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Abstract: Branched copolymer nanoparticles (D, =20-35 nm) possessing 1,4,7,
10-tetraazacyclododecane-N,N’,N”,N"”’-tetraacetic acid macrocycles within their cores have been
synthesized and applied as magnetic resonance imaging (MRI) nanosized contrast agents in
vivo. These nanoparticles have been generated from novel functional monomers via reversible
addition—fragmentation chain transfer polymerization. The process is very robust and syntheti-
cally straightforward. Chelation with gadolinium and preliminary in vivo experiments have
demonstrated promising characteristics as MRI contrast agents with prolonged blood retention
time, good biocompatibility, and an intravascular distribution. The ability of these nanoparticles
to perfuse and passively target tumor cells through the enhanced permeability and retention
effect is also demonstrated. These novel highly functional nanoparticle platforms have succin-
imidyl ester-activated benzoate functionalities within their corona, which make them suitable
for future peptide conjugation and subsequent active cell-targeted MRI or the conjugation of
fluorophores for bimodal imaging. We have also demonstrated that these branched copolymer
nanoparticles are able to noncovalently encapsulate hydrophobic guest molecules, which could
allow simultaneous bioimaging and drug delivery.

Keywords: branched copolymer nanoparticles, gadolinium chelate, MRI, RAFT

polymerization

Introduction

Recently, there has been an increased interest in the development of nanomaterials for
the diagnosis and treatment of different diseases.' > A guiding principle in this rapidly
growing area is the ability of nanoparticles to mimic the high affinity and multivalent
interactions that exist in cellular systems offering the potential for highly efficient
synthetic diagnostic and therapeutic systems.®'> One clear advantage of nanomateri-
als lies in their potential to be used as noninvasive diagnostic tools with the capacity
to combine multiple modalities on one probe and the longer term opportunities for
simultaneous application as drug-delivery systems. Therefore, the development of a
new generation of nano-sized theranostics is a very appealing goal for contemporary
polymer scientists. Nanomaterials employing a wide range of substances, both organic
(dendrimers, liposomes, and natural and synthetic polymers) and inorganic materials
(quantum dots, metallic nanostructures, and metal oxides), can be used as diagnostic
and therapeutic tools. When decorated with special functionalities, nanomaterials may
also be applied in a wide range of different molecular imaging techniques, such as
single-photon emission tomography, positron emission tomography, optical imaging,
and magnetic resonance imaging (MRI)."3
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MRI is an attractive imaging technique with several
advantages such as high soft-tissue resolution and dis-
crimination in any imaging plane, high spatial resolution
tomography, and lack of radioactivity. To improve contrast
during MRI, exogenous contrast agents can be employed
aiding the distinction between diseased and normal tissues by
altering the longitudinal and transverse relaxation times (T1
and T2) of water protons. Although various paramagnetic
compounds have been evaluated for application within MRI,
gadolinium(IIl) (Gd(III)) chelates continue to be the most
wildly used T1-weighted contrast agents. To date, most Gd(III)
contrast agents are small molecular chelates such as the clini-
cally approved Gd(III)-diethylene diamine penta-acetic acid
(Magnevist®) and Gd(III)-N,N’,N”,N”’-tetracarboxymethyl-
1,4,7,10-tetraazacyclododecane (Gd[DOTA]) (Dotarem®). 115
However, small molecular Gd(III) contrast agents usually suf-
fer from transient tissue retention, appreciable toxicities, poor
sensitivity, rapid renal clearance, and unfavorable pharmacoki-
netic profiles, which collectively results in a short imaging time
window, low contrast, and limited clinical applications.

To address these issues, there has been an increased inter-
est in developing polymeric nanocontrast agents for MRI.
To date, most polymer nanocontrast agents focus on Gd(III)
chelates conjugated onto dendrimers,'*?? liposomes,?*°
micelles,* 3 core cross-linked star polymers,***” and hyper-
branched polymers.*3# Polymer-based nanoparticle MRI
contrast agents have demonstrated optimal pharmacokinetics
and circulation half-life, increased tolerance to enzymatic
degradation, as well as greater physical and chemical stabil-
ity which improve their therapeutic value.'**® For example,
Liu et al have recently reported®® that Gd(III) chelates
have been conjugated onto hyperbranched polyprodrug
amphiphiles which demonstrate prolonged blood circulation
with a half-life up to ~9.8 hours.

However, the synthesis of dendrimers often suffers from
challenging multistep synthesis and purification. Indirect
assembly strategies utilizing amphiphilic block copolymers
can be problematic as micelles are not very stable on dilu-
tion, leading to uncertainty during in vivo studies; the need
for additional micelle cross-linking increases the inherent
complexity. Therefore, we see the need for the development of
more versatile and efficient synthetic routes to polymer nano-
particle MRI contrast agents. The groups Li et al have made
significant advancements with their preparation®**’ of core
cross-linked star and hyperbranched polymer nanoparticles.
They have elegantly demonstrated*’ that the precise molecular
location of gadolinium has a significant influence on relaxiv-
ity. One of the key advantages of core cross-linked star and

classic hyperbranched polymer nanoparticles is the inclusion
of cross-linking during the polymerization process, a clear
benefit when compared to the traditional micellar approach.
Unlike micellar assemblies, these polymer nanoparticles do
not possess large hydrophobic domains which are required to
permit the loading of hydrophobic guest molecules. Our previ-
ous research®** has focused on the development of branched
copolymer nanoparticles through a similar synthetic approach
to the synthesis of core cross-linked star polymers via the
“arm-first” method. In this present work, we have shown that
it is possible to synthesize structures which exist between
micelles and core cross-linked star polymers. During the
cross-linking polymerization stage, we include a significant
amount of a hydrophobic comonomer. The resulting branched
copolymer nanoparticles comprise a hydrophilic corona and
a hydrophobic covalently cross-linked core; this synthetic
approach does not require post-polymerization modification
to incorporate macrocycle functionalities which is a common
additional synthetic step in other similar systems. We believe
that these structures will yield a great advancement in the
field of bioimaging as there is the possibility for simultaneous
imaging and delivery of hydrophobic pharmaceuticals.

Herein, we present the direct synthesis of stable Gd(III)-
chelated branched copolymer nanoparticles, synthesized from
novel monomers via reversible addition—fragmentation chain
transfer (RAFT) polymerization without the need for self-
assembly techniques (Figure 1). We have demonstrated that
these nanoparticles are promising MRI contrast agents and are
able to perfuse and passively target tumor cells, presumably
by means of the enhanced permeation and retention (EPR)
effect. The hydrophobic core is able to simultaneously che-
late gadolinium and noncovalently encapsulate hydrophobic
guest molecules, hence combining the properties of micellar
assemblies with the synthetic advantages of core cross-linked
star polymers. We have also shown that it is possible to adorn
these nanoparticles with succinimidyl ester-activated benzo-
ate functionalities, which may be used in future studies for
conjugation of various targeting moieties to achieve active
bioimaging or to introduce small molecule fluorescent probes
to produce multimodality bioimaging nanoparticles.

Methods

Relaxivity measurements

Longitudinal (r,) and transverse (r,) relaxivities were mea-
sured using a 7 T Bruker ClinScan (Bruker Biospin GmbH,
Karlsruhe, Germany) with a Siemens interface; a 72 mm volume
coil was used. T1 was calculated using an inversion-recovery
sequence; repetition time (TR)/echo time (TE) =5,000
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milliseconds/7 milliseconds; average =3; flip angle =90°; and
inversion times =31, 150, 300, 700, 1,200, 1,800, 2,400, 3,000,
3,600, 4,000, 4,500, and 4900 milliseconds. T2 was measured
using a multiple spin echo sequence; TR =5,000 milliseconds;
TE =12.9 milliseconds; number of echoes (NE) =14. The
sample was maintained at 36°C using a circulated water bath.
T2 maps were obtained by the inline acquisition sequence
program. T1 was calculated from the inversion-recovery
images, by fitting for the decay curve. The values r and r,
were reported for 1.0 mmol concentration of the contrast
agent (slope of the linear fit between 1/T1 or 1/T2 versus
concentration of contrast agent in mmol). The relaxivity is
represented as mM~'s™! & standard deviation (n=3).

HK-2 cell viability assay

Ethical approval for the use of commercial cell line of human
origin was sought from National University of Singapore —
Institutional Review Board (NUS-IRB). HK-2 proximal
tubule epithelial cells (ATCC, CRL-2190) were cultured in
keratinocyte serum-free media (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with prequalified human
recombinant epidermal growth factor, bovine pituitary extract,
and 1% penicillin—streptomycin solution at 37°C in a humidi-
fied incubator with 5% CO,,. For the cell viability assay, the cell
passage number was kept within 3-5. In general, 5,000 viable
cells/100 uL media were added in each well of a 96-well plate.
The cells were allowed to attach for 24 hours. N2(Gd) nanopar-
ticles (contrast agent) were prepared at different concentrations
using sterile 1 X phosphate-buffered saline (PBS). The prepared
solution was further sterilized under UV light for 45—60 minutes.
After 24 hours’ cell attachment, 10 UL of the contrast agent at
different concentration was added (six wells for one concentra-
tion). To another six wells, 10 UL of sterile 1 X PBS was added;
these wells were used as positive control. Each concentration of
the contrast agent was added to one well containing no cells but
100 UL of the culture media alone. The cells were incubated with
the contrast agent at different time points. Four hours before each
time point, 10 UL of Cell Counting Kit-8 (Sigma-Aldrich Co.,
St Louis, MO, USA) was added into each of the wells. After
4 hours’ incubation, the absorbance of each well was read
at 450 nm (reference wavelength of 650 nm) using a well
plate reader (SpectraMax 340PC; Molecular Devices LLC,
Sunnyvale, CA, USA). The cell viability was calculated after
correction for absorbance with the control wells. The data is
represented as concentration versus percent cell viability +
standard error and:

OD of sample well

% cell viability = x100 (1)

OD of positive control

Xenograft model and in vivo MRI study
All animal work was done under Institutional Animal
Care and Use Committee ethical policies and guidelines
#100591. U87MG human glioma xenograft was grown
on SCID mice (6 weeks old, female). In brief, the cells
grown in Dulbecco’s Modified Eagle’s Medium with
10% fetal bovine serum and 1% penicillin—streptomycin
were prepared at concentrations of 1x10°-3x10° viable
cells in volumes of approximately 100-150 uL 1X PBS
(with 20% v/v Matrigel to get a slightly viscous solution).
Using a 30G needle, the cells were slowly injected under
the skin on the right flank of the animal. Tumors were
periodically measured and animals were scanned when
the tumor size reached 150-200 mm?. N2 nanoparticles
were injected with a dose of 0.045 mmol of Gd(IIl)/kg of
animal. MRI was done using a 7 T Bruker ClinScan, with
a mouse transmit and receive body coil. The first phase
tracer kinetics were studied using a FLASH sequence
with a temporal resolution of 10 seconds in the coronal
plane; TR/TE =10.62/1.32 milliseconds, flip angle =20°.
Angiographic image was obtained by subtraction of pre- and
post-contrast images and generating a maximum intensity
projection in the 2D-plane. T1-weighted image was obtained
using a gradient echo sequence in the axial plane with TR/
TE =400/2.6 milliseconds and flip angle =90°; the image
acquisition was gated with the respiration with the animal
in 1.5% (v/v) isoflurane with 80 beats per minute respiration
rate. T1 maps were obtained using a turbo-spin echo inver-
sion recovery sequence with respiration gating, with TR/
TE =5,000/7.7 milliseconds and flip angle =180°, and fat
saturation and turbo factor of 3. Inversion times =41, 500,
1,000, 1,500, 2,000, 3,000, and 4,000 milliseconds. T1 maps
were obtained with the in-house Matlab program.

Biodistribution study

Six SCID mice with U§7MG xenograft tumor were randomly
divided into two groups. In each group, three animals were
injected with 0.045 mmol of gadolinium/kg/100 UL of nano-
particles and one mouse in each group was injected with
100 uL of 0.9% normal saline. Of two groups, one group
was sacrificed at 2 hours and the other at 4 hours postinjec-
tion of nanoparticles. The animals were exsanguinated by
cardiac puncture under 2% isoflurane. The blood sample
was heparinized and stored at 4°C. Organs were snap fro-
zen in liquid nitrogen and freeze-dried for 2 days at —75°C
and 0.011 mbar (Christ Alpha 2—4 LD freeze dryer). Blood
samples were analyzed using inductively coupled plasma
mass spectrometry (ICP-MS). A known volume (100 pL) of
blood was treated with 200 UL of concentrated nitric acid.
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The solution was heated to 80°C for 1 hour. The digested
samples were made to 20 mL using ultrapure water (Veolia
Water, Paris, France). A known volume of 1X PBS (100 uL)
with 1% heparin was used as a control. Freeze-dried organs
were weighed and homogenized using a mortar and pestle.
From the homogenized organs, a known amount was taken in
clean vials and digested using 200 uL of concentrated nitric
acid at 80°C for 1 hour. The digested samples were made to
20 mL using ultrapure water (ELGA LabWater system). All
samples were filtered through 0.45 wm syringe filter before
analysis using ICP-MS.

Results

Monomer synthesis and characterization

Our first objective was to synthesize the succinimidyl
ester benzoate functional diethylene glycol methacrylate
monomer 3 (Figure 2A). Initially compound 1 was pre-
pared via ether formation between 4-hydroxybenzoic acid
and 2-(2-chloroethoxy)ethanol which were refluxed in the
presence of potassium hydroxide ("H NMR spectrum can be
found in Figure S1). Compound 2 (‘"H NMR, Figure S2) was
then synthesized via esterification between compound 1 and
methacrylic acid in the presence of p-toluenesulfonic acid.
Compound 2 was then activated with N-hydroxysuccinimide
in the presence of dicyclohexylcarbodiimide to produce
monomer 3 ('"H NMR, Figure S3). The dimethacrylate
1,4,7,10-tetraazacyclododecane-N,N’,N”,N"’-tetraacetic
acid (DO3A) functional monomer 6 (Figure 2B) was syn-
thesized through reaction of S-aminoisophthalic acid with
an excess of 2-aminoethyl methacrylate in the presence of
the coupling agent dicyclohexylcarbodiimide, and the result-
ing compound 4 ('"H NMR, Figure S4) was subsequently
reacted with bromoacetyl bromide to produce compound 5
("H NMR, Figure S5). The dimethacrylate DO3A bifunc-
tional monomer 6 was isolated after coupling compound
5 with tri-tert-butyl 1,4,7,10-tetraazacyclododecane-1,
4,7-triacetate in the presence of potassium carbonate.

A \'I)kOH
OH KOH, KI O/@* OH

HO~N O~ + —> HO™-O~ TsOH

HO EtOH, H,0 Toluene

\'I)Lof\,NH Hel HLBF
HO OH /\,OWJI\
~occ.omr Et N, THF

NH, Et,N, DMF

At

Compound 6 ("H NMR, Figure S6) was found to be very
pure and highly stable.

Synthesis of branched copolymer

nanoparticles via RAFT polymerization
The overall synthesis of branched copolymer nanoparticles via
RAFT polymerization is illustrated in Figure 1A and B. Ini-
tially, linear oligoethylene glycol-based copolymers (P1-P3)
of varying lengths were synthesized via RAFT polymerization.
It is well understood that nanoparticles are prone to sequestra-
tion by the mononuclear phagocyte system, which is triggered
by the adsorption of plasma proteins onto nanoparticles.*
We chose to employ poly(ethylene glycol)-based monomers
within the nanoparticle corona generating “stealth-like”” nano-
particles to minimize protein adsorption and avoid mononu-
clear phagocyte system clearance. Due to the controlled nature
ofthe RAFT technique, these linear copolymer building blocks
retain their terminal dithioester functional groups allowing
subsequent polymerization. Copolymerization in the presence
of the novel DO3A containing dimethacrylate cross-linker 6
and n-butyl ethacrylate was then performed leading to highly
branched but soluble macromolecules (N1(‘Bu)-N3(‘Bu)).
This process is in part similar to our previous reports on the
synthesis of anisotropic branched copolymer nanoparticles
where atom transfer radical polymerization was applied.**!
However, atom transfer radical polymerization has disad-
vantages such as the employment of copper catalysts which
may lead to residual toxicity and there is often compatibility
issues with some monomer functionalities (eg, —-COOH).
RAFT polymerization has been beneficial here in the synthesis
of branched copolymer nanoparticles. Recently, RAFT has
been applied in synthesis of classic hyperbranched or core
cross-linked star polymer nanocontrast agents, which has
demonstrated good control of polymer structure, 36384443
The novel dimethacrylate cross-linker 6 employed
incorporates the DO3 A macrocycles simultaneously during
the branching process ensuring the DO3A macrocycles are

o
o
Q)go HO/N o Q)Lo/p
o o}
W)LO/\' ~"o ocC, omar” o’\’o\/\o
CH,C, 3
‘BuOHN HN Q
] N NA~O
o o ﬁ N O'Bu H 0
JLI(O‘/\NM\Q)(N/\’OWJ\ OBu O H :NTO
o A R0 K,CO,, CH,CN BuO (N N]
HNTO 5 N N, oBu 6
Br =
o~oBu  ©

Figure 2 Synthesis of (A) succinimidyl ester benzoate monomer 3 and (B) dimethacrylate DO3A cross-linker 6.
Abbreviations: DCC, dicyclohexylcarbodiimide; DMAP, dimethylaminopyridine; DMF, dimethylformamide; DO3A, |,4,7,10-tetraazacyclododecane-N,N’,N”,N"’-tetraacetic
acid; EtOH, ethanol; KOH, potassium hydroxide; TsOH, toluenesulfonic acid; THF, Tetrahydrofuran.
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predominantly linked to the branched copolymers through
two methacrylate functionalities, increasing their stability
to undesirable ester hydrolysis and holding them within the
nanoparticle core. The tert-butyl protecting groups within
the DO3A macrocycles were converted to the correspond-
ing carboxylic acids (N1-N3) and gadolinium was chelated
within the core of N2 furnishing N2(Gd) which was applied
in vivo as a nanoparticle MRI contrast agent. We have
shown that the succinimidyl ester benzoate acid functional-
ities present within the nanoparticle corona have survived
the chelation process making these nanoparticles versatile
platforms for the conjugation of other actives through amide
bond formation.

The RAFT chain transfer agent 4-cyano-4-(phenyl-
carbonothioylthio)pentanoic acid was used to mediate the
copolymerization of various mixtures of monomer 3 and
oligo(ethylene glycol) methyl ether methacrylate (OEGMA)
monomethyl ether at 70°C in dimethylformamide (DMF)
to produce the linear copolymer building blocks P1-P3
(Figure 1). '"H NMR analysis (Figure S7) indicated the
copolymers prepared possessed compositions of the two
monomers identical to the feed ratios and displayed a peak
at 8 =2.89 ppm, confirming the presence of the pendant suc-
cinimidyl ester benzoate functional groups. Gel permeation
chromatography analysis (Table 1; Figure S8) of P1-P3
confirmed relatively dispersities and suggested good control
over molecular weights.

The linear copolymers P1-P3 were chain extended
(Figure 1) with n-butyl methacrylate in the presence of the
dimethacrylate DO3A functional cross-linker 6 at 70°C in
DMEF to produce the branched copolymers N1(‘Bu)-N3(‘Bu)
(Table 2) composed of covalently cross-linked copolymer
chains. The ratio of the branching dimethacrylate monomer 6
to the growing polymer chain is restricted to three monomer
units per chain and the reaction is carried out under relatively
dilute conditions; thus, the formation of a macromolecular
gel is inhibited and discrete soluble molecular species
are formed. '"H NMR analysis (Figure 3A; Figure S9) of
N1(‘Bu)-N3('Bu) displayed a peak at 6 =2.89 ppm confirming

the continued presence of the succinimidyl ester benzoate
functionalities. The linear polymerizations of P1-P3 and the
subsequent chain extensions to prepare N1(‘Bu)-N3(‘Bu)
were monitored by "H NMR spectroscopy which confirmed
the polymerizations reached conversions of 95%-98%.
Therefore, the average number of each component monomer
and their respective ratios are equal to the feed equivalents
displayed in Tables 1 and 2.

To prepare aqueous solutions, N1(‘Bu)-N3(‘Bu) were
dissolved in acetone followed by dropwise addition of
water. After evaporation of acetone, clear aqueous nano-
particle solutions were obtained. Dynamic light scattering
(DLS) analysis (Table 2; Figure S10) the nanoparticles are
prepared in various sizes in the range of 20-35 nm which
is appropriate for in vivo experiments. These results clearly
show the ease in which branched copolymer nanoparticles
with different diameters can be prepared. To permit chela-
tion of gadolinium, the fert-butyl groups present within the
DO3A macrocycles had to be deprotected to the correspond-
ing carboxylic acids. This was achieved by treating the
branched copolymers N1(‘Bu)-N3(‘Bu) with Trifluoroacetic
acid (TFA) in CH,CI, (Figure 1); the resulting branched
copolymers N1-N3 were characterized by '"H NMR spec-
troscopy (Figure S11) which confirmed, when overlapped
with the '"H NMR spectra of N1('Bu)-N3('‘Bu) (Figure
3A inset), that deprotection had successfully occurred.
"H NMR analysis (Figure S11) also displayed a peak at &
=2.89 ppm, confirming the conditions had not affected the
succinimidyl ester benzoate functionalities. DLS analysis in
water of N1-N3 (Figure 4A) prepared from corresponding
branched copolymers after an identical evaporation process
displayed near-identical sizes (Table 2; Figure S10) when
compared to N1(‘Bu)-N3(‘Bu), respectively, confirming
that the deprotection process does not result in any unde-
sirable nanoparticle decomposition. The nanoparticles
N1-N3 were further analyzed by cryotransmission electron
microscopy (cryo-TEM), which displayed uniform spherical
nanoparticles of sizes similar to those determined by DLS
(Figure 4B-D).

Table | Synthesis and characterization of linear copolymers P1-P3 at 70°C for 20 hours in DMF utilizing 4-cyano-4-(phenylcarbon-

othioylthio) pentanoic acid as a RAFT chain transfer agent

Linear RAFT chain OEGMA Monomer 3 AIBN M:? M PDI?
polymers transfer agent (g/mol) (g/mol) M, /M)
Pl | eq 25 eq 5eq 0.2 eq 10,100 12,500 1.24

P2 | eq 55 eq 5eq 0.2 eq 20,800 29,900 |.44

P3 | eq 95 eq 5eq 0.2 eq 32,400 51,700 1.60

Note: *As determined by GPC in THF (0.3 mL/min) calibrated against poly(methyl methacrylate) standards.
Abbreviations: AIBN, azobisisobutyronitrile; DMF, dimethylformamide; eq, equivalents; GPC, gel permeation chromatography; OEGMA, oligo(ethylene glycol) methyl
ether methacrylate; PDI, polydispersity index; RAFT, reversible addition—fragmentation chain transfer; THF, tetrahydrofuran; P, polymer.
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Table 2 Synthesis and characterization of branched copolymers N1 ("Bu—N3(‘Bu), N1-N3, and N2(Gd)

Branched copolymer  Macro-chain BMA 6 AIBN Solvent  Temperature Time Hydrodynamic PDI*
nanoparticles transfer agent °C) (h) diameter Dha (nm)

N1 (Bu) Pl I eq 2leq 3eq 02eq DMF 70 20 19.9 0.178
N2(Bu) P2 | eq 42eq 3eq 02eq DMF 70 20 27.8 0.288
N3(Bu) P3 | eq 70eq 3eq 02eq DMF 70 20 342 0.111
N1 - - - - - - - 20.5 0.211
N2 - - - - - - - 28.0 0.308
N3 - - - - - - - 355 0.143
N2(Gd) - - - - - - - 29.6 0.315

Note: *As determined by dynamic light scattering in H,O at 25°C.
Abbreviations: AIBN, azobisisobutyonitrile; BMA, butylmethacrylate; eq,

Dimethylformamide.

equivalents; PDI, polydispersity index; h, hours; N, nanoparticle, Gd, gadolinium; DMF,

80 75 70 65 6.0

55 50 45 40

1 (ppm)

3.5
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25
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55 50 45 4.0

Figure 3 Proton NMR spectra of branched copolymer nanoparticles.
Notes: (A) 'H NMR (CDCI,) spectrum of N2(‘Bu) and evidence of ‘Bu deprotection (A inset) before deprotection of N2(‘Bu) (red line) and after deprotection of N2 (green
line); (B) '"H NMR (CDCl,) spectrum of branched copolymer N2(Gd). a, b: aromatic proton; c, d, e, f, h, i, j, k, I: methylene proton; g, m: n-methyl proton.

Abbreviation: NMR, nuclear magnetic resonance.
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Figure 4 Characterizations of branched copolymer nanoparticles.
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Notes: Dynamic light scattering analysis in H,O at 25°C of (A) N1, N2, and N3, and (E) N2(‘Bu), N2, and N2(Gd). Cryo-TEM analysis of (B) N1, (C) N2, and (D) N3.

Abbreviation: Cryo-TEM, cryotransmission electron microscopy; N, nanoparticle.

Preparation of branched copolymer

nanoparticle MRI contrast agent
We decided to choose N2 (D, =28.0 nm) for the following
in vivo MRI investigation. An in vivo study investigating
the relationship between variations in nanoparticle size and
biodistribution is beyond the scope of this initial study. N2
was treated with a large excess of GdCL,-6H,0 in a mixture
of isopropanol:H,O (30:70) at 55°C for 24 hours to generate
N2(Gd) (Figure 1). The solution obtained was extensively
dialyzed (molecular weight cutoff: 7 kDa) against water for
48 hours to completely remove the excess Gd, and the aqueous
solution obtained was evaporated to dryness. N2(Gd) was then
isolated by precipitation from minimal Tetrahydrofuran (THF)
into ice-cold hexane. 'H NMR analysis of N2(Gd) (Figure 3B)
confirmed no decomposition, which was further verified by
DLS analysis of N2(Gd) which displayed an almost identical
size to nanoparticles N2(‘Bu) and N2 (Figure 4E; Table 2).
Once again, 'H NMR results (Figure 3B) displayed a peak at
8=2.89 ppm, confirming that the succinimidyl ester benzoate
functionalities had survived all reactions and processing that
the branched copolymers had undergone and no undesirable
hydrolysis had occurred during the chelation process.
ICP-MS was used to analyze the concentration of gado-
linium within a known quantity of N2(Gd) which confirmed
a successful chelation. N2(Gd) was then applied as an MRI
contrast agent. The Gd(III)-chelated DO3 A macrocycle units

in the nanoparticle improve the hydrophilicity of the nano-
particle core, thus ensuring the ability of surrounding water
molecules to approach the core and directly exchange with the
coordinated water in the Gd(DO3 A) macrocycles. Relaxivity
measurements in deionized water (Figure SA and B) using a
7 T Bruker ClinScan determined the r, to be 14.16 mM™'s™!
andr, of 54.59 mM™'s™', with ar /r, ratio of 3.86. Most of the
small molecular gadolinium contrast agents can be classified
as extracellular fluid contrast agents, including Gd(DOTA),
Gd(III)-diethylenediaminepentaacetic acid, and their deriva-
tives. These contrast agents possess r, relaxivity values of
3—6 mM's7! at higher magnetic field.***” Small molecular
contrast agents which were protein bounded showed intravas-
cular characteristics and have a r, relaxivity of 6 mM™'s™" at
higher a magnetic field.** In our study of N2(Gd), r, relaxivity
(14.16 mM's™) is almost three-times the value of commer-
cial small molecular contrast agents. The relatively large r,
value for N2(Gd) nanoparticles can be beneficial to acquire
MRI signals at lower concentrations of nanoparticles com-
pared to small-molecule MRI gadolinium contrast agents. In
order to optimize acquisition parameters for the in vivo study,
phantoms were run using a FLASH sequence (Figure S12)
with varying TR and flip angle, with a minimum TE. The
signal from the phantom was calculated and normalized with
respect to that of the background. It was observed that a flip
angle of 20° provided a higher signal-to-noise ratio (SNR)
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Figure 5 Preliminary MRI study of branched copolymer nano-contrast agents.

Ventricle
- Kidney
-= Liver

2 3 4 5 6 7 8 9 10 M1 12

Liver
preinjection

10 minutes 120 minutes 300 minutes

Notes: (A) Relaxivity of N2(Gd) nanoparticles of linear fitting of 1/T | and 1/T2 versus concentration; (B) representative T | image of the phantom at different concentrations
of the N2(Gd) nanoparticles; (C) first phase tracer kinetics, acquired using a FLASH sequence over |0 minutes postinjection of the N2(Gd) nanoparticles at a dose of 0.045
mmol/kg. Change in signal to noise ratio is plotted with respect to time. The ventricular space of the heart had a significant increase in signal over 10 minutes after injection
and (D) Tl-weighted images showed the liver in the transversal plane. The N2(Gd) nanoparticles were predominately distributed in the liver over time and the signal from
the blood pool was below the detection limit of the instrument. R-square signifies the goodness of linear fit.

Abbreviations: SNR, signal-to-noise ratio; MRI, magnetic resonance imaging; T1, longitudinal relaxation time; T2, transverse relation time.

with TRs of 10, 20, and 50 milliseconds. The proceeding in
vivo experiment thus employed a TR of 10 milliseconds and
flip angle of 20° to acquire images with a temporal resolution
of 10 seconds per acquisition.

In vitro cytotoxicity study

Since most gadolinium-based contrast agents are cleared
through the kidney, it is essential to study the in vitro toxicity
on HK-2 cell lines associated with the gadolinium-chelated
N2(Gd) nanoparticles (Figure S13). The half maximal inhibi-
tory concentration (IC, ) values for N2(Gd) nanoparticles are
0.33 mM, 0.45 mM, and 0.49 mM at 24, 48, and 72 hours’
incubation, respectively. The low IC,  value at 24 hours suggests
that the cells were burdened immediately after the exposure
to the nanoparticles; consequently, the IC, | values increased,
suggesting a reduced toxic effect of the nanoparticles with time.
The low IC, values indicated that N2(Gd) nanoparticles have
negligible toxic effect at three-times the clinically administered
dose of gadolinium. Free gadolinium ions from the dissociation
of chelates can cause nephrogenic systemic fibrosis in patients
with insufficient renal clearance. The use of macrocycles present
within biocompatible and kinetically stable polymer nanopar-
ticles could prevent gadolinium-related toxicity.

In vivo MRI studies

Initial in vivo experiments were carried out to evaluate
the application of the N2(Gd) nanoparticles as nano-sized
MRI contrast agents. With small size and poly(ethylene

glycol)-based coronas which are known to prevent
opsonization and uptake by the reticuloendothelial system,**-
it was hypothesized that these nanoparticles would have a
long blood circulation time. The first phase tracer kinetics
(Figure 5C) showed a considerable signal enhancement in
the ventricle of the heart, kidney, and liver. Signal remained
steady in the ventricular space of the heart over 10 minutes
(Figure S14). However, no extracellular uptake of the N2(Gd)
nanoparticles was observed in the kidney. The N2(Gd)
nanoparticles mainly distributed in the blood pool. Typically,
the anti-biofouling nature of poly(ethylene glycol) prevents
opsonization, which is the primary immune response by
macrophages that leads to an increased accumulation of
contrast agents in the reticuloendothelial system.’'>* The
signal increases in the liver up to 5 hours postinjection
(Figure 5D) indicating a long blood retention time, which
could be promising for tumor detection.

After the initial imaging study was carried out, we
decided to investigate the dynamic contrast imaging of
N2(Gd) nanoparticles on SCID mice bearing US7MG
human glioma xenograft tumor, with the aim to investigate
the potential for passive tumor detection. MRI scans were
carried out when the tumor size reached 150-200 mm?® in
volume. The maximum intensity projection image acquired
at 10 minutes post-administration of N2(Gd) nanoparticles
(Figure 6A) showed considerable signal enhancement at
the ventricle of the heart, blood vessels in the kidney, liver,
and tumor. The SNR plot versus time comparing tumor and
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Notes: (A) Maximum intensity projection showing vessels perfusing into the tumor acquired immediately after the administration of the nanoparticle. The vessels are
indicated using yellow arrows. The nanoparticles are localized in the vascular space immediately after administration. (B) First phase kinetics showing perfusion of N2(Gd)
nanoparticles into the tumor with the signal compared to that of the signal from the muscle. The perfusion of nanoparticles into the tumor was significant compared to that
of muscle. (C) The decrease in T| in the tumor environment was measured versus time which suggests that the nanoparticles perfusing into the tumor were retained by the
EPR phenomenon. (D) T| maps in the transversal plane with the tumor on the right flank of the mouse.

Abbreviations: EPR, enhanced permeation and retention; SNR, signal-to-noise ratio; h, hours; ms, milliseconds; MRI, magnetic resonance imaging; T1, longitudinal

relaxation time.

muscle (Figure 6B) demonstrated a signal enhancement in
the tumor compared to the muscle. This is probably due to
polymer nanoparticles penetrating “leaky” blood vessels,
known as passive targeting via the EPR effect at the tumor
during the process of angiogenesis.*** The T1 value
decreased over time (Figure 6C and D) and reached a steady
low value. The long blood circulation time of N2(Gd) nano-
particles together with the EPR effect provides an advantage
for tumor detection by passive targeting.

Biodistribution study

A biodistribution study was then performed on the same
tumor-bearing mice to determine the percentage injected
dose per gram (ID/g) of organs/blood at 2 and 4 hours
postinjection of N2(Gd); analysis was performed using
ICP-MS (Figure 7). The blood Gd content was as high as
14% ID/g at 2 hours postinjection and decreased to 8%
ID/g at 4 hours postinjection. This quantified blood profile

confirms the long blood circulation properties of the nano-
particles. The reticuloendothelial system such as the liver and
spleen received most N2(Gd) at approximately 0.15% ID/g
at 2 and 4 hours. The kidney had relatively low uptake of
Gd: 0.02% ID/g. Although during the first phase of N2(Gd)
nanoparticle administration the kidney had the highest SNR
(Figure 5C), the uptake of gadolinium in the kidney was low
at 2 and 4 hours postinjection, indicating that the amount of
Gd received from the kidney during the first phase is being
excreted together with renal clearance of the nanoparticles.
The tumor received 0.004% ID/g of N2(Gd) at 2 and 4 hours
postinjection, possibly from the uptake as a result of “leaky”
blood vessels. The accumulation of nanoparticles in the
brain was negligible, indicating that N2(Gd) nanoparticles
do not cross the blood—brain barrier. These results confirm
that N2(Gd) remains in the blood for long periods and may
be able to actively target cells once adorned with targeting
moieties via amide bond formation with the succinimidyl

16
14 0.25 = 2 hours
12 o 02 = 4 hours
D2 10 g o
Q g = 005
° 6 0 [ - = | -
o . . .
4 Liver Spleen Kidney Tumor Heart Brain
2
0 _ _
Blood Liver Spleen Kidney Tumor Heart Brain

Figure 7 Gadolinium content at 2 and 4 hours postinjection of N2(Gd) branched copolymer nanoparticles at a dose of 0.045 mmol/kg in SCID mice bearing US7MG

xenograft tumor.
Abbreviation: % ID/g, percentage injected dose per gram.
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Figure 8 Encapsulation of Nile red within N2(Gd).
Notes: (A) Nile red in H,0; (B) N2(Gd) in H,O; and (C) N2(Gd) plus Nile red in
H,O after filtration.

ester benzoic acid functionalities. With a high relaxivity and
a long blood retention time, N2(Gd) nanoparticles could
potentially be considered for application in magnetic reso-
nance angiography at a low dose of gadolinium.>¢>’

Hydrophobic guest encapsulation

To demonstrate the structural advantages of our branched
copolymer nanoparticles, the hydrophobic dye Nile red was
encapsulated within the hydrophobic core of N2(Gd). Excess
Nile red and N2(Gd) were dissolved in acetone, and H,O was
added dropwise. The solution was left to stir at room tempera-
ture and acetone allowed to evaporated. The resulting aqueous
solution was filtered and the loading capacity determined at
approximately 10 percentage by weight of Nile red with respect
to N2(Gd). This loading capacity is typical for similar branched
copolymer nanoparticles prepared in our laboratory. The solu-
tion obtained displayed an intense red/purple color indicating a
successful encapsulation (Figure 8). Relaxivity measurements
determined the r, to be 12.75 mM™'s™!, and only slightly lower
when compared to pure N2(Gd) (r =14.16 mM™'s™), confirm-
ing that the presence of the hydrophobic guest has little effect
on relaxivity and MRI capabilities. It is hypothesized that the
presence of the DO3A macrocycles within the nanoparticle
core improve the hydrophilicity to the extent that surrounding
water molecules are able to approach the core and exchange
with the coordinated water in the Gd(DO3 A) macrocycles. This
experiment further demonstrates the utility of these branched
copolymer nanoparticle platforms. We have observed that
these branched copolymer nanoparticles are highly stable when
chelated with Gd and loading with Nile red. After storing for
3 months, no precipitation was observed and the samples still
displayed high relaxivity values.

Conclusion

Stable branched copolymer nanoparticles of varying sizes
(D, =20-35 nm) have been developed and employed as MRI
nanosized contrast agents. RAFT polymerization has been
employed to prepare these novel nanoparticles possessing
DO3A macrocycles within their cores and succinimidyl
ester benzoate functionalities within their coronas. It has
been demonstrated that these nanoparticles can chelate
gadolinium, and in vitro cytotoxicity studies using HK-2
cells established their negligible toxicity profile. In vivo
MRI experiments showed that these nanoparticles have a
high relaxivity and a long blood retention time. Xenograft
experiments further illustrated the ability of these nanopar-
ticles to perfuse and passively accumulate in tumor cells,
presumably through the enhanced EPR effect. The presence
of the succinimidyl ester benzoate functionalities within the
nanoparticle coronas will permit future surface modification
with fluorophores or targeting moieties to generate nanopar-
ticles to study opportunities for bimodal imaging nanoprobes
or active cell-targeting contrast agents. The chelation with
different metal ions (*"'In(I1) and **Ga(II1)) may also afford
various single-photon emission tomography/positron emis-
sion tomography nanoprobe contrast agents. We have also
shown that it is possible to load hydrophobic guest molecules
(Nile red) within the nanoparticle cores, without any signifi-
cant loss in relaxivity, which demonstrates the potential for
simultaneous bioimaging and drug delivery.
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