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Introduction

Optimized gadolinium-DO3A loading in RAFT-
polymerized copolymers for superior MR imaging
of aging blood-brain barriery

Hunter A. Miller,? Aaron Priester,® Evan T. Curtis,® Krista Hilmas,© Ashleigh Abbott,®
Forrest M. Kievit @2 and Anthony J. Convertine O+

The development of gadolinium-based contrast agents (GBCAs) has been pivotal in advancing magnetic
resonance imaging (MRI), offering enhanced soft tissue contrast without ionizing radiation exposure.
Despite their widespread clinical use, the need for improved GBCAs has led to innovations in ligand
chemistry and polymer science. We report a novel approach using methacrylate-functionalized DO3A
ligands to synthesize a series of copolymers through direct reversible addition-fragmentation chain
transfer (RAFT) polymerization. This technique enables precise control over the gadolinium content
within the polymers, circumventing the need for subsequent conjugation and purification steps, and
facilitates the addition of other components such as targeting ligands. The resulting copolymers were
analysed for their relaxivity properties, indicating that specific gadolinium-DO3A loading contents
between 12-30 mole percent yield optimal MRI contrast enhancement. Inductively coupled plasma (ICP)
measurements corroborated these findings, revealing a non-linear relationship between gadolinium
content and relaxivity. Optimized copolymers were synthesized with the claudin-1 targeting peptide,
C1C2, to image BBB targeting in aged mice to show imaging utility. This study presents a promising
pathway for the development of more efficient GBCA addition to copolymers for targeted drug delivery
and bioimaging application.

proton relaxation and the most widely used metal in T1
contrast agents for MRI. However, the inherent toxicity of free

Magnetic Resonance Imaging (MRI) has emerged as a critical
tool in diagnostic medicine, offering high-resolution images
of soft tissue without the risks associated with ionizing
radiation. The contrast in MRI is primarily achieved through
the relaxation of water protons, a process that can be
enhanced by contrast agents (CAs). Among various elements
used for this purpose, gadolinium (Gd**) stands out. It has 7
unpaired electrons which yield a high magnetic moment
(7.94 uB)," and it has long electron spin relaxation times
(107°-107% 5)." These properties make it excellent at enhancing
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Gd®" necessitates its use in a bound form to prevent in vivo
metal ion release. This has led to the development of various
gadolinium-based contrast agents (GBCAs). The first GBCA,
Gd-DTPA, was approved in 1988, marking a significant
milestone in clinical MRI applications. Subsequent
developments in the 1990s led to the creation of various
extracellular space-targeting GBCAs. Further advancements
saw the introduction of liver-targeting GBCAs, such as Gd-
BOPTA in Europe and Gd-EOB-DTPA, signifying the evolution
and diversification of GBCAs for specific organ imaging. Gd-
labeled polymeric nanoparticles have previously been
synthesized by complexation of Gd*" to carboxylates within
the polymer chain, encapsulating then within the core or
attaching them via surface functionalization. Gd-labeled
linear polymeric macromolecules such as poly(lysines) or
poly(amino acids) have also gained attraction due to their
high Gd loading capacity or large number of residues
accessible for conjugation. R1 relaxivity values for Gd-
containing nanomaterials in these studies have ranged
anywhere from 3.05-10.8 mM " s™', providing excellent MRI
contrast.”” Despite their widespread clinical use over the past
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28 years in over 300 million patients, GBCAs continue to
evolve, driven by advances in MRI technology and the
development of new agents.

The evolution of GBCAs has been significantly
influenced by the selection of appropriate ligands and the
development of various conjugation chemistries. The
choice of ligand plays a pivotal role in the stability,
toxicity, and efficacy of GBCAs. Among the chelating
ligands used, DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) has gained prominence due to its high
thermodynamic stability and kinetic inertness, which are
crucial in preventing the release of toxic Gd** ions in vivo.
DOTA and its derivatives have become an essential part of
improving clinical safety related to limiting both
nephrogenic systemic fibrosis (NSF) and Gd deposition.®
In addition to chelating ligand selection, various
conjugation chemistries have been employed to durably
incorporate Gd into different molecular frameworks. The
thoughtful design of such molecules can expand the
capabilities of GBCAs by altering in vivo behavior and
contrast enhancement. Regarding biodistribution, amide
and ester linkages are commonly used for conjugating Gd
chelates to targeting vectors or biomolecules. Targeted
nanomaterial GBCAs have previously been implemented in
preclinical imaging of various cancers.” The further
refinement of GBCAs will expedite the investigation of
novel targeting strategies and the resulting expansion of
MRI-based diagnostic capabilities. In this work, the
developed GBCA is joined with C1C2, a peptide targeting
claudin-1, to investigate in vivo targeting efficacy. Claudin-
1 is a tight junction protein that appears to be ectopically
overexpressed in brain vasculature in stroke and during
aging.®® The use of GBCAs with targeting moieties enables
use of dynamic contrast-enhanced (DCE-) MRI, which has
been used clinically to assess blood-brain barrier (BBB)
permeation in pathologic conditions such as traumatic
brain injury, stroke, and aging.'*™"®

The design of the GBCA molecular framework also affects
contrast enhancement through various mechanisms.
Attaching Gd to larger structures can benefit contrast by
slowing molecular tumbling rates, thereby decreasing
diffusional and rotational correlation times.'®'” Another
factor in contrast performance is the association of Gd with
water. The degree to which Gd increases contrast is related to
the number of water molecules that can simultaneously
associate with Gd, called the hydration state g. The more
water molecules that can associate with Gd, the more rapidly
Gd can enhance the relaxation of the bulk water. In addition,
the rate of exchange of bound water affects contrast
enhancing properties. Furthermore, the distance (d) between
the Gd and water molecules is inversely correlated with
contrast enhancing properties as the strength of the dipolar
mechanism decays with 1/d.° Previous work has shown that
the Gd loading rate in nanomaterials can influence these
Gd-water  interactions, altering the T1  contrast
enhancement.””'® The morphology of the molecular

1514 | Sens. Diagn., 2024, 3, 1513-1521

View Article Online

Sensors & Diagnostics

framework influences contrast via the interaction of these
factors.

Recently we reported the development of a polymerizable
DOTA ligand, which was utilized to construct theranostic
neuroprotective copolymers integrated with gadolinium-
based MRI contrast agents."® This advancement underscores
the potential of polymerizable DOTA ligands in the
incorporation of gadolinium ligands into polymers.
Employing controlled Reversible Addition-Fragmentation
Chain Transfer (RAFT) polymerization, this method provides
a more streamlined and potentially cost-effective approach
for producing GBCAs. In the current context, we shift our
focus towards further exploring polymerizable DOTA ligands,
specifically aiming to determine the optimal gadolinium
DOTA concentration in various copolymers. This
investigation is directed towards enhancing both the
efficiency and safety of GBCAs, thereby contributing to the
advancement of MRI diagnostics. The developed GBCA was
then tested in vivo with a targeting ligand, C1C2, to illustrate
one application of this novel macromolecular system.

Experimental procedures
Materials

The following chemicals were obtained from Chem Impex
Int'l: 4-dimethylaminopyridine (DMAP, 99.43%), 3-(3-
dimethylaminopropyl)-1-ethyl-carboiimide hydrochloride
(EDC, 99.9%), 1,3-dicyclohexylcarbodiimide (DCC, 99.42%),
bromoacetic acid tert-butyl ester (99.35%), cyclen (99.6%),
dichloromethane (99.91%), N,N-dimethylacetamide
anhydrous (DMAc, 99.93%), dimethylformamide (DMEF,
99.98%) and trifluoroacetic acid (TFA, 99.9%). 0950
(poly(ethylene  glycol)  methyl ether methacrylate),
gadolinium(ur) chloride hexahydrate (99.9%), mono-2-
(methacryloyloxy)ethyl succinate (SMA), sodium acetate
trihydrate (>99.5%), 4,4’ azobis (4-cyanovaleric acid) (ABCVA,
>98%), hydroxyethyl methacrylate (HEMA) and deuterium
oxide (D,O 99.8 at%) were obtained from Sigma Aldrich.
Chloroform-d (CDCl;, 99.8% w/ 1% TMS) was obtained from
Thermo Scientific. Hexanes (mixed isomers, 98+%) and
methanol (>99%) were obtained from Alfa Aesar. 4-((((2-
Carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid
(CCC, 95%) was obtained from Boron Molecular. Oxalyl
chloride (>98%) and triethylamine (TEA, >99%) were
obtained from TCI. Potassium hydroxide (KOH) was obtained
from Fisher Scientific.

Synthesis of di-tert-butyl 2,2'-(4-(2-isopropoxy-2-oxoethyl)-
1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetate (BOC DO3A).
Precursor material BOC DO3A (1,4,7,10-
tetraazacyclododecane-1,4,7-triacetic acid, tri-tert-butyl ester
hydrobromide) for BOC DO3A-MA was synthesized as
described previously.>® Briefly, to a 1 L round bottom flask
was added cyclen (25 g, 0.145 moles), sodium acetate
trihydrate (65 g, 0.478 moles), and 200 mL of
dimethylacetamide and stirred for 30 minutes. A solution of
bromoacetic acid tert-butyl ester (93.5 g, 0.478 moles) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dimethylacetamide (200 mL) was then added dropwise over
90 minutes or added dropwise while the temperature was
kept between 25-30 °C. The stirred solution was then allowed
to react for ~60 hours. To the gelatinous white solution was
then added 100 mL of diethyl ether after which the mixture
was placed in the freezer at —20 °C for three hours. After this
time, the mixture was vacuum filtered, washed once with
cold dimethylacetamide (50 mL x 2) followed by cold diethyl
ether (125 mL x 2). The crude powder was then dissolved into
500 mL and then transferred to a separation funnel where it
was washed three times with distilled water and twice with
saturated brine solution. The organic phase was then dried
over MgSO, and rotary evaporated until a thin oil of ~200 g
remained. The oil was diluted with 400 mL of hexanes and
allowed to stir until the product re-crystallized. The resultant
product was then washed with cold hexanes and then dried
under vacuum yielding 50 g of a white solid (58% yield). 'H
NMR in CDCl; of BOC DO3A precursor powder is shown in
ESI Fig. S1A. All NMR measurements were made on the
Nanalysis 60 MHz benchtop "H NMR.

Synthesis  of  2-(methacryloyloxy)ethyl  4-chloro-4-
oxobutanoate (SMA Cl). To a 250 mL flat bottomed flask was
added dichloromethane (73 mL) and dimethylformamide
(730 pL). The solution was then cooled to —20 °C after which
time the round bottom flask was transferred to an ice bath.
To this solution oxalyl chloride (20 g, 0.157 moles) was then
added dropwise with stirring over 10 minutes. A solution of
SMA (18.1 g, 0.08 moles) in dichloromethane (18.1 g) was
then added dropwise added to the oxalyl chloride solution.
The solution was then allowed to react for two hours after
which time the acid chloride was isolated by rotary
evaporation and used without further purification. "H NMR
of isolated SMA Cl in CDCl; is shown in ESIf Fig. S1B.

Synthesis of tri-tert-butyl 2,2',2"-(10-(4-(2-(methacryloyloxy)
ethoxy)-4-oxobutanoyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate (BOC DO3A-MA). To a 250 mL round bottom
flask was added TRI-BOC (10 g) and 250 mL of
dichloromethane. The solution was then transferred to an ice
bath and a solution of triethylamine (3.78 g, 0.037 moles)
and dichloromethane (10 mL) was added dropwise. The
solution was then cooled to -20 °C in the freezer. To the
chilled solution, SMA acid chloride (4.65 g) in
dichloromethane (25 mL) was then added dropwise over 20
minutes after which time the reaction was allowed to proceed
for 20 hours. After this time, the solution was transferred to a
separation funnel where it was washed once with distilled
water and then three times with sodium bicarbonate (0.6 M).
The organic phase was then dried over MgSO, and then
rotary evaporated to yield the product (11.9 g, -81% yield).
'H NMR of BOC DO3A-MA monomer in CDCl; is shown in
ESIt Fig. S1C.

Deprotection of BOC DO3A-MA (DO3A-MA synthesis). (1 g)
was mixed with 6 mL of a 75% by volume solution of TFA
in methylene chloride. The solution was then stirred for 18
hours after which time the methylene chloride and TFA
were removed by rotary evaporation. '"H NMR of deprotected

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

BOC DO3A-MA (simply, DO3A-MA) in D,O is shown in ESI}
Fig. S1D.

Synthesis of poly((DO3A-MA)-c0-0950) series (MRI series
copolymers) and C1C2 peptide-targeted 12 wt% DO3A-MA
copolymer. Copolymerizations of DO3A-MA and 0950 were
conducted in DMAc at an initial total comonomer
concentration of 50 wt% with a CTA to initiator ratio ([CTA]y/
[1]o) of 10 to 1 and a monomer to CTA ratio ([M],/[CTA],) of
25 to 1. The weight ratios of BOC DO3A-MA to 0950 were
varied to yield a series of polymerizations with between 4 and
40 wt% DOTA. Polymerization solutions were purged with
argon for 30 minutes and then transferred to a preheated
water bath at 70 °C for 24 hours. Following polymerization,
the copolymer solutions were transferred to Spectrapor
regenerated cellulose dialysis membranes (preequilibrated in
distilled water) and then dialyzed against acetone (x2) for one
day followed by deionized water (x3) for two additional days.
Following dialysis, the polymerization solutions were frozen
and then isolated by lyophilization. A representative
procedure for the 12 wt% DO3A-MA copolymer is as follows:
to a 5 mL round bottom flask was added 0950 (0.88 g, 0.926
mmol), DO3A-MA (0.12 g, 0.215 mmol), 0.27 g of a 50 mg g™*
CCC stock in DMAc (13.5 mg, 44.9 umol), 0.24 g of a
5 mg g ' ABCVA in DMAc (1.20 mg, 4.28 umol), DMAc (0.43
g) and 84 uL of 59.5 mg mL™"' REMA stock in DMF.
Quantitative monomer conversion was confirmed by "H NMR
in CDCl; by following the disappearance of the vinyl
resonances (2H, 5.5 and 6.0 ppm) of the monomers relative
to a DMF reference peak (1H, 8 ppm). "H NMR of purified
polymers in D,O were measured prior to complexation. After
Gd*"  optimization experiments, the polymerization
conditions above for the 12 wt% DO3A-MA were repeated but
now included a DP 1 C1C2 peptide targeting monomer (0.135
g, 43.9 pmoles). Additionally, this new polymerization was
conducted in DMSO as opposed to DMAc as the peptide
monomer was insoluble in DMAc. All other conditions were
kept the same. Mass spectroscopy for the synthesized C1C2
monomer can be found in ESI} Fig. S2 and S3.

GPC analysis of poly((DO3A-MA)-c0o-0950) series polymers.
In preparation for GPC measurements, 0.4 g of each
poly((DO3A-MA)-co-0950) series polymer were esterified with
methanol (1.5 mL, 36.9 mmoles) using
4-dimethylaminopyridine (DMAP, 0.10 g, 0.819 mmoles) as
catalyst and 3-(3-dimethylaminopropyl)-1-ethyl-carbodiimide
(EDC, 0.16 g, 0.835 mmoles) as coupling agent. Molecular
weights for the copolymer series were determined using the
Agilent Gel Permeation Chromatographer (GPC) with PMMA
standards and DMF + 1% LiBr as the solvent.

Gd complexation of poly((DO3A-MA)-co-0950) series
polymers. A stock solution of GdCl;-6H,O in distilled water
(200 mg mL™") was made in preparation for complexation.
GdCl;-6H,O was added to each polymer solution in a 3x
molar excess with respect to DO3A-MA residues. A series of
dilutions of GdCl;-6H,O solution were prepared such that 1
mL of each concentration could be added to each series
copolymer. Copolymers were dissolved in 14 mL of distilled
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water followed by addition of 1 mL of the appropriate Gd
stock concentration. pH of the solution was adjusted to 6
using 1 M KOH solution in distilled water. Polymer solutions
with Gd were then placed in 25 mL round bottom flasks,
sealed with rubber septa and parafilm and placed in a pre-
heated water bath overnight at 40 °C (~18 h). Polymer
solutions were then transferred into regenerated cellulose
dialysis tubing (12-14 kDa cutoff) and dialyzed against
distilled water for 3 days. Purified polymer solutions were
frozen and lyophilized. Following lyophilization, C1C2-
containing polymer was dispersed in buffer at a
concentration of 10 mg mL™" and run through a PD10
desalting column. The eluent was collected, frozen and
lyophilized.

Relaxivity characterization. T1 and T2 relaxivity of samples
were measured using a 9.4 T MRI (Varian) equipped with a 4
cm Millipede RF imaging probe with triple-axis gradients
(100 G em™ max). Solutions of GPDNs across the range of
wt% DO3A-MA residues were prepared at 7 Gd(m)
concentrations from 0.25-0 mM diluted in PBS. Prepared
samples were arranged in a custom sample holder and
imaged first using a fast spin-echo sequence for T1 mapping,
then with a multi-echo multi-slice sequence for T2 mapping.
The parameters common for both sequences were as follows:
temperature = 22 °C, field of view (FOV) = 25 x 25 x 3 mm®,
matrix size = 128 x 128 voxels. The fast spin-echo sequence
had the following additional parameters: 11 repetition times
(TRs) logarithmically spaced from 200-12000 ms, effective
echo time (TE) = 20.67 ms, echo train length = 8, echo
spacing = 5.17 ms, number of averages = 2. MATLAB was
used to map T1 by fitting signal to the following equation:

s = 50(1—e'T—T1R>

where S is the measured signal in a voxel, S, is the signal in

that voxel at saturation, TR is the repetition time, and T1 is
the longitudinal relaxation time.

The multi-echo sequence had the following additional
parameters: TR = 3000 ms, number of echoes = 10, 10 TEs
linearly spaced from 10-100. T2 mapping was also performed
in MATLAB using the following equation:

S = A-e 15

where S is the measured signal in a voxel, A is a scaling

factor, TE is the echo time, and T2 is the transverse
relaxation time. From the T1 and T2 maps, r1 and r2 were
then calculated as the slope of the plots of 1/T1 or 1/T2 versus
Gd concentration.

In vivo DCE-MRI of targeted and non-targeted polymers

DCE-MRI was performed using the same 9.4 T MRI system
(Varian) above to assess the effect of targeting agent C1C2 on
tissue accumulation as previously described.*"? Briefly, CD-1
mice (Charles River) were induced and maintained with 1-
2% isoflurane to maintain 50-80 breaths per minute. Pre-
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contrast gradient-echo images were collected at two flip
angles (FAs), 10° and 30°, for T1 mapping with the variable
flip angle method.>"®* Mice were injected via tail-vein
catheter with 100 pL 12% poly((DO3A-MA)-co-0950)
copolymers with or without C1C2 along with 100 uL PBS. The
injection was followed by 45 minutes of post-contrast
imaging. All post-contrast gradient-echo scans used the
following parameters: TR = 54.28 ms, TE = 2.73 ms, FA = 30°,
FOV = 20 x 20 x 10 mm?, 10 slices of 1 mm thickness, matrix
size = 128 x 128 voxels, number of averages = 4. Following
image acquisition, R1, concentration, and K™ maps were
generated using a custom MATLAB script. R1 maps used the
variable flip angle method with the following equation:**
SsPGR 1

— OSPGR B 4 M (1 - e%)
tan(a) Mo

SspGr
sin(a)

where Sspgr is signal intensity, o is FA, and M, is a

proportionality  factor related to the longitudinal
magnetization. Concentration maps were then made by
comparing baseline R1 and post-contrast R1 maps with the
following equation:

R1(t) — R1(ty)

) = rl

where C(¢) is the concentration at time ¢, R1(¢) is the post

contrast R1 at ¢, R1(¢,) is the baseline R1, and r1 is the
relaxivity of the contrast agent. K™", the contrast
extravasation rate constant, was then calculated based on the
Patlak model and the following equation:

C(£) = vpCa(t) + K™ ® Cy(?)

where C is the tissue concentration, C, is the arterial plasma
concentration, v, is the plasma volume fraction, and ® is
convolution. The use of the Patlak model is supported by
previous work in assessment of the subtle BBB permeability
changes related to aging.>**>* Statistical analysis comparing
mean values of K™" was completed using a t-test with
Bonferroni correction. Significance was set as corrected p
values less than 0.05.

Results and discussion

The direct controlled polymerization process employed for
integrating chelating ligands into therapeutic polymers
effectively eliminates the need for additional conjugation and
purification steps. Utilizing a methacrylate-functionalized
DO3A ligand (DO3A-MA), the procedure begins with the
selective protection of three out of the four amine groups on
the cyclen molecule with BOC groups, as described by Moore
et al*® This leaves one amine group free to react with SMA
Cl, subsequently introducing a single methacrylate group for
polymerization. The final step in the synthesis involves the
deprotection of the BOC groups under strongly acidic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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70°C24 h

2. GdCl; H,O pH 6.0
18h 40 °C

C1C2 = SSVSQSTGQIQSKVDSLLNLNSTQATR-CONH2

Scheme 1 Synthetic scheme for the preparation of gadolinium-functional polymers via the direct RAFT copolymerization of O950 and DO3A-MA

along with the addition of a peptide-targeting monomer (C1C2).

conditions, revealing the active amine sites essential for the
gadolinium chelating functionality of the monomer.

The synthetic process employed to synthesize copolymers
of poly(ethylene glycol) methyl ether methacrylate (0950)
DO3A-MA is shown in Scheme 1. Here copolymerization was
conducted in DMAc with at a total monomer concentration
of 50 wt%. These polymerizations employed a
trithiocarbonate-based RAFT agent (CCC), with a CTA to
initiator ratio ([CTA]y/[I],) of 10:1 and a monomer to CTA
ratio ([M]o/[CTA],) of 25:1. Adjustments to the molar ratios
of Gd-MA to 0950 yielded copolymers with varying DOTA
residues, from 4 to 50 wt%. The polymerization solutions
were purged with argon for 30 minutes before being heated
to 70 °C for a 24-hour reaction period. Following purification,
the copolymer compositions were determined by 'H NMR
spectroscopy. A representative 'H NMR spectra for the
copolymer series is shown for the 12 wt% DO3A-MA
copolymer in ESIf Fig. S4. Copolymer molar masses and
molar mass dispersity values were determined via GPC in
DMF + 1% LiBr. These results are shown graphically in a
waterfall plot in ESIf Fig. S5. The shift in the retention time
for the different copolymers is very subtle due to the log scale
of molecular weight and the target molecular weight and

control over the RAFT polymerizations. Gadolinium was then
introduced to the copolymers by incubating them with
gadolinium chloride in water at pH 6.0 for 18 hours.

Gadolinium concentrations within the copolymer series
were determined using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) with the results
presented in Table 1. Concentrations ranged from 0.496 mM
for the 4% Gd-DO3A-MA copolymer to 28.175 mM for the
40% Gd-DO3A-MA copolymer, allowing for a correlation
between the gadolinium content and relaxivity properties to
be established. The ICP data indicated a non-linear
correlation between the Gd-DO3A-MA percentage in the
copolymers and the resulting gadolinium concentration in
the solutions. Particularly, the 40% and 50% Gd-DO3A-MA
copolymers showed significant increases in gadolinium
concentration. This association underscores the influence of
gadolinium concentration on the magnetic behaviour of the
copolymers, a factor critical to their application as MRI
contrast agents.

MRI was used to measure R1 relaxivity (r1) and R2
relaxivity (r2) of the copolymer series at 9.4 T. Such a
measurement is essential for assessing their utility as MRI
contrast agents. r1 exhibited a peak at the 12% Gd-DOTA

measurements,

conversion for the entire copolymer series. As shown by GPC,  concentration, with a value of 4.35 mM™" s™', denoting a
all traces were unimodal and narrow, indicating sufficient  marked contrast enhancement. However, beyond this
Table 1 Polymer composition data, gadolinium quantification and relaxivity measurements
DO3A-MA DO3A-MA Mn, Mn, Monomer

Sample  feed (mol%)  exp (mol%) theo (kDa) exp (kDa) conversion (%) Dispersity () [Gd] (mM) r1 r2 r2/r1
1 4 2 20.7 20.0 90 1.24 0.496 1.67 27.47 16.41
2 8 7 21.9 17.6 98 1.18 0.494 3.75 14.36 3.82
3 12 13 19.8 16.5 93 1.20 0.244 4.35 10.05 2.31
4 20 17 18.9 17.7 91 1.18 0.537 2.68 8.09 3.02
5 30 30 17.8 15.2 92 1.17 0.781 2.69 6.12 2.27
6 40 35 16.9 13.7 91 1.20 28.175 1.77 17.88 10.11
7 50 40 16.1 13.1 92 1.26 17.572 3.30 38.11 11.56

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 r2/rl ratio as a function of Gd concentration in (DO3A-MA)-co-
0950 series polymers.

concentration, a decline in r1 was noted. This r1 value is
lower than many reported in the literature for polymeric Gd-
chelators. One polymer system incorporating Gd-AAZTA
showed r1 of 16.4 mM ' s at 0.5 T,*® while another based
on Gd-DO3A showed r1 of 14.5 mM ' s™* at 0.47 T.”® These r1
values are much higher, but the influence of field strength is
relevant for proper interpretation. The copolymers presented
here have molecular weights much higher than small
molecule contrast agents, yielding longer rotational
correlation times. At low field, this can greatly enhance r1, as
seen in the examples referenced above. At higher field
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strengths however, the benefits to r1 decrease and all things
equal a faster tumbling molecule may be preferred.”” An
additional factor affecting r1 is the water coordination time
(tm) of the agent. 7 is not quantified here, but previous
studies of Gd-DO3A have shown relatively high values around
450-500 ns,*®*° though the molecular context surrounding
the chelator would impact the observed value. Considering
r2, values decreased until the 30% concentration, beyond
which an increase was observed, suggesting diminishing
benefits at higher gadolinium levels. Correlating ICP-MS-
measured gadolinium concentrations with MRI-derived
relaxivity values provided insight into the observed trends.
This was illustrated in Fig. 1, which showed the relationship
between relaxivity ratio (r2/r1) and gadolinium-loading within
the copolymer (mmoles Gd/mg polymer). The trend was
somewhat U-shaped, showing high r2/r1 at either extreme of
Gd-loading per mg polymer. The findings suggest a
saturation effect in r1 at lower Gd levels and indicate a
potential threshold beyond which transverse relaxation (R2)
effects dominate with additional gadolinium, inhibiting
positive contrast enhancement. The r2/r1 value of a contrast
agent tends to increase with field strength, which can
preclude its use for T1 contrast. The GBCA MS-325 which
binds with human serum albumin has r2/r1 values at 1.4 T
and 9.4 T of 2.4 and 14.7 mM " s, respectively.>” Further,
Gadomer, a dendrimer-based GBCA shows r2/r1 values at
0.47 T and 4.7 T of 1.03 and 2.42 mM " 57", respectively.*’
Unfortunately, characterization of r2 is not ubiquitous in
studies of GBCAs. Relaxivity values varied across Gd-MA feed
percentages despite the proportional change in water
coordinating ability. This may reflect limitation of water
access to the inner-sphere of Gd®" related to secondary
structure or slow water exchange. Further investigation into
the exact mechanisms of this difference is an interesting
subject for future work. The observed r2/r1 ratio trends

- k%k ns ns ns ns
0.015 ® Control
°® ® (C1C2
[ ]
() s ]
[} [}
0.005 - g .
TEEE Y I TR
i ;% it
—.| T T T .I
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Region

Fig. 2 Imaging C1C1 targeted and control GBCA copolymer accumulation in brain following intravenous administration in aged mice. (A) K"
maps showing comparative accumulation in the corpus callosum (CC). (B) Comparison of accumulation determined by K'"S measurements in the
CC, hippocampus (HC), hypothalamus (HT), muscle as a control, and cortex in aged mice. Statistical significance was determined by t-test with a

Bonferroni correction.
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confirmed the superior performance of the 8% and 12% Gd-
DOTA concentrations in T1-weighted imaging. This ratio,
alongside the relaxivity trends, implies a balance is achieved
at these concentrations, effectively enhancing MRI contrast
while considering the economic and safety implications of
gadolinium usage. The 12% Gd-DO3A-MA level thus present
the most promising characteristics for clinical MRI
diagnostics. Continued research into the mechanisms behind
these relaxivity properties is crucial and could inform the
development of more refined GBCAs.

Following optimization of Gd-DO3A-MA levels at 12%,
C1C2, a ligand targeting claudin-1, was introduced into the
copolymers and tested in an in vivo model of normal aging.
Previous work with C1C2-targeting has shown increases in
both claudin-1 expression on the BBB and brain uptake, as
measured with DCE-MR], in aging mice. K"*"* maps, showing
the contrast extravasation rate constant at each voxel, were
generated and regions of interest drawn in the corpus
callosum (CC), the hippocampus (HC), the hypothalamus
(HT), the cortex, and muscle. C1C2-targeting significantly
increased copolymer uptake in the CC compared with the
non-targeting control (Fig. 2). None of the other brain regions
nor muscle showed significant differences between C1C2 and
control copolymers. The increase in the CC was expected
based on a similar finding in our previous work with C1C2-
targeted Gd,O; nanoparticles.® The present results diverge
from the previous however in the HT and cortex, where no
significant difference was shown here compared with drastic
differences prior. While an effect of C1C2-targeting may have
been expected in the HT and cortex, there are a number of
differences between the two nanoparticle systems that may
contribute to the observation. One major difference is in the
orientation of the C1C2 peptide, which is inverted here
relative to the previous work. This difference likely alters the
interaction between C1C2 and claudin-1 on the endothelium,
changing the rate of permeation from plasma into the brain
parenchyma. Along with the C1C2 orientation, there are
differences in the peptide loading density, which alters
avidity and cellular internalization behavior.’’* Some
additional factors lie with the mice: age, strain, and
biological sex. The animals in this work were 13-month-old
female CD-1 mice, while the previous work involved 12-
month-old males and females from a C57BL/6] line.
Differences between male and female mice in BBB
permeability following traumatic brain injury have been seen
by several groups including our own.'*?*?* Despite these
differences, the use of C1C2-targeting is shown as effective
using the developed GBCA, illustrating its utility in future
nanoparticle targeting and MRI diagnostic applications.

Conclusion

In conclusion, the direct RAFT copolymerization of
polyethylene glycol methacrylate (0950) with a DO3A-MA has
been demonstrated as an effective strategy for the synthesis
of Gd-functional polymers. The optimized polymerization

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions, including the controlled monomer to CTA and
CTA to initiator ratios, have resulted in copolymers with
variable gadolinium content, exhibiting desirable relaxivity
profiles suitable for MRI contrast applications. The ICP and
relaxivity data suggest that certain gadolinium-DOTA
concentrations within these copolymers offer improved
contrast enhancement, with 8% and 12% concentrations
providing the most promising results. This streamlined
approach allowed for simple, one-pot synthesis of C1C2
peptide modified polymers for BBB targeting in aged mice.
These findings reveal a facile synthesis approach for optimal
MRI contrast enhancing properties of GBCA-modified
copolymers and nanoparticles.
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