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ABSTRACT Gadolinium-conjugated dendrimer

(DNGs) are a promising platform for the early detection of disease;
however, their dinical utility is potentially limited due to safety
concerns related to nephrogenic systemic fibrosis (NSF). In this
paper, biodegradable DNCs were prepared with polydisulfide
linkages between the individual dendrimers to facilitate excretion.
Further, DNCs were labeled with premetalated Gd chelates to

eliminate the risk of free Gd becoming entrapped in dendrimer

nanoclusters

cavities. The biodegradable polydisulfide DNCs possessed a circulation half-life of >1.6 h in mice and produced significant contrast enhancement in the

abdominal aorta and kidneys for as long as 4 h. The DNCs were reduced in circulation as a result of thiol—disulfide exchange, and the degradation products

were rapidly excreted via renal filtration. These agents demonstrated effective and prolonged in vivo contrast enhancement and yet minimized Gd tissue

retention. Biodegradable polydisulfide DNCs represent a promising biodegradable macromolecular MRI contrast agent for magnetic resonance angiography

and can potentially be further developed into target-specific MRI contrast agents.
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agnetic resonance imaging (MRI)

contrast agents are extensively

being used to diagnose diseases
by enhancing image contrast between path-
ological and normal tissues. Various para-
magnetic compounds have been evaluated
as MR contrast agents, but chelated gadoli-
nium (Gd) compounds continue to be the
most widely used. Clinically approved Gd-
based contrast agents, such as Gd(lll)-
diethylenediaminepentaacetic acid ([Gd-
(DTPA)] ) (Magnevist) and Gd(lll)-N,N',N”,
N"”-tetracarboxymethyl-1,4,7,10-tetraazacyclo-
dodecane'? ([Gd(DOTA)]~") (Dotarem), have
proven to be invaluable in diagnosing dis-
eases such as cancer and multiple sclerosis
and in enhancing MR angiographies. How-
ever, despite their utility, these agents
suffer from poor sensitivity and rapid renal
clearance, which severely limits the time
window for MR imaging. As a result of these
shortcomings, numerous macromolecular
Gd(Il)-appended agents have been devel-
oped not only to increase blood circulation
time but also to enhance the longitudinal
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relaxivities (r;) per gadolinium. Macromole-
cular gadolinium-based MRI contrast agents
have been constructed by coupling che-
lated gadolinium complexes to polymers,>
dendrimers,* vesicles,>® proteins,” and
other platforms.2 Although macromolecu-
lar agents have demonstrated enhanced
MR contrast and increased circulation time,
their translation to the clinic has often been
hampered by their slow and, in some cases,
incomplete excretion.”~"" A concern with
slow excretion is that it may lead to an
increase in tissue accumulation and trans-
metalation of chelated Gd, thus increasing
the possibility of toxic side effects and the
onset of nephrogenic systemic fibrosis (NSF).'>

Recent efforts to develop macromolecular
gadolinium-based MRI contrast agents have
focused on introducing biodegradable ma-
terials and/or linkages into the design®'>'*
Biodegradable macromolecular agents main-
tain the ability to carry high payloads of
gadolinium and are large enough to pro-
long the blood circulation time; however,
following intravenous administration, they

VOL.6 = NO.11 = 9416-9424 = 2012 K@LMLKJ

* Address correspondence to
atsourk@seas.upenn.edu.

Received for review April 3, 2012
and accepted October 25, 2012.

Published online October 25, 2012
10.1021/nn304160p

©2012 American Chemical Society

9416

WWwWW.acsnano.org



G3

Dendimer O o
1) Eiwo*%oi?”wr

HNJ\F/\O’L\/ S\([)]/

NHZI
32-n

NH,OH.HCI

Figure 1. Schematic illustrating the synthetic approach used to prepare gadolinium (Gd)-labeled polydisulfide dendrimer
nanoclusters (DNCs). PAMAM dendrimers (G3) were first reacted with SAT(PEG),. The thiolated dendrimers were then
suspended in an alkaline buffer for deprotection and to initiate the formation of polydisulfide DNCs. Once DNCs with a
desirable hydrodynamic diameter were formed, free thiols were quenched with maleimide and the remaining amines were

functionalized with [Gd-C-DOTA] .

are degraded into smaller molecular species that can
be readily excreted. The strategy for the design of
biodegradable agents generally involves integrating
acid-labile or redox-responsive bonds into the macro-
molecular structure. Acid-labile biodegradability is based
on the in vivo lability of designated bonds'” in the
presence of an acidic environment, whereas redox-
responsive biodegradability is based on the in vivo
thiol exchange of disulfide bonds in the presence of
endogeneous thiols.'®

We have recently reported gadolinium-conjugated
dendrimer nanoclusters (DNCs) as T; MRI contrast
agents.'”” DNCs are composed of individual gadolinium-
labeled poly(amido amine) (PAMAM) dendrimers that
have been cross-linked to form larger nanoparticulate
carriers. Gadolinium-conjugated DNCs demonstrated
site-specific targeting and significant contrast en-
hancement. In this paper, we modified the design of
DNCs to include polydisulfide linkages between the indi-
vidual dendrimers. These biodegradable polydisulfide
DNCs inherit the high relaxivity of DNCs and retain an
extended circulation time but are reduced to smaller
degradation products while in circulation and undergo
efficient renal excretion, reducing the possibility of
long-term macromolecular particle retention.

RESULTS

Synthesis and Characterization of Polydisulfidle DNCs. A
schematic illustrating the approach used to synthesize
biodegradable polydisulfide DNCs is presented in
Figure 1. The polydisulfide DNCs were prepared by first
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attaching N-succinimidyl (S)-acetyl(thiotetraethylene
glycol (SAT(PEG),) to PAMAM (generation 3; G3) den-
drimers. Prior to modification, PAMAM(G3) dendri-
mers have a diameter of ~3.6 nm. The use of a poly-
ethylene glycol (PEG) spacer arm increased the water
solubility of the thiolated dendrimers. It was deter-
mined by elemental analysis that approximately 13
thiol groups were incorporated onto each PAMAM(G3)
dendrimer. Consequently, 19 of the 32 primary amines
per PAMAM(G3) dendrimer remained active for down-
stream labeling with premetalated Gd chelates. The
formation of polydisulfide cross-linked nanoclusters
was initiated by deprotecting the thiol groups on the
thiolated dendrimers in PBS at room temperature. The
change in the mean hydrodynamic diameter of the
nanoclusters was then monitored by dynamic light
scattering (DLS, Figure 2A) and stopped once a desir-
able size was achieved, by quenching all of the
remaining free thiols through the addition of excess
maleimide. Representative size distributions of various
nanoclusters obtained over the course of a reaction are
shown in Figure 2B. The nanoclusters were subse-
quently labeled with Gd by reacting the amine func-
tional groups with premetalated 2-(4-isothiocyanato-
benzyl)-1,4,7,10-tetraazacyclododecane-N,N',N"',N""'-
tetraacetic acid gadolinium complexes ([Gd-C-DOTA] ').'8
No substantial change in the hydrodynamic diameter
of the DNCs was observed after conjugation of the
gadolinium complexes.

Polydisulfide DNCs with three distinct hydrody-
namic diameters, 59, 91, and 142 nm as measured
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Figure 2. Dynamic light scattering (DLS) analysis of DNCs. (A) Thiol-functionalized PAMAM(G3) dendrimers were incubated in
alkaline buffer, and the mean hydrodynamic diameter of the resulting nanoclusters was monitored as a function of time.
(B) Representative hydrodynamic size distributions of polysulfide DNCs. All DNCs possessed a PDI < 0.2.

TABLE 1. Physical and Magnetic Properties of DNCs

size (nm) relaxivity (r;, mM "' s™") zeta-potential” (C, mV)
59 1.7 —9.5
91 184 —134
19 24 54

2 Zeta-potential describes the electrokinetic potential in colloidal systems, which
does not necessarily correlate with particle size.

by DLS, were chosen for further study and characteriza-
tion. Transmission electron microscopy (TEM) images
indicated that the selected DNCs were approximately
spherical in shape, particularly the two smaller frac-
tions, and had average physical diameters of 52 + 17,
86 + 21, and 121 £ 10 nm, respectively (Figure S1 in
the Supporting Information).

Molar Relaxivity of Polydisulfide DNCs. The concentra-
tion of Gd within the three selected polydisulfide DNC
samples was determined by inductively coupled plasma
mass spectroscopy (ICP-MS). The relaxivities (r;) were
then determined by plotting the inverse of longitudi-
nal relaxation time (1/T;) as a function of gadolinium
concentration (Figure S2). The 59, 91, and 142 nm
polydisulfide DNCs had r; values of 11.7, 18.4, and
224 mM~' s7' per gadolinium ion, respectively. It is
likely that the increase in relaxivity with size can
primarily be attributed to an increase in the rotational
correlation time (r.)) of the chelated Gd; however,
changes in the inner-sphere water exchange rate and
the internal motion of the polydisulfide DNC will also
influence the measured relaxivities.'”?? The DNC
relaxivity values are greater than that of Gd-DOTA
(=39 mM™" s™") and PAMAM(G3)—[Gd-C-DOTA] ™"
(r; =109 mM~" s7"). The values of relaxivity and zeta-
potential (¢, mv) of the various polydisulfide DNCs are
summarized in Table 1.

The number of premetalated Gd-DOTA complexes
per 59 nm polydisulfide DNC was calculated by using
the viscosity/light-scattering method®® in combination
with ICP-MS. The viscosity/light-scattering method
utilizes Einstein's viscosity equation to solve for the
volume fraction of DNCs. This value is then divided
by the average nanoparticle volume, obtained from
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dynamic light scattering, to acquire the concentration
of DNCs in a sample. ICP-MS is then used to determine
the Gd concentration of the sample, and thus the
number of Gd per DNC can be readily determined.
Measurements of Gd-DOTA per DNC were limited to
the 59 nm formulation because of the high concentra-
tions (~20 mM Gd) and volumes (1 mL per measure-
ment, 5 measurements) needed for accurate viscosity
measurements. For similar reasons, only the 59 nm
DNC was selected for in vivo evaluation. The viscosity/
light-scattering method in combination with ICP-MS
indicated that there were approximately 9400 preme-
talated [Gd-C-DOTA] ™' per 59 nm polydisulfide DNC
particle. This infers an r; per polydisulfide DNC of
109980 mM~' s~'. Higher relaxivities/payloads can
presumably be achieved by selecting a polydisulfide
DNC with a larger hydrodynamic diameter or potentially
by adopting higher generation dendrimers to increase
the number of surface functional groups. Notably,
synthesis of polydisulfide DNCs composed of higher
generation dendrimers (G5) was attempted, but poor
solubility during the cross-linking step prohibited their
use.

Degradability of Polydisulfide DNCs in the Presence of Thiols
and Stability at Various pH Values. The degradability of
polydisulfide DNCs in serum was modeled by incubat-
ing DNCs in the presence of thiols that are normally
found in human and rat plasma and measuring hydro-
dynamic diameter as a function of time. Surprisingly,
the polydisulfide DNCs remained stable for at least
24 h. Representative results of 59 nm DNCs in mock
human serum are shown in Figure 3A; however, there
was no noticeable difference for DNCs with various
hydrodynamic diameters or between DNCs incubated
in rat or human thiol mixtures. Upon the addition of
dithiothreitol (DTT) at 24 h, all of the DNC formulations
were immediately reduced to less than 10 nm. Similar
results were observed when DTT was added to DNCs
suspended in phosphate buffered saline (PBS). The
unexpected stability of the DNCs in the presence of
endogenous thiols could be the result of steric hin-
drance or charge repulsion at the [Gd-C-DOTA] '-
conjugated nanocluster surface, which may have
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Figure 3. Stability of polydisulfide DNCs in the presence of thiols and at various pH. Polydisulfide DNCs (0.5 mM Gd) were
incubated with a mixture of thiols that reflected the thiol content found in human plasma (10 «M cysteine, 5 «M glutathione,
3 uM cysteinylglycine). (A) Stability of DNCs in the presence of the thiol mixture was determined by measuring the
hydrodynamic diameter on DLS over the course of 24 h. After 24 h, DTT (50 «M) was added to the sample to confirm that the
polydisulfide linkages within DNCs were susceptible to a reducing agent. (B) Stability of polydisulfide DNCs was also
examined as a function of pH. The polydisulfide DNCs were added in buffered solutions at various pH, and the hydrodynamic

diameter was measured after 1 h by DLS.
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Figure 4. Cell viability of NIH/3T3 and HEK 293 cells following incubation with polydisulfide DNCs. Gd-labeled polydisulfide
DNCs were incubated with NIH 3T3 and HEK 293 cells at various Gd concentrations for 1 or 4 h. Cell viability was measured
using an MTT assay and normalized to cells in the absence of any polydisulfide DNCs.

prohibited the endogeneous thiols from entering
the nanoclusters. Potentially, only small molecules,
such as DTT, can reach the disulfide bonds for the
thiol—disulfide exchange to occur.

The stability of three polydisulfide DNCs was also
tested at various pH, ranging from 4.5 to 7.5. A dramatic
loss of intact DNCs was observed at pH values below
5.5 (Figure 3B), which indicates that polydisulfide DNCs
are unstable in acidic environments. The destabiliza-
tion of polydisulfide DNCs at pH values below 5.5
occurred instantly. For example, at pH 5.0, only ~18%
of the polydisulfide DNCs remained intact after 5 min,
and no intact DNCs were observed after 30 min (Figure S3).
At lower pH values, no intact DNCs were observed even
after just 5 min.

Cytotoxicity of Polydisulfide DNCs. The toxicity of 59 nm
polydisulfide DNCs was examined via an MTT (3-(4,5-
dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide)
cell proliferation assay. Various concentrations of poly-
disulfide DNCs were incubated with NIH 3T3 fibro-
blasts and human embryonic kidney (HEK) 293 cells
for 1 and 4 h. The results shown in Figure 4 were
normalized to a control cell sample incubated without
polydisulfide DNCs. In general, polydisulfide DNCs did
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not show any significant effect on cell proliferation at
gadolinium concentrations up to 3 mM. Additional
MTT assays were also performed at 24 and 48 h with
Gd concentrations up to T mM (Figure S4). Under
these conditions, DNCs again did not exhibit any
inhibitory effect on the proliferation of NIH/3T3 and
HEK293 cells.

Pharmacokinetics of Polydisulfide DNCs. The circulation
time of polydisulfide DNCs (59 nm) in nude mice was
evaluated by measuring the gadolinium concentration
in blood over the course of 24 h via ICP-MS (Figure 5A).
It was determined that the half-life (t,,,) for the initial
elimination phase of DNCs from the blood was approxi-
mately 1.6 h, which was obtained by fitting the first 6 h of
data. This is considerably longer than that of generation
3 (G3) PAMAM dendrimers (t;,, < 15 min)?*?> and other
macromolecular gadolinium-based contrast agents
(such as cysteine-based copolymers, t;,, < 1 h).'*25%7
For comparison, less than 1% injected dose (I.D.) of
PAMAM(G3) dendrimer per gram blood remained in
circulation after just 1 h post-injection. In contrast,
13.6% I.D. of polydisulfide DNCs per gram blood was
still in circulation after 1 h, and more than 1% I.D./gram
was still present 6 h after intravenous administration.
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Figure 5. Blood clearance and biodistribution of polydisulfide DNCs and PAMAM(G3)—[Gd-C-DOTA] . Polydisulfide DNCs
(59 nm) and PAMAM(G3)—[Gd-C-DOTA] ' (3.6 nm) were administered intravenously into nu/nu mice (n = 3 each). (A) Blood
samples were collected at various time points post-injection and analyzed for Gd content via ICP-MS. (B) Mice were sacrificed
24 h following the administration of contrast agents, and select organs were harvested and also analyzed for Gd content.
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Figure 6. Magnetic resonance images of nu/nu nude mice at various time points after the tail vein injection of polydisulfide
DNCs or PAMAM(G3)—[Gd-C-DOTA] . T,-weighted mages of the kidney were acquired pre-injection and 15 min, 1 h, 2 h, and
4 h post-injection. All images were acquired using a 4.7 T small animal horizontal bore Varian INOVA system.

The accumulation of gadolinium in the heart, lung,
liver, kidney, spleen, and blood of the mice was
examined 24 h post-injection (Figure 5B). Overall, the
accumulation of gadolinium was modest in all of the
organs examined, with the highest uptake observed
in the kidney (5.68 £ 2.32% 1.D./g) followed by liver
(4.52 £1.93%1.D./g) and then the spleen (2.95 £ 1.36%
1.D./g). The biodistribution of polydisulfide DNCs did
exhibit a higher accumulation of Gd within each of the
organs evaluated, compared with individual PAMAM-
(G3) dendrimers, but uptake was substantially lower
than what has been reported for higher generation
dendrimers. For example, PAMAM(G6)-OH (6.7 nm)
has a liver uptake of ~40% I.D./g and a kidney uptake
of ~20% I.D./g at 24 h post-injection.?® The organ
uptake of DNCs was likely lower than PAMAM(G6)-OH
owing to its ability to degrade into smaller molecular
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species that are more efficiently cleared by renal
filtration.

In Vivo MRI Contrast Enhancement. To investigate the
MR contrast enhancing capabilities of DNCs (59 nm),
T;-weighted MR images of nude mice were acquired
pre-injection, and 15 min, 1 h, 2 h, and 4 h post-injec-
tion (Figure 6). A significant contrast enhancement
in T;-weighted images was clearly visible in the kid-
neys and abdominal aorta at 15 min and 1 h post-
injection. Quantitative analysis revealed a statistically
significant (p < 0.5) enhancement in the kidneys for
as long as 4 h (Figure S5). T;-weighted images of
mice injected with PAMAM(G3)—[Gd-C-DOTA] ' did not
reveal any enhancement in the kidneys at any of the
time points studied, which is consistent with rapid
clearance from the body. Only a slight signal enhance-
ment was found in the bladder at 15 min post-injection
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of DNCs (Figure S6), but a gradual increase in signal was
observed over the next 4 h. These biodistribution
trends provide strong evidence that gadolinium is
being cleared via renal filtration following the intrave-
nous administration of DNCs.

DISCUSSION

The ideal MR contrast agents should greatly en-
hance image contrast and provide a sufficient time
window for MR examination. Furthermore, the agents
should be excreted rapidly following the acquisition of
MR images. In order to enhance image contrast and
prolong the time window for MR acquisition, our group
previously developed gadolinium-conjugated dendri-
mer nanoclusters as MR imaging contrast agents.'” The
first iteration of this nanoparticle design performed
well but did not include any acid-labile or redox-
responsive biodegradable elements to facilitate
their degradation and excretion. Further, a relatively
unstable linear chelate, DTPA, was used to complex Gd
to the nanocluster. With an expanding body of litera-
ture linking Gd to nephrogenic systemic fibrosis (NSF)
in patients with impaired renal function, it is becoming
increasingly evident that Gd-based imaging agents
must strike a delicate balance between providing an
extended time frame for imaging and possessing the
ability to be rapidly excreted from the body. Further,
stable chemical chelators must be used to minimize
the possibility of transmetalation of Gd. Therefore, the
polydisulfide DNCs presented in this paper were spe-
cifically designed to incorporate biodegradable lin-
kages between individual PAMAM(G3) dendrimers,
and Gd was complexed to the DNCs using a stable,
macrocyclic chelator, DOTA.

The formation of biodegradable DNCs was initiated
by removing the protecting groups from thiols that
were sparingly introduced onto PAMAM(G3) dendri-
mers. The size of dendrimer nanoclusters was then
easily controlled by adding an excess of maleimide to
the reaction at different time points to quench the free
thiols and stop disulfide bond formation. Since the
hydrodynamic diameter of the nanoclusters increased
slowly and could be readily monitored via DLS, nano-
particles with nearly any size and with narrow size
distributions could be obtained. DNCs were subse-
quently labeled with the premetalated gadolinium
complex [Gd-C-DOTA] .

To date, most macromolecular gadolinium com-
plexes have used the linear ligand DTPA as a chelation
agent. However, with recent reports suggesting that
transmetalation of Gd is the major factor contributing
to NSF for patients with compromised kidney func-
tion,2* 31 it is speculated that a macrocyclic chelator
would provide a more stable and safer alternative.
Supporting this notion are findings that NSF has almost
exclusively been linked to linear Gd chelates, and there
are no reported cases of NSF in patients that received
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[Gd(DOTA)]™'/gadoterate/Dotarem.>? [Gd(DOTA)]™"
is known to be more stable in comparison to [Gd-
(DTPA)] 2, with 5 orders of magnitude higher stability
in vitro and an exceedingly slow metal ion dissociation
even at very low pH.>3® The use of [Gd-C-DOTA]™',
which has Gd complexed with DOTA prior to labeling
the dendrimers (i.e., premetalation), further reduces
concerns over toxicity. When dendrimers are labeled
with Gd after reacting the dendrimer with a chelator
(i.e., postmetalation), free gadolinium ions can poten-
tially become trapped within dendrimer cavities.
Others have shown that cavities of dendrimers are
capable of encapsulating small molecules.>* In cases
where this is not desirable, free Gd ions can be
removed through extensive purification; however,
the premetalation of [Gd-C-DOTA] ™" in this study greatly
alleviates concerns over incomplete purification.
Previously, we reported that gadolinium-conjugated
DNCs'” (~150 nm) could be labeled with approxi-
mately 300000 gadolinium ions per DNC and pos-
sessed an r; of 3.6 x 10 mM~' s™" (per DNC). Here,
it was determined that there were approximately 9400
premetalated [Gd-C-DOTA] ' per 59 nm polydisulfide
DNC. Scaling with volume, it can be estimated that
there would be approximately 150 000 Gd per 150 nm
polydisulfide DNC particle and each DNC would have
an r; of 3.4 x 10° mM™' s, assuming a relaxivity of
224 mM ™' s per gadolinium ion. The slightly lower
payload is likely the result of there being fewer func-
tional groups per dendrimer, due to prior labeling with
SAT(PEG), and/or the use of lower generation dendri-
mers, G3 versus G5. Notably, the r per Gd was higher
for the ~150 nm polydisulfide DNCs compared with
the prior formulation. This stems from the use of
premetalated [Gd-C-DOTA]™', which has been pre-
viously shown to lead to improved r; values compared
with postmetalation methods.'® For further compar-
ison, the ry (per Gd) of other polydisulfide gadolinium
complexes that have been reported for use as blood
pool agents ranges from 4.4 to 16.3 mM ™' s~ ' 133336
Biodegradable agents are usually designed to break
down into small molecular components under specific
conditions such as a change in pH or a redox environ-
ment. The present biodegradable MRI contrast agents
degrade via a thiol—disulfide exchange reaction in
serum.2'® Interestingly, while the DNCs did degrade
in serum, consistent with reports of other Gd-labeled
polydisulfide macromolecules and nanoparticles,®'3'*
they remained stable in the presence of freshly pre-
pared thiol mixtures in vitro. This was somewhat
surprising since the mixtures were specifically created
to reflect the thiol content found in human and rat
serum. The stability toward the thiol mixtures could be
a result of steric hindrance or charge repulsion at the
nanoclusters' surface, which may prevent the ex-
change reaction. This would be consistent with pre-
vious reports that found that the degradation rate of
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polydisulfide gadolinium complexes decreased as the
structural hindrance increased and as the size of the
endogeneous thiols increased.'**> It is speculated that
these steric effects may have been relaxed in actual
serum due to the presence of other biomolecules that
shielded the surface charges and enhanced DNC
permeability.

Contrast-enhanced T; weight images and biodistri-
bution data suggested that the polydisulfide DNCs
were gradually degraded in the blood circulation and
were primarily excreted via renal filtration. Specifically,
signal intensity was gradually enhanced in the bladder
over the first 4 h, which is indicative of renal clearance.
Further, the accumulation of gadolinium was highest
in the kidneys. Since intact DNCs (59 nm) are too large
to pass through the fenestrae in the capillaries of the
glomeruli, which have a physiologic upper pore size
limit of 15 nm,*” itis likely that they were degraded into
smaller clusters and/or individual dendrimers while in
circulation. Individual gadolinium-labeled dendrimers
(G3) have a hydrodynamic diameter of ~3.6 nm and
are readily excreted by glomerular filtration 24262738

Notably, despite the ability of polydisulfide DNCs to
gradually degrade into smaller components in serum
and be cleared via renal filtration, the bright image
contrast observed in the abdominal aorta for the first
hour after injection indicated that polydisulfide DNCs
exhibit a prolonged blood circulation time and can
potentially be used as vascular contrast agents.

METHODS

Materials. Poly(amido amine) (PAMAM) dendrimer (ethylene-
diamine core, generation 3, 12% w/w in MeOH) was purchased
from Dendritech Inc. SAT(PEG), (N-succinimidyl (S)-acetyl(thiotetra-
ethylene glycol)) was purchased from Quanta Biodesign Ltd.
(Powell, OH). NIH/3T3 mouse fibroblasts were purchased from
the American Type Culture Collection (ATCC, Manassas, VA). All
other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise noted.

Synthesis of Premetalated Gadolinium Complexes (IGd-C-DOTA] ). [Gd-
C-DOTA]™" was synthesized as previously described.>® Free Gd
was removed from the [Gd-C-DOTA] ' sample using a Sephadex
G-25 column (Pharmacia, Sweden). Complete removal of free Gd
was confirmed by size-exclusion HPLC (SE-HPLC). SE-HPLC was
performed using a Beckman System Gold (Fullerton, CA) equipped
with model 126 solvent delivery module and a model 166NMP UV
detector (4 254 nm) controlled by 32 Karat software. Size-exclusion
chromatography was performed on a TSK-gel G3000PW 10 um,
7.8 mm x 300 mm (Tosoh Bioscience, Montgomeryville, PA), with
a TSK-gel 10 um guard column (Tosoh Bioscience, Montgomery-
ville, PA) using phosphate buffered saline (1x PBS) solution as the
eluent at 1.0 mL/min, respectively.

Synthesis of Gd-Labeled Polydisulfide Dendrimer Nanoclusters
(DNGs). Five microliters of N,N-diisopropylethylamine (DIEA)
and 35 uL of SAT(PEG), (0.5 M in DMSO) were added to 100 uL
of PAMAM(G3) in 100 uL of MeOH. Samples were mixed using
a thermomixer (Eppendorf) at 1400 rpm, 25 °C, for 70 min.
Ether was added until the solution turned cloudy, and thiolated
dendrimers were collected by centrifugation (14 000 rpm, 10 min).
Two more MeOH/ether washes were performed to remove any
unreacted materials. Elemental analysis of the thiolated den-
drimer indicated 49.09% C, 8.19% H, 14.62% N, and 3.65% S,
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Polydisulfide DNCs demonstrated an excellent half-life
(t1/2 > 1.6 h) in comparison to individual gadolinium-
based PAMAM dendrimers and other polydisulfide
macromolecular contrast agents.'*?%?” The significant
difference in circulation time between polydisulfide
DNCs and individual G3-PAMAM dendrimers suggests
that polydisulfide DNCs do not degrade immediately
after injection. To our knowledge, polydisulfide DNCs
exhibit the longest half-life in vivo among all of the poly-
disulfide based T; contrast agents reported to date.

CONCLUSION

The use of polydisulfide-based gadolinium com-
plexes as biodegradable macromolecular MRI contrast
agents has garnered increasing interest in recent years.
In our study, we have provided a facile method for the
synthesis of size-controllable and biodegradable den-
drimer nanoclusters. The polydisulfide DNCs provide
long blood circulation times and gradually degrade
into smaller components under physiological condi-
tions, which greatly facilitates their renal clearance. The
premetalated gadolinium DOTA complexes adopted in
this study further alleviate the increasing concern over
gadolinium-mediated toxicity. Further, future efforts
can be made to develop polydisulfide DNCs into
molecular imaging agents by conjugating appropriate
targeting ligands. In conclusion, we believe that poly-
disulfide DNCs demonstrate great potential for clinical
applications.

which is consistent with the incorporation of 13 thiol groups
onto each PAMAM(G3) dendrimer, C471Hog7N1250138513 14HCO3 -
10H,0:48.84% C, 7.87% H, 14.33% N, and 3.50% S. The thiolated
dendrimers were dissolved in 1 mL of PBS; NH,OH (1.5 x
10~ mol) was added for deprotection, and the mixtures were
stirred at room temperature. The cross-linking reaction was
monitored by dynamic light scattering (DLS) using a Zetasizer
Nano-ZS (Malvern Instruments, Worcestershire, UK). Once the
desired particle size was obtained, maleimide (1.5 x 10~ mol)
was added to quench the reaction by blocking any remaining
free thiols. The cross-linked dendrimers were dissolved in 20 mL
of conjugation buffer (0.48 M NaHCOs, 0.02 M Na,COs, 1.5 M
NaCl, and 0.005 M EDTA), and 0.05 g premetalated [Gd-C-
DOTA] ™" was added in portions while the pH was maintained
at 8.5 with 1 M NaOH. The mixture was stirred at 45 °C for 2 days.
The solution was cooled to room temperature and filtered
through a 0.22 um membrane filter. The solvent volume was
reduced under high vacuum. The polydisulfide DNCs were
purified by Sephadex G-25 columns, eluted with PBS. The first
orange band was collected. To ensure the removal of unreacted
premetalated [Gd-C-DOTA] ™", the Sephadex G-25 column was
applied twice.

Synthesis of PAMAM(G3)—[Gd-C-DOTA]". PAMAM(G3)—[Gd-C-
DOTA]™" was synthesized by conjugation of PAMAM(G3) den-
drimer with premetalated [Gd-C-DOTA] " according to the reported
method.*® Elemental analysis indicated 42.31% C, 6.01% H,
13.66% N, and 1.81% S, which is consistent with the incorpora-
tion of 10 chelates, Czp;Hg0sN122060* 10(Co4H33N505,Gd;) - 43HCO3
6H,0:41.99% C, 5.98% H, 14.04% N, and 1.92% S.

Physicochemical Characterization of Polydisulfide DNCs. The hydro-
dynamic diameter of DNCs was determined by DLS using a
Zetasizer Nano-ZS (Malvern Instruments). The scattering angle
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was set at 173°. Zeta-potential ({) measurements of DNCs were
performed using the same instrument. All measurements were
made in PBS. T; relaxation times for polydisulfide DNCs,
PAMAM(G3)—[Gd-C-DOTA] ", and Gd-DOTA were determined
with a Bruker mg60 MR relaxometer operating at 1.41 T (60
MHz) and 40 °C. Gadolinium concentration was determined by
ICP-MS analysis using an Elan 6100 ICP-MS (Perkin-Elmer,
Shelton, CT) at the New Bolton Center Toxicology Laboratory,
University of Pennsylvania, School of Veterinary Medicine,
Kennett Square, PA, USA. Transmission electron microscopy
(TEM) was performed on a JEOL 2010 electron microscope.
Elemental analysis was performed on C, H, N, and S by Intertek.

The number of Gd per DNC was determined using the
viscosity/light-scattering method in combination with ICP-
MS.2 Specifically, the viscosity was first measured for wide
range of DNC concentrations (0 to ~20 mM). The volume
fraction (¢) of the DNCs was then determined according to
Einstein's viscosity equation, h/hy = 1 + 2.5¢, where h is the
viscosity of the DNC suspension and hy is the viscosity of the
solvent. The number of DNCs per volume (N) was obtained
according to the equation N = ¢/[4/37(d/2)*], where d is the
volume-weighted diameter of DNCs, which was obtained by
DLS. The concentration of Gd in the sample was determined by
ICP-MS, which allowed for the calculation of Gd per DNC.

DNC Degradation and Stability Studies. Degradation of polydisul-
fide DNCs was evaluated by incubating DNCs (0.5 mM Gd, in
PBS) with mixtures of thiols that are normally found in human
and rat plasma. Specifically, solutions representing human
plasma contained 10 uM cysteine, 5 uM glutathione, and
3 uM cysteinylglycine, and solutions representing rat plasma
contained 57 uM cysteine and 26 uM glutathione.*’ The
degradation of polydisulfide DNCs in the presence of endoge-
neous thiols was evaluated by monitoring changes in the
hydrodynamic diameter by dynamic light scattering (DLS),
using a Zetasizer Nano-ZS (Malvern Instruments, Worcester-
shire, UK), over the course of 24 h. The percent intact DNCs was
calculated using the mean DLS diameter of DNCs in PBS as the
reference. The stability of polydisulfide DNCs at various pH (4.5
to 7.5) was also evaluated by DLS over the course of 24 h. The
polydisulfide DNCs were added to buffered pH solutions to
achieve a final concentration of 0.5 mM Gd.

Cell Culture. NIH/3T3 mouse fibroblasts and human embryo-
nic kidney 293 cells (HEK293) were cultured and maintained in
Dulbecco's modified Eagle's medium (DMEM) with 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin at 37 °C and
5% CO,.

Cell Viability Study. The in vitro cytotoxicity of Gd-labeled
polydisulfide DNCs was assayed with an MTT cell viability kit
(ATCC, Manassas, VA). Specifically, NIH/3T3 and HEK293 cells
were seeded in a 96-well plate at a density of 4 x 10* cells per
well and incubated overnight (37 °C, 5% CO,). The medium was
aspirated off, and 100 uL of fresh medium, containing DNCs in
PBS at different gadolinium concentrations, was added in
triplicate. The liquid was aspirated off after different incubation
times and replaced with 100 uL of fresh medium and 10 uL of
MTT reagent. After a 2 h incubation, 100 uL of detergent reagent
was added and the plate was swirled gently in the dark at room
temperature for 2 h. The absorbance at 570 nm was measured in
a microplate reader (Bio Tek Instruments, Inc.).

Biodistribution Studies. Female nu/nu nude mice were ob-
tained from Charles River at 6 weeks of age. Mice (n = 3) were
anesthetized with isoflurane, and 59 nm polydisulfide DNCs
were administered via tail vein injection at a gadolinium dose of
0.18 mmol/kg. The injected volume of contrast agent per mouse
was 200 uL. Blood was collected at 1, 2, 4, 6, and 24 h time points.
The mice were sacrificed after 24 h, and organs of interest were
harvested. Both blood and organ samples were analyzed by
inductively coupled plasma mass spectroscopy (ICP-MS) to
quantitatively determine the concentration of gadolinium. All
ICP-MS measurements were performed by the New Bolton
Center Toxicology Laboratory, University of Pennsylvania,
School of Veterinary Medicine, Kennett Square, PA, USA, using
an Elan 6100 ICP-MS (Perkin-Elmer, Shelton, CT, USA). Analo-
gous animal studies (n = 3) were performed with PAMAM(G3)—
[Gd-C-DOTA] ", using an equivalent Gd dose of 0.18 mmol/kg.
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For each DNC/dendrimer formulation, the percent injected
dose per gram of tissue (%1.D./g) was calculated as [Ln]sampie/
(ILnlinj X M), where [Ln]sampie is the Gd concentration in the
sample (blood, tumor, or organ tissue), [Ln]y; is the Gd con-
centration in the injected nanoparticle solution, and M;; is the
mass of the nanoparticle solution injected.

Contrast-Enhanced In Vivo MR Imaging. Approximately 6 week
old female nu/nu nude mice (n = 3; Charles River Laboratory,
Charles River, MS) were maintained in accordance with the
Institutional Animal Care and Use Committee (IACUC) of the
University of Pennsylvania. Precontrast images were acquired
using a 4.7 T small animal horizontal bore Varian INOVA system.
T;-weighted images were acquired in the coronal place using
parameters as follows: repetition time (TR) = 392 ms, echo time
(TE) = 5.12 ms, FOV = 80 x 40 mm, flip angle = 30°, slice
thickness = 0.5 mm, number of requisition = 6, resolution =
256 x 128 pixels. Immediately following the precontrast image
acquisition, the polydisulfide DNCs or PAMAM(G3)—[Gd-C-
DOTA]~" were administered via tail vein injection at gadolinium
concentration of 0.18 mmol/kg. Postcontrast images were
acquired at 15 min, 1 h, 2 h, 4 h, and 24 h under the same
imaging parameters used for precontrast images.

Image Analysis. For quantitative analysis of MR images, the
average MR signal intensities (SI) within operator-defined re-
gions of interest encircling the tissue of interest and muscle
were measured. The tissue-to-muscle (T/M) ratio was then
calculated. The relative tissue-to-muscle (rT/M) ratio was calcu-
lated as the quotient of the T/M ratio in postcontrast images and
precontrast images. A t test (two-tailed, unequal variance) was
used to compare the rT/M at different time points postinjection.
A p < 0.05 was considered statistically significant.
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