 95% throughout this work.

Au Nanoparticles. In eq A10, I is the extracellular concen-
tration of free nanoparticles at t = 0 and is estimated to
be 10 uM,’ that s, 107/cell given a confluent cell density of
10" cells/L. The average estimate for k, and k; is 0.34
min~"and 7.2 X 10" M~ min~", respectively. Thus k, can
be estimated as 1.196 min~' from a receptor concentra-
tion of 10%/cell?” and a cell density of 10" cell/L (eq A7).
Specifically when transferrin functions as the ligand, the
estimate for k, and k¢is 0.1 min~"and 3 X 10 M~ " min~’,
respectively.?’” Transferrin receptor density is 5 X 10%/cell
so the calculated k; is 0.025 min~" (eq A7). Only two un-
known parameters remain in eq A10, ke and k. They are
obtained via nonlinear regression. The plot of Au nano-
particle uptake into HeLa cells versus time' is shown in
Figure 6a. The fitting result is summarized in 1b.

The endocytosis rate constant is on the magnitude
of 107® min~', with a maximum at a diameter of 50
nm, consistent with the experimental result. The recy-
cling rate constant generally decreases with nanoparti-
cle diameter, also in agreement with the experimental
finding that the exocytosis of Au nanoparticles is lin-
early related to size, with particles of larger diameter
less likely to be exocytosed.? The recycling rate constant
of Au nanoparticles is larger than that of DNA-SWNT.
This rate should depend upon cell type (Hela cell for Au
nanoparticles in ref 1 and 2 and 3T3 cell for DNA-SWNT
in this work) and nanoparticle properties and is closely
related to the membrane turnover rate.

The size-dependent, steady-state cellular uptake of
Au nanoparticles with serum protein and transferrin
coatings are compared in the literature.! The uptake of
transferrin-coated Au nanoparticles is found to have a
similar trend as those coated with serum protein, with
a maximum uptake at a diameter of 50 nm. However,
the uptake of transferrin-coated Au nanoparticles is
only '/5 that of the serum protein-coated ones. The re-
sult is consistent, since transferrin represents only one
kind of protein in cell media and cells should display
multiple receptor types, diminishing the surface den-
sity of transferrin-specific receptors.3® As a result,
transferrin-receptors are quickly saturated by the
transferrin-coated Au nanoparticles while for serum-
coated nanoparticles, the surface density of receptors
is much larger, since many kinds of receptors are avail-
able. However, this does not necessarily mean that
transferrin is less favored or has a smaller endocytosis
rate. Setting t— in A10, the endocytosis rate constant
(ke) can be compared for these two cases. As shown in
1¢, for transferrin, ke is larger for all diameters, and dis-
proportionately larger for the 50 nm-diameter case.
Transferrin is endocytosed via clathrin-mediated en-
docytosis* and the microcages of clathrin coats that
nucleate near or at the edge of a region of a clathrin
network are almost perfectly spherical, with a radius of
~25to 30 nm.*

www.acsnano.org



TABLE 1. Model Parameter Regression for the Endocytosis Rate Constant (k.) and Recycling Rate Constant (k) of (a)
DNA—SWNT with Lengths from 130 to 660 nm, (b) Au Nanoparticles with Diameters of 14, 50, and 74 nm, (c) Au
Nanoparticles with Diameters from 14 to 100 nm in Media (Serum Protein Coating) and in Transferrin (Transferrin
Coating) and (d) PLGA Nanoparticles with a Diameter of 97 = 3 nm.

(a) DNA—SWNT (This Work)

130 == 18 nm 320 = 30 nm 430 = 35nm 660 = 40 nm
ke (X 1073 min~") 13.6 = 1.0 282+19 17713 55*+04
ke (min~") 0.0010 == 0.0001 0.0008 == 0.0001 0.0006 == 0.0001 0.0002 == 0.00003
(b) Au Nanoparticles'
14 nm 50 nm 74 nm
ke (X 10~ ¢min~") 3.57 £ 0.76 4.53 +0.85 220 =034
Kiec (min™") 0.0069 == 0.0020 0.0055 = 0.0014 0.0054 = 0.0012

(c) Au Nanoparticles '

14nm 30 nm 50 nm 74 nm 100 nm
ke (X 107¢ min~") media 2.61 3.45 421 2.76 1.14
ke ( X 1075 min~") transferrin 2.76 3.83 591 3.44 8.75
Kie (Min~") both 0.0069 0.006 0.0055 0.0054 0.0050
(d) PLGA Nanoparticles '
ke (X 10 *min~") 6.13 = 1.07 ke (min™7) 0.0073 = 0.0020

Poly(p,L-lactide-co-glycolide; PLGA) Nanoparticles. For PLGA
nanoparticles with a diameter of 97 = 3 nm, cellular up-
take versus time, attributed to endocytosis, has been re-
ported for human arterial vascular smooth muscle
cells.” The results of nonlinear regression of k. and kiec
using eq A10 are shown in Figure 6b and 1d.

While the endocytosis rate constant differs by a fac-
tor of 10% in all three cases, the recycling rate constant

(a) Au nanoparticles'2

— 74nm
3 — 14nm
Q
)
=9
[a T}
Z
=
<
H
0 200 400 600
t (min)
& (b) PLGA nanoparticles!
'S 40 i .
e -
£ 30 s
8 o
E -
210/
% 0 ¢ L L L |
0 100 200 300 400
t (min)

Figure 6. (a) Au nanoparticles of different diameters from
ref 1 and 2: 14 nm (blue triangles), 50 nm (green circles), and
74 nm (pink diamonds). (b)The real-time cellular uptake
data of PLGA nanoparticles with a diameter of 97 = 3 nm
from ref 11. Both are accurately described by eq A10 in this
model. The results were obtained using the parameter val-
ues of k, = 1.196 min~" and k, = 0.34 min~' and summarized
in1b,d.
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only varies by a factor of 10. The values of k. found for
the Au and PLGA nanoparticles are 4 orders of magni-
tude lower than constitutive membrane component
turnover rate constants (0.01 min~"),*> which suggests
that suppression of coated vesicle formation and/or up-
take might be occurring in those situations. This sup-
pression may be due to the nature of the nanoparticles
or the interaction of the cell membrane with the nano-
particle. The values found for the SWNT are much more
in line with typical constitutive membrane turnover and
thus no or little suppression may exist. The recycling rate
constant, on the other hand, is quite similar across cell
lines and nanoparticles, which may primarily depend
upon the membrane turnover rate. Many aspects are
amenable to quantitative analysis in our model.

CONCLUSION

We have developed a deterministic kinetic model
for endocytosis and proposed a clustering mechanism
to describe nanoparticles smaller than the predicted en-
ergy cutoff aggregate on the cell surface after a 2D dif-
fusion process in order to be endocytosed. The model is
validated for DNA-wrapped single walled carbon nano-
tubes of lengths from 130 * 18 to 660 = 40 nm and
for Au nanoparticles of diameters from 14 to 100 nm.
This model describes the geometric influence and the
dynamics of nanoparticle uptake for the first time. Both
SWNT and Au have a maximum endocytosis rate near
the 25 nm radius when scaled to account for diffusive
interactions. The recycling (exocytosis) rate constants
are similar in magnitude (10~*to 1073 min~") for
poly((p,.-lactide-co-glycolide), SWNT, and Au nanoparti-
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cles and decrease with increasing size of either the
nanoparticle or its clusters. Therefore, the model is
able to quantitatively predict the cellular uptake of

METHODS

Length Separation of Sodium Deoxycholate-SWNT. Single-walled
HiPco carbon nanotubes (Rice University) were suspended with
2 wt % sodium deoxycholate surfactant (Sigma) with a SWNT
concentration of 100 mg/L. The sample was sonicated with a
probe tip sonicator in an ice water bath at 9W for 2 h. Each sus-
pension was centrifuged at 21000g for 2 h to get individually dis-
persed SWNT. Using the technique in a recent paper,** SWNTs
are length separated using density gradients and ultracentrifu-
gation.

Resuspension of Sodium Deoxycholate-SWNT in DNA. Length frac-
tions of sodium deoxycholate-SWNT were collected and then
flocked using methanol. The flocked SWNTs were then washed
with water (nanopure) several times to get rid of the surfactant
and iodixanol used in the density gradient in the ultracentrifuga-
tion step. Finally, an extra 3 day dialysis against water (nan-
opure) using 12—14 kDa molecular weight cutoff dialysis tub-
ing (Spectrum Laboratories Inc., Rancho Dominguez, CA) with
three water changes per day was performed to ensure that all
the surfactant and iodixanol were removed.

The length-separated SWNTs were then resuspended in a 30-
based d(GT);s (Biotechnology Center, University of Illinois-
Urbana—Champaign) with a 1:4 mass ratio in 0.1 M NaCl in dis-
tilled water and bath sonicated for 1 h. The mixture was then ul-
tracentrifuged for 4 h at 30000 rpm (100000g) and the pellet dis-
carded, yielding individually dispersed DNA-SWNTs.

Length Characterization by Atomic Force Microscope (AFM). Dimension
3100 (Digital Instruments) was used for AFM imaging. Samples
were prepared by depositing a solution of d(GT);s-SWNT(5 mg/L)
on thermally oxidized silicon wafer (600 nm SiO,, Montco Sili-
con Technologies). SWNT solution of 20 pL was drop dried
on the cleaved wafer (30 mm X 30 mm) followed by rinsing
with copious amount of nanopure water. Both topographic
and height images were recorded during AFM anaysis. The
length of the individual (unbundled) nanotubes was mea-
sured using the Digitial Instruments (DI) software. An ex-
ample AFM image of each length used in this study is shown
in Supporting Information, Figure S2a. The histogram for
each length is shown in Figure S2b.

Fluorescence Microscopy for SPT. NIH3T3 fibroblast cells (ATCC)
were cultured sparsely at 1.4 X 10* cells/pm? in DMEM (25
mM HEPES, 10% FBS and pen-strep) at 37 °C with a 5% CO, in a
glass bottom 35 mm Petri dish (MatTek Corp., P35G-1.5—14-C).
The Petri dish was then put in a microincubation platform (Model
DH-40i, Warner Instruments, Inc.) on a fluorescence microscope
(Carl Zeiss, Axiovert 200), with one CCD camera (Carl Zeiss, Zxio-
Cam MRm) and one InGaAs detector (Princeton Instrument,
7531—0001) attached. Two syringes, one containing media and
the other containing 5 mg/L DNA-SWNT in media, were con-
nected to a controller (PC-16, Bioscience Tools) in order to switch
between the two solutions. The solutions were fed by a minia-
ture perfusion pump (CFPS-1 Units, Bioscience Tools) into the
Petri dish within the incubation stage where microscopy mea-
surements were taken under 785 nm laser excitation (Figure S3).
Waste media solutions were removed via a second perfusion
pump. Real-time movies were taken using WinSpec data acquisi-
tion program (Princeton Instruments) and SPT were done using
ImageJ and its ParticleTracker plugin.?®

During a typical experiment, a steady flow of media is estab-
lished followed by one pulse of perfused DNA-SWNT in media.
Since a flow field is maintained throughout the entire experi-
ment, particles that contact but are otherwise not adsorbed onto
the membrane are rapidly washed away with a velocity com-
mensurate with the perfusion field, in contrast to the portion
that are actually adsorbed. Fresh media is also perfused continu-
ously ensuring cell viability.
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nanoparticles, which is necessary for engineering
nanosystems of controlled toxicity, efficacy, and
functionality.

The depth of field is calculated for the 63X oil immersion ob-
jective (numerical aperture = 1.4) and assuming the wavelength
is 1000 nm (a good assumption since we are using CoMoCAT
nanotubes) using the equation by Shillaber.* The imaging plane
is focused on the cell cross section. The 295 nm depth of field
of the camera is much smaller than the 5—6 pm thickness ex-
pected for cultured 3T3 cells,* so the trajectories observed accu-
rately reflect the SWNT behaviors only on the cell cross-section
plane. We assume that uptake is equally probable from any part
of the cell membrane exposed to SWNTs. By tracking one
imaging plane, we are measuring a portion of the entire cell,
which is then converted to the entire cell for all our modeling
purposes.

Using image processing algorithms,>> SWNT trajectories are
tracked from the sequence of images. Figure S4 superimposes
example endocytosis, exocytosis, and flow trajectories recorded
in the near-IR onto the corresponding optical CCD image of four
different cells. SWNT endocytosis and exocytosis trajectories are
counted in real-time and the rates are plotted in Figure S4. The
total uptake is plotted in Figure 5a. Accumulation is calculated by
subtracting the total number of exocytosis trajectories from the
endocytosis trajectories.

Modeling of the Dynamics of the Uptake. The parameters used in
A11 are (130 nm) p = 60 min, ¢ = 70:10:100 min; (320 nm)
= 100 min, o = 70:10:100 min; (430 nm) . = 100 min, o = 50:
10:100 min; (660 nm) . = 20 min, o = 80:10:200 min.
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APPENDIX

Size-Dependent Uptake Model for Nanoparticles. For a typical incuba-
tion experiment where nanoparticles are coincubated with a
cell population at t = 0 (t: time), the equations can be written
as (Figure 2a):

% = (—kLR,+kC)(n/N)

dc,
E = kaRS - (kr + ke)CS + krec(.‘,-
dc,

d_tl = keCs - krecCi

Here, n represents the cell density (cells/L) and N represents
Avogadro’s number.

For convenience, parameters can be grouped and simpli-
fied:

dL

=kl tke) (A4)
dc,
—ZE =L — (k,+ k), + Ko (A5)

dt
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dc;

i

Frin ko€, — KyocC; (A6)
k, = kRo(n/N) (A7)
¢,=C/(n/N) (A8)
where
¢;=C(n/N) (A9)

R is the initial surface receptor density.
The solution by Laplace transform yields

kakeLO
C

= m(()ur —-A)+ )»,ef)‘“ — >\,+€7;“J) (A10)

where

k. +k +k,+ k)
(k+ ko + Ky + ko) \/ (k- ke + ks +kied
)\‘ _ - 4(krkrec + kake + kakrec)

£ 2

For a typical perfusion experiment described in this work and
previously,* the initial condition for L() is approximately a
diffusion-controlled Gaussian distribution®® that, in practice, is
asymmetric and represented as a summation of Gaussians.
Equation A5 becomes

dc, —_—
E = kaLoN(“'r o) — (kr + ke)cs + krecci

(A11)
where N(u,0?) is the transient, pseudo-Gaussian distribution of
nanoparticles with a mean of . and a variance of o that passes
over the cell in the perfusion field. In this case, the numerical
solution of eq A6 and A11 is most convenient for obtaining the
profiles of ¢; and ¢,. Experimentally, investigators typically
measure the nanoparticle uptake as a function of exposure time
which is potentially a function of both the endocytosis and
exocytosis rates. Hence, the above model can be utilized to
estimate rate constants for nanoparticle uptake for comparisons
of nanoparticle uptake between various particle geometries and
composition.

By this definition, the endocytosis rate constant, k, is pre-
dicted by the previous model derived by Gao and co-workers.**
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