-

Polycation-siRNA nanoparticles can disassemble at the
kidney glomerular basement membrane
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Despite being engineered to avoid renal clearance, many cationic
polymer (polycation)-based siRNA nanoparticles that are used for
systemic delivery are rapidly eliminated from the circulation. Here,
we show that a component of the renal filtration barrier—the
glomerular basement membrane (GBM)—can disassemble cationic
cyclodextrin-containing polymer (CDP)-based siRNA nanoparticles
and, thereby, facilitate their rapid elimination from circulation.
Using confocal and electron microscopies, positron emission tomog-
raphy, and compartment modeling, we demonstrate that siRNA
nanoparticles, but not free siRNA, accumulate and disassemble in
the GBM. We also confirm that the siRNA nanoparticles do not dis-
assemble in blood plasma in vitro and in vivo. This clearance mech-
anism may affect any nanoparticles that assemble primarily by
electrostatic interactions between cationic delivery components
and anionic nucleic acids (or other therapeutic entities).
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major challenge with the use of small interfering RNA

(siRNA) in mammals is their delivery to intracellular loca-
tions in specific tissues (1). The two most investigated approaches
to siRNA delivery involve the combination of siRNA with cationic
lipids (lipoplexes, liposomes, micelles) or cationic polymers (pol-
yplexes) (2). Polymer-based siRNA delivery vehicles can be tuned
to be nonimmunogenic, nononcogenic, nontoxic, and targeted
(3). A targeted nanoparticle formulation of siRNA (not chemi-
cally modified) with a cationic, cyclodextrin-containing polymer
(CDP)-based delivery vehicle (clinical version denoted CALAA-
01) was shown to accumulate in human tumors and deliver func-
tional siRNA from a systemic, i.v. infusion (4). This first-in-human
study demonstrated the clinical potential for cationic polymer-
based siRNA delivery systems.

Like most cationic polymer-based siRNA delivery systems (5—
9), the siRNA/CDP nanoparticle is rapidly eliminated from cir-
culation (shown in mice, monkeys, and humans) (10-12). In fact,
polymer complexation often does not extend the circulation time
of siRNA. The rapid clearance of these siRNA nanoparticles is
puzzling because they are engineered to be above the size cutoff
for single-pass clearance via renal filtration (13). In understanding
the mechanism behind the rapid clearance of this type of cancer
therapeutic, we can efficiently seek ways to increase their circu-
lation time and, thus, enhance their anticancer efficacy (3).

We hypothesize that the paradoxical renal clearance of poly-
cation-nucleic acid nanoparticles results from their binding and
disassembly by components of the renal filtration barrier. Three
key properties of such nanoparticles (diameters between 10 and
100 nm, positive zeta potentials, and electrostatically driven self-
assembly) make them susceptible to this mechanism of clearance.

The renal filtration barrier, located within the glomerulus of
the nephron, consists of three layers that must be traversed to
enter the urinary space. These three layers are the glomerular
endothelial fenestrations (~100 nm) (14), the glomerular base-
ment membrane (GBM), a 300-nm-thick connective tissue mem-
brane rich in heparan sulfate (15) (pore size of 3 nm) (16) and the
podocyte filtration slits (=32 nm) (17). The renal filtration barrier,
in its entirety, possesses an effective size cutoff of ~10 nm, and is
known to facilitate the rapid renal clearance of small molecules
drugs and free siRNA.

Gold nanoparticles of up to 130 nm in size can cross the fenes-
trated glomerular endothelium but not the GBM (14). Therefore,
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we believe that siRNA nanoparticles of diameters of 100 nm in
circulation can access the GBM and preferentially deposit there
because of their positive surface charge. Once in the GBM, they are
disassembled by the abundant negatively charged proteoglycans
(e.g., heparan sulfate) present that structurally mimic the poly-
anionic charge of nucleic acids. After disassembly, their compo-
nents are small enough to cross into the urinary space.

To test this hypothesis, we first demonstrate that siRNA nano-
particles do not disassemble in circulation. We then examine the
distribution of siRNA nanoparticles in the kidney via microscopy
methods and confirm that siRNA nanoparticle deposit and dis-
assemble in the GBM. Finally, we analyze the kinetics of kidney
transit by positron emission tomography (PET) studies and model
the dynamic PET data by using insights derived from our kidney
imaging experiments. The combination of these studies provides
conclusive evidence to support our hypothesis.

Results

Nanoparticle Components Remain Assembled in Vivo and Will
Assemble When Administered Separately in Vivo. The siRNA and
polymer components of the nanoparticle (CDP/AD-PEG) as-
semble via electrostatic interactions into spherical 60- to 100-nm
nanoparticles (Fig. 1) with an average zeta potential of 10.6 +
1.5 mV.

Gel mobility shift assays were used to determine siRNA/CDP
association in plasma (Fig. 24). In these assays, the siRNA com-
ponent of the nanoparticle is detected via ethidium bromide
staining. Free siRNA present in a sample will migrate down the gel
toward the anode. siRNA assembled within nanoparticles remains
in the well or moves up toward the cathode. When incubated with
95% (vol/vol) mouse plasma the free siRNA band is broadened
and migrates slower compared with siRNA in water, likely due to
general electrostatic interaction with positive plasma components.
siRNA has been shown to have a half-life of 1.2 h in 90% mouse
plasma (18); therefore, all analysis from animal plasma were
performed within 1 h of plasma collection to ensure that free
siRNA present in the plasma sample could be visualized.

We first determined whether siRNA is released from the
nanoparticles in circulation. Gel mobility shift assays on plasma
from mice receiving injections of siRNA nanoparticles demon-
strate that all of the siRNA in the samples was present in the well
or migrated up toward the cathode with no evidence of free
siRNA traveling toward the anode. These data suggest that the
siRNA component of the nanoparticles is not displaced from the
polymeric delivery components in vivo.

Furthermore, we determined whether the individual compo-
nents of the nanoparticles, siRNA and polymers, could assemble
in vivo. In these experiments, free siRNA was administered, then
1 min later, CDP/AD-PEG polymers were added. Plasma was
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collected 1 min later. Plasma from mice receiving these se-
quential injections of individual nanoparticle components was
analyzed. All of the siRNA in these samples remained in the well
or traveled up toward the cathode, indicating its association with
polymers. These results demonstrate that not only is the siRNA
component of the nanoparticle not displaced from the polymer
components, but that siRNA and polymer components will self-
assemble in circulation.

Next, we confirmed that injection of free siRNA or polymer
components alone could not result in nanoparticle-like bands on
the gel. Analysis of plasma from animals receiving only siRNA
demonstrated siRNA migrating down the gel toward the anode,
confirming that free siRNA can be detected by the assay. Poly-
mer components injected alone yielded no bands on the gel

A In vitro

siRNA formulations
Plasma samples from mice following i.v. dosing
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Fig. 1. Characterization of siRNA
nanoparticles. (A) siRNA nanopar-
ticles assemble because of elec-
trostatic interactions between the
cationic cyclodextrin containing
polymer and the anionic siRNA.
PEG provides steric stabilization
and is bound to the particles via
inclusion complex formation be-
tween its terminal adamantane
(AD) modification and the cy-
clodextrin cup of the CDP. (B)
Cryo-TEM images of siRNA nano-
particles revealed sub-100-nm
spherical objects. (Scale bars: 100
nm.) (C) Nanoparticle tracking
analysis of siRNA nanoparticle
sizes and zeta potentials (error
bars represent SD of three meas-
urements, n = 3).

105 Particles/mL

= it 3] I B,

-20 10 0 10 20 30 40
Zetapotential (mV)

(except the nonspecific background band always present in
plasma samples). These data confirm that the gel bands present
in nanoparticle samples do not result from the association of
siRNA or polymers with plasma components.

Finally, we induced nanoparticle disassembly in vivo to dem-
onstrate that disassembled nanoparticles can be visualized via gel
mobility shift assay. In vitro, we demonstrated that plasmid DNA
could rapidly displaced siRNA from the nanoparticles by com-
petitively binding to the positively charged polymer nanoparticle
components (SI Appendix, Fig. S1). We hypothesized that injec-
tion of plasmid DNA 1 min after siRNA nanoparticle adminis-
tration would induce nanoparticle disassembly in vivo and that free
siRNA could be detected in these samples. Analysis of plasma
from mice receiving sequential injections of siRNA nanoparticles

Fig. 2. Nanoparticle components remained associated and
assembled in vivo but were disassembled by heparan sulfate.

g %- E % E_E sequentil et (/.4—{.') Gel mopility shif—t a§says demonstrated siRNA/CDP asso-
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S % |5 5[ZT & nanoparticles  components siRNAonly  only  nanoparticles ode, whereas siRNA/CDP nanoparticles remain in the wells or
e L —_— migrated toward the cathode. (A) In vitro siRNA formulations
p— — - i 4 were formulated as indicated (formulated nanoparticles,
- - = - | e elPostions SiIRNA+AD-PEG/CDP in H,0) and incubated at 37 °C for 15 min.
- e“’ir"fr’:“rdh‘""’ Plasma samples: Formulated nanoparticles, plasma from ani-
plasma . .. . .

components mals 3 min after injection of formulated siRNA+AD-PEG/CDP
& . | P — nanopar.‘cicles. Sequential .injection <.)f. components, plasma
from animals where free siRNA was injected and then 1 min
@ later CDP/AD-PEG were injected; plasma was collected at 3 min
after the first injection. siRNA or CDP only, plasma collected
B - k- C from animals 3 min after receiving injection of only siRNA or
é Time (min) 3 " AD-PEG/CDP. Disassemblied nanopar‘tic!es, pIasmfa .from ani-
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£ 8 AD-PEG/CDP - + 4 4 + + + + + % 5 fch.en 1 min later an excess of ~6 !(b of pIasm_ld DNA was
- SRNA + + + + 4+ + + + + + = injected, plasma was collected at 3 min after the first injection.
- All duplicate lanes are from independent animals. (B) Plasma
P T T —p— samples from animals receiving formulated siRNA nano-
— - particles taken at the indicated time point after injection. (C)
<2 - Gel mobility shift assays of siRNA nanoparticles in increasing
. amounts of heparan sulfate in 50% (vol/vol) mouse plasma. All
. plasma containing samples have a band of background stain-

Charge Ratio (HS/CDP) 0 0.1 0.3 0.50.8 1.0 1.3 15 1.8 2 ing that migrates at ~5 kb as indicated in the figure.
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Fig. 3. Real-time PET imaging and compartment model of GBM-induced disassembly of siRNA nanoparticles. (A) Images of PET signal from kidneys and
bladder of mice receiving free and nanoparticle-formulated ®*Cu-DOTA-labeled siRNA (data adapted from ref. 10). (B) Quantification of kidney, blood, and
bladder *Cu-DOTA labeled siRNA intensities from PET studies [Error bars = SD, free siRNA n = 4, siRNA nanoparticles (NPs), n = 5]. (C) Computed results from
compartment model of PET data for free siRNA (red) and siRNA nanoparticles (black).

and plasmid DNA confirmed our hypothesis. In these samples, the
siRNA component of the nanoparticle was found to migrate down
the gel toward the anode. These data demonstrate that dis-
assembled nanoparticles can be detected via the gel mobility shift
assays. Furthermore, they support our previous conclusion that
siRNA is not displaced from the polymer in vivo by plasma com-
ponents. Additionally, these data suggest that CDP can also self-
assemble with plasmid DNA in vivo.

Gel mobility shift analysis on plasma samples taken at multiple
time points after dosing of siRNA nanoparticles revealed siRNA
remaining in the well for all time points (Fig. 2B). These data
indicate that siRNA nanoparticles remain assembled over the
entire circulation time of the particle.

Additionally, Oney et al. (19) have demonstrated that upon in-
jection, the CDP can bind and completely neutralize the anticoag-
ulant activity of iv. doses of RNA aptamers targeting the
coagulation factors IXa and Xa, suggesting that CDPs are capable
of scavenging all free circulating RNA from plasma. Taken to-
gether, these data strongly suggest that rapid clearance of these
siRNA nanoparticles is not from the result of disassembly in plasma.

Heparan Sulfate (HS) Disassembled siRNA Nanoparticle in Vitro. HS is
a major constituent of the GBM and is responsible for its negative
charge (15). HS is known to disassemble nucleic acid-containing,
cationic polymer polyplexes (20). We confirmed that HS (extrac-
ted from bovine kidney) released siRNA from the nanoparticle at
charge ratios (HS/CDP) above +0.8 in 50% mouse plasma,
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whereas plasma alone could not (Fig. 2C). The amount of HS per
mouse glomerulus is 2.5 pg (estimated from refs. 21 and 22) and
2,500 pg per kidney (~10,000 glomeruli; ref. 23), a feasibly suffi-
cient amount of HS to disassemble a single 10 mg/kg injection of
siRNA nanoparticles (250 pg for a 25g mouse).

Dynamic PET Data Revealed Differences in Kidney Transit for siRNA
Nanoparticles and Free siRNA. We used PET to track the dynamic,
whole-body distribution of Cu®*-DOTA-labeled siRNA in mice
and showed that siRNA in both free and nanoparticle forms
demonstrated identical plasma half-lives and rapid clearance to the
bladder (10). The only significant difference was in kidney transit:
Compared with free siRNA, siRNA nanoparticles revealed
delayed peak and increase in bulk kidney signal, and delayed transit
from the kidney to the bladder for the siRNA nanoparticles (Fig. 3
A and B). The results from the dynamic PET data lead us to hy-
pothesize that siRNA nanoparticles, but not free siRNA, tran-
siently accumulate in the kidney before passing to the bladder.

siRNA Nanoparticles but Not Free siRNA Transiently Accumulated in
Mouse Glomeruli After i.v. Administration. We hypothesized that the
transient accumulation of the siRNA nanoparticles in the kidney
suggested by our PET studies occurs in the glomerulus. We tested
this hypothesis by using confocal microscopy to examine the dis-
tribution of free siRNA and siRNA nanoparticles in kidney during
clearance. More than 90% of the administered nanoparticles have
been shown to clear from circulation within 10 min and nearly
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Fig. 4. siRNA nanoparticles, but not free siRNA, transiently accumulate in
glomeruli after i.v. administration. Time course of confocal microcopy
images of kidneys extracted from mice receiving free Cy3-labeled siRNA (A),
Cy3-labled siRNA nanoparticles (B), or no treatment (C). Higher magnifica-
tion images of glomeruli from 6 min (D) and 10 min (E) time points. White
arrows indicate glomeruli positions, blue arrows indicate areas of tubular
Cy3-signal accumulation, and yellow arrows indicate cy3 fluorescence in peri-
tubule vasculature lining.

completely by 30 min (10). Therefore, we examined the distribu-
tion of siRNA nanoparticles in the kidney at time points between 3
and 30 min after i.v. injection. siRNA nanoparticles were formu-
lated with 80% fluorescently labeled siRNA (Cy3). Formulation of
nanoparticles with 80% Cy3-siRNA did not alter the size, charge,
or stability of the nanoparticles.

After administration of free Cy3-labeled siRNA, fluorescence
signal was observed to accumulate in renal tubules. The fluo-
rescence signal in tubules increased until 10 min and then pla-
teaued (Fig. 44). No evidence for glomerular localization of
Cy3-siRNA was observed in these animals at any time point.
These observations are consistent with previous observations of
free siRNA uptake by proximal tubule cells (24).

In striking comparison, strong Cy3 fluorescence signal localized
to glomeruli was observed after administration of siRNA nano-
particles (Fig. 4B). This glomeruluar siRNA signal was observed
first at 6 min after injection of the nanoparticles in ~#75% of glo-
meruli inspected. Close inspection of the glomeruli (Fig. 4 D and
E) revealed Cy3 fluorescence localized to circular patterns that
coincide with the lining the glomerular capillary walls (determined
by position of red blood cells in the bright field image). These data
demonstrate that the siRNA nanoparticles, but not free siRNA,
accumulate in the glomerular capillary walls (the site of the GBM).

The glomerular siRNA nanoparticle Cy3 fluorescence in-
tensity reached a maximum at 10 min, followed by attenuation at
15 min and 30 min. Observable glomeruli with fluorescent signal
also decreased markedly at 15 min and were rarely detected at 30
min. These data indicate that siRNA nanoparticles only tran-
siently accumulated within the glomerular capillary walls and
ultimately exit the glomerulus. Visual examination of urine after
nanoparticle administration revealed the highest Cy3 intensity at
and 10 min after injection (SI Appendix, Fig. S2A4), consistent
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Fig. 5. Nanoparticles accumulate and disassemble at the kidney glomerular
basement membrane. (4) Image of GBM from an animal receiving only free
siRNA. (B) Low magnification EM image of glomerular capillaries from a mouse
10 min after i.v. administration of siRNA nanoparticles. (C and D) Higher
magnification images of the GBM regions of these glomerular capillaries. BM,
Basement membrane; E, Endothelial cell; FB, Filtration barrier, M, Mesangium,
(I/D)-NP, (intact/disassembling) nanoparticle, P, podoyctes; PC, peritubule
capillary; PF, podocyte foot process; R, Erythrocyte; U, Urinary space.

with the assertion that siRNA accumulated in the glomerulus
rapidly ends up in the urine, although Cy3 intensity in urine is
similar after free siRNA administration (SI Appendix, Fig. S2B).
Additionally, Cy3 was not readily cleaved from the siRNA
molecule after 30 min in plasma (SI Appendix, Fig. S2D), in-
dicating that any observed Cy3 fluorescence signals represents
distribution of siRNA and not free Cy3.

Less Cy3 fluorescence was detected in tubules after siRNA
nanoparticles administration than what was observed after free
siRNA administration. These data suggest that the concentration
of siRNA within the tubule lumen during clearance of the siRNA
nanoparticles was consistently less than the concentration of
siRNA when free siRNA was administered, despite the fact that
both entities are clear from circulation at the same rate. These
results support the notion that the renal filtration barrier is im-
peding the delivery of siRNA into the tubule system, preventing
the higher concentrations required to drive higher levels of
proximal tubule cell uptake.

Nanoparticles Deposit and Disassemble at the Kidney GBM. The
confocal microscopy data demonstrated that the siRNA nano-
particles were accumulating in the lining of the glomerular vas-
culature. We used TEM to confirm that the siRNA signal in these
locations resulted from siRNA in nanoparticle form accumulating
specifically at the GBM (Fig. 5). We examined kidney tissue from
mice 10 min after receiving free siRNA or siRNA nanoparticles
because at this time point we observed maximal glomerular siRNA
signals in both PET and confocal microscopy studies. We used
uranyl acetate to detect the presence of nucleic acid nanoparticles
in tissue sections because it preferentially binds to nucleic acids,
including the siRNA within the nanoparticles (4, 20).

TEM analysis of kidney tissue after administration of free
siRNA revealed typical appearing glomeruli. No darkly staining,
globular structures indicative of nanoparticle morphology were
observed within or near the GBM or any other structures in the
kidney (Fig. 54).
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TEM analysis of kidney tissue after administration of siRNA
nanoparticles revealed abundant, darkly staining, globular
objects lining and within all visible GBMs, with sizes and shapes
consistent with those of siRNA nanoparticles (Fig. 5 B-D). Most
objects were localized to the lamina rara interna with some of the
smaller objects localized to the limina rara externa, both are
locations of anionic sites within the GBM (25). Additionally,
some objects were observed within the glomerular endothelial
fenestrations. No objects of this morphology were observed in
the urinary space. The localization of the siRNA nanoparticles
observed here matches the high intensity siRNA fluorescent
signals along the glomerular capillary walls (site of the GBM)
seen in the confocal microscopy studies. These data demonstrate
that intact nanoparticles in circulation transit through the glo-
merular endothelial fenestrations and deposit within the GBM.
Moreover, the absence of nanoparticles in the urinary space
suggests that intact siRNA nanoparticles cannot cross the
podocyte filtration slits of the renal filtration barrier.

Close inspection of these objects within the GBM revealed
a subset of nanoparticle-sized objects with irregular borders and
heterogeneous staining intensity (Fig. 5 C and D). The objects
appeared to have lost their regularity and staining intensity in
regions more closely associated with the GBM, implying the loss
of some of their nucleic acid content compared with the uniform
staining of intact siRNA nanoparticles. These data suggest that,
upon GBM association, siRNA can be dissociated from the
nanoparticle, i.e., nanoparticle disassembly was occurring at the
GBM. Because there is no evidence for intact nanoparticles in
the urinary space, these data also support our hypothesis that the
transient nature of the GBM accumulation of siRNA nano-
particles observed in the confocal microscopy study stems from
their disassembly at the GBM.

Some larger, darkly staining objects were also found within the
endothelial cells lining the peri-tubule capillaries after siRNA
nanoparticle treatment (SI Appendix, Fig. S3 A and B), consistent
in morphology with unpackaging nanoparticles within endo-
somes (20). These data are consistent with the results from our
confocal microscopy study, where we observed some non-
glomerular renal vessels with appreciable fluorescence signal in
their walls in tissue from mice receiving siRNA nanoparticle
treatment. Renal peri-tubule endothelial cell uptake of pegylated
gold nanoparticles has been observed (14) and may be a gener-
alized phenomenon for nanoparticle systems.

Compartment Modeling of Kidney Transit Revealed how siRNA
Nanoparticle Accumulation and Disassembly at the GBM Could Yield
the Kinetics Observed in the PET Experiments. Because noninvasive,
real-time monitoring of siRNA nanoparticle behavior at the
microscopic level was not possible, we developed a mathematical
compartment model of kidney transit to correlate our micro-
scopic observations with the bulk kidney signal from the dynamic
PET experiments (Fig. 3C and SI Appendix, SI Text).

Kinetic parameters for a model describing the transit of free
siRNA through the kidney were derived from anatomic prop-
erties of the kidney and by fitting the PET data for free siRNA
(“free siRNA model”). Based on our imaging data, two
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the abundant heparan sulfate molecules. Once dis-
assembled, the nanoparticle components can cross the
remainder of the GBM and the podocyte filtration slits
and enter the urinary space.

additional expressions were incorporated into the free siRNA
model to create the “siRNA nanoparticle model”: (i) an ex-
pression to model the binding and disassembly of the nano-
particles within the GBM, and (ii) an expression for peri-tubule
endothelial cell uptake. All parameter values were fixed to those
derived in the free siRNA model, except those pertaining to the
two nanoparticle specific expressions (e.g., binding constant of
nanoparticle on the GBM and rate of disassembly of nano-
particle) that were determined by fitting the PET data for siRNA
nanoparticles. Assimilation of these two expressions into the
nanoparticle model allowed us to model the key differences in
the PET pharmacokinetics data between free siRNA and siRNA
nanoparticles as they pass through the kidney—the delayed
bladder accumulation, delayed peak kidney accumulation, and
persistent kidney signal for the siRNA nanoparticle experiments.

Kinetic parametric sensitivity analyses of both models confirmed
that both GBM and endothelial cell expressions of the nanoparticle
model are required to reproduce the observed kidney dynamics of
siRNA nanoparticles in the PET data. No arbitrary choice of
parameters in the free siRNA model could delay the peak kidney
accumulation to fit the nanoparticle PET data, except through the
addition of the expression for GBM binding and disassembly in the
nanoparticle model. Therefore, mathematical compartment mod-
eling demonstrate that the glomerular accumulation and disas-
sembly of the siRNA nanoparticles revealed by imaging data
(confocal and TEM) could be responsible for the dynamics ob-
served in our PET experiments. Additionally, this analysis suggests
that siRNA dissociated from nanoparticles in circulation could not
recapitulate the dynamics observed in the kidney.

Discussion

Here, we have elucidated a unique mechanism of nanoparticle
disassembly in vivo (Fig. 6). We have demonstrated that siRNA/
CDP nanoparticles remain assembled and that their individual
components can even self-assemble in circulation. Moreover, us-
ing microscopy, we have conclusively demonstrated that siRNA/
CDP nanoparticles transiently accumulate in and can be dis-
assembled by the GBM. Finally, using compartment modeling, we
illustrated how our microscopic observation of GBM accumula-
tion and disassembly could feasibly result in the bulk dynamics
observed by PET, whereas disassembly in circulation could not.

To date, the rapid clearance of siRNA-cationic polymer
nanoparticles has been ascribed to instability in circulation and
reticuloendothelial system uptake (5-7, 9, 10). Extracellular
matrix-mediated disruption of cationic nucleic acid polyplexes
within liver sinusoids has also been reported (26). Although our
findings do not exclude these alternate explanations for other
nanoparticle delivery systems, they reveal another clearance
mechanism applicable to a general class of nanoparticles with the
following characteristics: (i) 100 nm or smaller in hydrody-
namic radius, (ii) positive in zeta potential, and (iii) held to-
gether primarily by electrostatic interaction.

Because the siRNA nanoparticles presented here not only
remain assembled in plasma, but their individual components
self-assemble in vivo, it is unlikely that the components of the
nanoparticle prefer to exist freely in circulation. These data also
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suggest that even if the nanoparticles were disassembled at other
locations in the body, the individual components would reas-
semble in circulation. Thus, only nanoparticle disassembly at that
GBM would allow transit of the nanoparticle components into
the urine. In fact, the siRNA nanoparticle components are found
to be mostly assembled in urine after excretion (SI Appendix, Fig.
S2C), suggesting that particles re-form in the urine after GBM
disassembly and filtration.

Therefore, GBM-mediated nanoparticle disassembly is re-
sponsible for the rapid clearance of the siRNA/CDP nanoparti-
cles. This phenomenon is likely generalizable to most cationic
polymer-based nucleic acid delivery systems, or any other de-
livery vehicles that self-assemble because of electrostatic inter-
actions. For example, 93-nm DNA/PEI polyplexes have been
observed to filter through the GBM after direct injection into the
renal artery (27), and both Cationic polymers alone (28) and
positively charged ferritin nanoparticles (29) have been shown to
bind to the GBM after i.v. injection.

Avoiding GBM disassembly will be a key design criterion for
future nucleic acid delivery vehicles and other nanoparticle sys-
tems assembled via electrostatic interactions. Future nanopar-
ticle therapeutic development could be facilitated via heparan
sulfate stability studies during design. Furthermore, creation of
particles with negative zeta potentials may allow avoidance of
the GBM due to charge repulsion. Our study of 20- to 170-nm
negatively charged PEGylated gold particles did not reveal any
particle deposition in the GBM for nanoparticles of any size
(14). Finally, this mechanism of clearance could be used to tune
the pharmacokinetics of nanoparticles based on their stability to
heparan sulfate disassembly, thereby providing a convenient
mechanism for more rapid clearance, when desirable, for par-
ticles >10 nm such as imaging agents.

Materials and Methods

Complete details of materials and methods are found in SI Appendix.

siRNA Nanoparticle Formulation. siRNA nanoparticles were formed by using
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NTA. NTA measurements were performed with a NanoSight NS500 (NanoSight),
equipped with a 405-nm laser.

Animal Studies. Six- to nine-week-old, female BALB/c mice (The Jackson
Laboratory) were used for all studies.

In Vivo siRNA/CDP Assembly/Disassembly Assays. Experiment 1: Free siRNA was
injected at 10 mg/kg dose via tail vein. Experiment 2: siRNA nanoparticles were
injected at 10 mg/kg via tail vein. Experiment 3: Free siRNA was injected at
10 mg/kg, 1 min later CDP/AD-PEG components were injected at a +3 charge
ratio of the injected siRNA. Experiment 4: CDP/AD-PEG was injected at nano-
particle equivalent concentration. Experiment 5: siRNA nanoparticles were
injected at 2.5 mg/kg; 1 min later, 10 mg/kg plasmid DNA was injected. Blood
collection for all three experiments was performed via saphenous vein bleed
3 min after the first injection.

Electron Microscopy. Samples were visualized in a Techni T12 Cryo-electron
microscope (FEI) or TF30UT transmission electron miscroscope (FEI).

Confocal Microscopy. Images were obtained on a Zeiss LSM 510 inverted
confocal scanning microscope (with a Plan Neofluar 40x/0.75 objective).

Micro-PET/CT Imaging. Micro-PET imaging was performed as described (10).

Compartment Modeling. Model variables and parameters are defined in S/
Appendix, SI Text.
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