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Nanoparticles Based on Star Polymers as Theranostic
Vectors: Endosomal-Triggered Drug Release Combined

with MRI Sensitivity

Yang Li, Hien T. T. Duong, Sophie Laurent, Alexandre MacMillan, Renee Megan Whan,
Luce Vander Elst, Robert N. Muller, Jinming Hu, Andrew Lowe, Cyrille Boyer,*

and Thomas P. Davis*

Dual-functional star polymers (diameters 15 nm) are synthesized producing
nanoparticles with excellent colloidal stability in both water and serum. The
nanoparticles are built with aldehyde groups in the core and activated esters
in the arms. The different reactivity of the two functional groups to sequen-
tially react with different amino compounds is exploited; doxorubicin (DOX)
and 1-(5-amino-3-aza-2-oxypentyl)-4,7,10-tris(tert-butoxycarbonylmethyl)-
1,4,7,10-tetraazacyclododecane (DO3A-tBu-NH;)—a chelating agent effective
for the complexation of Gadolinium ions (Gd). The activated ester group is
employed to attach the DO3A chelating agent, while the aldehyde groups are
exploited for DOX conjugation, providing a controlled release mechanism

for DOX in acidic environments. DOX/Gd-loaded nanoparticles are rapidly
taken up by MCF-7 breast cancer cells, subsequently releasing DOX as dem-
onstrated using in vitro fluorescence lifetime imaging microscopy (FLIM).
Endosomal, DOX release is observed, using a phasor plot representation of
the fluorescence lifetime data, showing an increase of native DOX with time.
The MRI properties of the stars are assessed and the relaxivity of Gd loaded
in stars is three times higher than conventional organic Gd/DO3A complex-
es. The DOX/Gd-conjugated nanoparticles yield a similar ICs, to native DOX
for breast cancer cell lines, confirming that DOX integrity is conserved during
nanoparticle attachment and release.

1. Introduction

Theranostics, a combination of drug
delivery and imaging, is an emerging
field, as progress could potentially lead to
triggered drug release at precise physical
locations (tracking), and provide instan-
taneous feedback on physical responses
to delivery events. Building responses to
different delivery vectors using a range
of imaging techniques, for example,
computer tomography (CT), magnetic
resonance imaging (MRI), positron emis-
sion tomography (PET), and fluorescence
imaging has been described in pioneering
recent work.'l  MRI  responsiveness
remains an attractive target for theranostic
nanoparticle design, as MRI scanners are
readily available in large public hospitals,
and MRI scans do not subject patients to
ionizing radiation. Two different types of
MRI contrast agents (CAs) are commonly
employed to build theranostic devices;
both CAs have the ability to shorten the
surrounding water protons longitudinal
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Second step
Post-modification

Scheme 1. Schematic representation of the synthesis of multifunctional core cross-linked star polymers using sequential postmodification.

(T;) and transversal (T,) relaxation time to improve MRI con-
trast. Gadolinium-based CAs yield positive contrast as indicated
by an increase in image brightening, while, in contrast, iron
oxide nanoparticle-based CAs provide a negative contrast—
leading to image darkening.”l Presently, the most commonly
employed CAs in the clinic is based on gadolinium (Gd). As Gd
is highly toxic, Gd is chelated with small organic compounds to
maintain solution stability while obviating direct interactions of
Gd with biological media.’l Small organic CAs have a number
of shortcomings: i) a short biocirculation times, ii) low contrast
at high magnetic fields, and iii) systemic delivery (nonspeci-
ficity). Recent published work on incorporating Gd into poly-
meric nanostructures has provided some encouragement that
nanoparticle-based CAs can overcome the present application
drawbacks. Polymeric nanoparticles can be easily tuned to
produce sizes from 10 to 200 nm with bespoke morphologies,
potentially to take advantage of the enhanced permeation reten-
tion (EPR) effect, for enhanced targeting. In addition, polymeric
nanoparticles can be easily decorated with targeting moieties to
further improve specific targeting, and they can encapsulate a
greater number of Gd per nanoparticles to enhance local con-
trast.’] In another significant advantage, encapsulating Gd in
nanoparticle structures reduces molecular tumbling, signifi-
cantly increasing the relaxivity of Gd at high magnetic fields.
In previous work, we demonstrated that the relaxivity values
of Gd could be multiplied three times when encapsulated in a
core cross-linked polymer nanogel.*dl Finally, the encapsulation
of therapeutic compounds, such as doxorubicin, in polymeric
nanoparticles have proven superior therapeutic efficacy in com-
parison to single therapeutic compounds in in vitrol® and in
vivol’l for the treatment of various cancers. The main advan-
tages of using polymeric nanoparticles for drug delivery appli-
cations are to increase the aqueous solubility of the therapeutic
drugs, to limit the drug degradation by enzymatic reactions and
to improve the bioavailability of therapeutic compounds. In
addition, the use of biodegradable materials for the preparation
of the nanoparticles allows sustained drug release within the
target sites over a period of days.

In this present work, we extend our previous work on the use
of core cross-linked star (CCS) polymers as MRI nanoparticulate
CAs to reversibly store and deliver a common chemotherapy
drug (doxorubicin). In a versatile (and novel) synthetic strategy,
we exploit two different functional groups within the nanopar-
ticle structure to allow sequential postmodification of the stars,
thereby introducing both Gd chelating agent and doxorubicin

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(DOX). We adopted both activated ester chemistry!® and revers-
ible imine bond formation using aldehyde groups.[®!

2. Results and Discussion

2.1. Synthesis of CCS Polymers

CCS polymers containing a water-soluble segment of
poly(ethylene glycol) and functional groups were prepared
using an “arm-first” method developed by our group.!”
Poly(ethylene glycol) segments were incorporated to imbue
water solubility, while pentafluorophenyl acrylate and vinyl
benzyl aldehyde were introduced to conjugate both a chelating
agent and chemotherapy drugs. First, a copolymer com-
prised of poly(ethylene glycol) methyl ether acrylate (PEGA)
and an activated ester monomer—pentafluorophenyl acrylate
(PFPA)—was synthesized via reversible addition fragmenta-
tion transfer (RAFT) polymerization (Scheme 1).'l Kinetic
studies evidenced that PFPA was consumed faster than PEGA
in the polymerization,!!?l leading to a gradient copolymer rich
in PFPA at the o-end. This gradient result was favorable for
our purpose since this increased the PFPA concentration in
the star arms, exposing the Gd chelates to water molecules,
enhancing water relaxivity properties. Subsequently, P(PEGA-
stat-PFPA) copolymers were chain extended in the presence
of both a cross-linker (N,N-bis(acryloyl)cystamine) and vinyl
benzyl aldehyde (VBA) to generate CCS polymers (Table 1).
GPC traces confirmed the synthesis of well-defined CCS poly-
mers with high-molecular-weight distributions. Free arms
(around 20%) were then completely eliminated by precipita-
tion in mixture diethyl ether and dichloromethane, finally
yielding well-defined stars with PDIs lower than 1.2 (Figure 1).
Subsequently, the stars were analyzed by 'H and F NMR

Table 1. Polymers used in this study.

Mn, ) Dy Fpeca® Fprpa® Fuga®

[g mol™] [%] [%] [%]
P(PFPA-stat-VBA) 9000 116 - 51 49
CCS polymers 84 000 1.16 42 34 24

AMolecular weight and dispersity determined by GPC; ®Molar composition of the
linear polymer and core cross-linked star (CCS) polymer determined by 'H and '°F
NMR analysis.
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Figure 1. GPC analyses of (- -) P(PEGA-stat-PFPA) linear arm and (—)
purified P(PEGA-stat-PFPA-stat-VBA) CCS polymer.

analyses. The presence of vinyl benzyl aldehyde groups was
confirmed by signals at 6.8-7.4 and 9.9 ppm (aromatic and
aldehyde groups, respectively) (Figure 2A). The composi-
tions of the CCS polymers are reported in the Supporting
Information.
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2.2. Conjugation of DO3A and Doxorubicin onto CCS Polymers

Subsequently, the presence of the two reactive groups (alde-
hyde and pentafluoro-activated ester) was exploited to
sequentially introduce functionality to the star structures.
Two different amino compounds, that is, 1-(5-amino-3-aza-
2-oxypentyl)-4,7,10-tris(tert-butoxycarbonylmethyl)-1,4,7,10-
tetraazacyclododecane (DO3A-tBu-NH,) and doxorubicin, were
reacted concurrently. First, DO3A-tBu-NH, was reacted with
pentafluorophenyl ester acrylate groups using an equimolar
ratio, that is, [PFPA:[DO3A] = 1:1. 'H and F NMR analyses
confirmed that the reaction between DO3A-tBu-NH, and PFP
group was selective and quantitative (Figure 2B). Pentafluoro-
phenol was released, after reaction, exemplified by the signals
at —166, —172, and —186 ppm. Interestingly, the signal attrib-
uted to the aldehyde groups (at 9.9 ppm) was not altered after
reaction with DO3A-tBu-NH, (Figure S10, Supporting Infor-
mation), demonstrating that the reaction between DO3A-tBu-
NH,; and the PFP group is selective. Next, the tert-butyl group
was cleaved using trifluoroacetic acid (TFA), as monitored by
!H NMR analysis to follow the disappearance of the signal at
1.4 ppm (Figure 2C). Importantly, the aldehyde signal stayed
unreacted, available for further reaction. Then, the stars were
incubated in the presence of Gd under slightly basic conditions
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Figure 2. "H NMR spectra of A) core cross-linked star (CCS) polymers containing aldehyde and pentafluorophenyl-activated ester; B) CCS polymers
after attachment of DO3A-tBu-NH, C) CCS polymers after hydrolysis of tert-butyl group into carboxylic acid group.
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(pH 8) for 24 h to facilitate complexation. Finally, the stars were
then purified by dialysis until all the excess of Gd was elimi-
nated. The yield of complexed-Gd was estimated to be around
=95% using ICP-OES, in accord with previous observations
published on a similar system.*2!

Finally, the unreacted aldehyde groups in the star cores were
exploited in a condensation reaction to conjugate doxorubicin
(DOX) via Schiff base/imine bonds. The imine bond is revers-
ible as it can be hydrolyzed in acidic media, reforming the
aldehyde, providing a facile mechanism for the pH-stimulated
release of DOX.['¥ The condensation reaction was performed in
a DMSO-water mixture (50/50 v-v) at room temperature in the
presence of triethylamine. After reaction, the stars were puri-
fied using dialysis against DMSO, and then against water, to
yield dark-red solutions. As a control experiment, doxorubicin
was physically loaded into nonfunctional stars, and purified
using the same process. After dialysis, the control solution
proved colorless, confirming that DOX has been completely
removed when only physically bound (data not shown). Subse-
quently, UV-vis analyses were used to assess the doxorubicin
conjugation efficiency via a preconstructed calibration curve
(Figure S13, Supporting Information). DOX concentrations
loaded in the stars (after purification) could be calculated from
the absorbance peak at 490 nm, using the following equation:
[DOX] =A*0/(e* xI), with A*°, €*? and I correspond to
intensity of absorbance peak at 490 nm, extension coefficient
of doxorubicin at 490 nm, and path length, respectively.? The
conjugation reaction yields (calculated by the following equa-
tion: yield (%) = [DOX]/[VBA], with [DOX] and [VBA] stand
for doxorubicin and VBA concentration, respectively) proved to
be very high (yield =80%), that is, 80% of the aldehyde groups
were reacted with DOX. The amount of doxorubicin loaded
in the star polymers could be easily tuned by controlling the
amount of VBA present in the cores.

DLS was used to determine the sizes of the star polymers
dispersed in water, before and after DOX and Gd conjugation.
DLS analyses show a slight increase in star size after doxoru-
bicin conjugation (sizeP® = 15 nm) without any significant
changes to the size distribution (D = 0.1). Transmission elec-
tron microscopy analyses confirmed nanoparticle sizes around
15 nm, in accord with the DLS data (Figure S14, Supporting
Information). It is noteworthy that doxorubicin/Gd-loaded
star polymers could be freeze-dried and redispersed in water
without any identifiable size changes. In summary, the conju-
gated stars display high stabilities in serum, a tuneable drug-
loading capacity, a controlled release mechanism, and high
reproducibility on freeze-drying.[!¥

2.3. Physicochemistry Characterization of CCS Polymers Loaded
with Gd and Doxorubicin

The release of DOX from the star polymers was investigated
under different pH conditions (pH 7.5, 6.5, 6.0, and 5.5)
using fluorescence spectroscopy. The data in Figure 3 show
the rate of doxorubicin release with time. At pH 7.0 (close to
blood pH), doxorubicin release was very slow (after 24 h, only
20% of doxorubicin had been released from the stars). At, pH
5.5-6.0 corresponding to the pH of the endosome or tumor
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Figure 3. Cumulative DOX release profiles from the star polymers incu-
bated in different pH buffers.

tissue doxorubicin was released relatively quickly with 60% of
free doxorubicin evident after 24 h. The integrity of DOX after
release was confirmed by mass spectrometry and fluorescence
spectroscopy evidencing the absence of DOX degradation
during the functionalization and release processes. In addition,
a fluorescence study confirmed the structure of doxorubicin
after release from the star polymers (Figure S15, Supporting
Information).

2.4. In Vitro Cytotoxicity and Intracellular Drug Release
Study Using Confocal Microscopy and Fluorescence Lifetime
Imaging Microscopy

We subjected the Gd- and DOX-loaded stars to in vitro testing
using two different cell lines: MRC-5 lung fibroblast cells and
MCF-7 breast cancer cells. Star polymers (without doxoru-
bicin and Gd) and Gd-loaded star polymers (without DOX)
proved noncytotoxic (below 10 mg mL™) to both cell lines (data
not shown), in accord with our previous study on the toxicity
of P(OEGA)-based polymers prepared by RAFT polymeriza-
tion.*1] The toxicity data for DOX- and Gd-conjugated stars
confirmed an ICs, close to the toxicity of native DOX after 72 h
for cancer cells. In contrast, DOX/Gd-loaded stars presented a
lower toxicity to normal cells (Table 2). Our results showing a
difference of toxicity between DOX-loaded nanoparticles and
native DOX are in accord with previous publications.!%1>1]
The toxicity of the Gd/DOX-loaded stars can be explained by
the release of doxorubicin and its subsequent accumulation in

Table 2. Comparison of ICsy(x 1076 wm) values for doxorubicin and doxo-
rubicin/Gadolinium-loaded star polymers for MRC-5 normal fibroblast
cells and MCF-7 breast cancer cells (n = 3).

ICso
[x 1076 M)
Cell line Free DOX Star-DOX
MRC-5 0.605 + 0.064 0.952+0.163
MCF-7 0.082 +£0.011 0.084 £0.011

Adv. Healthcare Mater. 2014,
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Figure 4. Confocal microscopy after 24 h incubation of A) DOX/Gd-loaded star polymers and
B) native DOX; 1) DAPI-stained nuclei, 2) DOX channel, 3) merged DAPIDOX channel. DOX
fluorescent images were acquired at A% =485 nm and A°™ =595 nm. (Note: DOX concentration
was fixed at 0.5 x 1078 m for all the experiments).

the nucleus of the cells as confirmed by confocal microscopy
measurements. An established mechanism of chemotherapy
action of DOX depends on the accumulation of DOX in the
nucleus of cells damaging the DNA, ultimately resulting in cell
death. Figure 4 shows different confocal microscopy images
taken after 24 h for both Gd/DOX-loaded stars and native DOX.
The nucleus was stained by DAPI to help the visualization of
DOX localization in the cells. Confocal microscopy images
indicate a slow accumulation of DOX (Gd/DOX-loaded star)
in the nucleus after 5 h (Figure S16, Supporting Information)
with a total accumulation after 24 h (Figure 4) for Gd/DOX-
loaded stars (native DOX was seen to accumulate rapidly in the
nucleus). In conclusion, the confocal microscopy suggests a
high cell uptake for the Gd/DOX-loaded star in MCF-7.

We are currently investigating the mechanism of cell
uptake of these nanoparticles. However, previous publications
using PEG-coated nanoparticles have also reported a high cell
uptake in cancer cells and non-cancerous cells via a clathrin-
independent endocytosis pathway. For example, Yang and co-
workers!'”] have investigated the cell uptake of PEG-coated
nanoparticles and have demonstrated a caveoleo-dependent
pathway, but clathrin-independent endocytosis was involved in
the uptake of PEG polymeric micelles in a human ovarian cell
line (A2780). However, it has been well established that the spe-
cific endocytic pathway responsible for uptake of a nanocarrier
can vary greatly and can be dependent on not only cell type, but
also the physicochemical properties of the nanocarrier such as
size, shape, surface chemistry, and charge, among others.[!8]

To probe intracellular release of DOX from star poly-
mers, we invoked fluorescence lifetime imaging microscopy
(FLIM),P>1519] a5 FLIM is a powerful tool for monitoring
dynamic intracellular DOX release from polymeric nanopar
ticles.®*193201 The fluorescence lifetime of a fluorophore cor-
responds to the average time a molecule stays in its excited

Adv. Healthcare Mater. 2014,
DOI: 10.1002/adhm.201400164
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state before returning to the ground state.
In general, the fluorescence lifetime is criti-
cally dependent upon the physicochemical
environment that surrounds the fluorescent
probe.?l FLIM provides an intensity-inde-
pendent measurement, and in the context of
this work, FLIM can be used to monitor the
changes in DOX fluorescence lifetimes based
on the DOX nanoenvironment. In our work,
we could distinguish four different DOX
environments using FLIM measurements:
i) native (free) DOX in media, ii) DOX con-
jugated to the stars in media, iii) native
DOX released from pH-responsive stars in
the cellular organelles, and iv) DOX conju-
gated to stars in the cellular organelles. The
fluorescence lifetimes in aqueous solution
were first measured using time-correlated
single-photon counting (TCSPC). The con-
centration-independent  single-exponential
decay corresponding to a lifetime of 1.0 ns
for native (free) DOX is consistent with the
known published lifetime values,['%J and an
average lifetime of 4.0 ns was determined for
DOX-loaded stars. An increase in DOX fluo-
rescence lifetime has been previously observed for DOX encap-
sulated in polymeric nanoparticles.’*1920 The fluorescence
lifetimes of native DOX and DOX/Gd-loaded stars are substan-
tially different, enabling differentiation in solution, making
FLIM ideal for monitoring intracellular DOX release from star
polymers.

FLIM was then performed using native DOX and DOX/
Gd-loaded stars in a MCF-7 breast cancers cell line (at a con-
centration of 0.5 x 107® m based on DOX). Figure 5 shows the
FLIM images and lifetime distributions taken from cells treated
with native DOX and with DOX-loaded stars after 1 h. Figure 6
shows the fluorescence lifetime distribution of DOX/Gd-loaded
stars in MCE-7 cells for 1, 5, and 24 h of incubation. The life-
time of DOX increased to 2 ns in the nuclei in contrast with its
corresponding value in media solution (1.0 ns). The increased
lifetime of DOX in the nuclei can be attributed to the well-
accepted DOX-DNA intercalation process that subsequently
induces apoptotic cell death. We observed a bimodal lifetime
distribution in the MCF-7 cell line when treated with DOX/
Gd-loaded stars over time. The increase in shorter lifetime
components is consistent with the release of DOX from DOX/
Gd-loaded stars. FLIM measurements can be used to reliably
distinguish and detect both native DOX and DOX/Gd-loaded
stars in the same voxel (otherwise hampered by the overlapping
fluorescence emission spectra).

As demonstrated in Figure 3, DOX release from DOX-loaded
stars can be easily monitored in buffered model reactions, evi-
dencing the effect of pH on release, via the breakage of imine
bonds. However, while useful, the model reactions provide no
guarantee of intracellular bond breakage and subsequent DOX
release. This motivated us to expand our DOX fluorescence life-
time over periods of time using MCEF-7 live cells. As incubation
time increased, we observed a significant decrease in the propor-
tion of =4.6 ns lifetime contribution. However, primary FLIM

wileyonlinelibrary.com 5
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Figure 5. FLIM images and a histogram showing data for cells treated with A) native DOX and B) DOX/Gd-loaded stars after 1 h in media solution con-
taining MCF-7. The FLIM image denotes the fluorescence lifetimes measured at each pixel and displayed as color contrast image. The corresponding

false-color look-up table represents the lifetime distribution.

data allow for only a qualitative measurement. FLIM data can
be manipulated to yield a phasor plot analysis, which presents
the fluorescence lifetime data in a graphical form, negating the
need for exponential fitting to the fluorescence decay.??! Phasor
plotting was originally developed to overcome some of the
drawbacks of FLIM, such as the low photon counts per pixel,
which renders differentiation between one and two lifetimes
difficult.??d In the phasor analysis of lifetime images, lifetime
data at each pixel are transformed. All single-exponential life-
times lie on a universal circle, while multi-exponential life-
times are a linear combination of their components (Figure 7).
The first successful use of phasor plot analysis to study DOX
release from dextran nanoparticles was recently reported by
our group.”® As seen in Figure 7C, the longer fluorescence
lifetime contribution to the phasor plot (highlighted in red) is
predominant after 1 h of DOX/Gd-loaded star incubation in
MCE-7 cells. Over 24 h of incubation, there is a time-dependent
shift to shorter fluorescence lifetimes (highlighted in green
(5 h) and orange (24 h)). This phasor plot shift indicates that
there is an increase in the fractional contribution to fluores-
cence from released (free) DOX over time. In addition, FLIM

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

images for MCF-7 cells demonstrate an increasing concentra-
tion of released DOX with shorter fluorescence lifetime in the
nucleus (Figure 7A) analogous with the free DOX cell uptake
behavior (Figure S17, Supporting Information). This result
suggests that a high fraction of DOX is released from the
star polymers (approximately 90%) after 24 h, in contrast to
the model release profile performed at different pH in model
solutions, where only 60% was observed at pH 5.5 after 24 h
(Figure 3). This difference obtained between model release
and in vitro measurement can be explained by the presence of
other mechanisms of release in the cells, including enzymatic
reactions. The FLIM results support our cytotoxicity results in
MCF-7, where we observed a similar toxicity for MCF-7 using
both native DOX and DOX-loaded star polymers.

2.5. MRI Contrast Agent Relaxivity Measurements
To determine the efficacy of Gd-star-positive contrast agents, the

nuclear magnetic field relaxation dispersion (NMRD) profiles
of Gd-loaded stars and Gd/DOX-loaded stars were measured

Adv. Healthcare Mater. 2014,
DOI: 10.1002/adhm.201400164
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Figure 6. FLIM images and life-time histograms showing cell uptake of DOX/Gd-loaded stars using MCF-7 cells after A) 1 h, B) 5 h, and C) 24 h of

incubation.

at 37 °C (Figure S18, Supporting Information). We observed a
significant increase in the relaxivity (16.9 mm~! s7!) compared
with free (no polymer) DO3A-NH,-Gd (5.2 mm~' s7!). This
result is in accord with our previous studies on the effect of the
polymer architecture on the relaxivity of Gd.*¥ Interestingly,

Adv. Healthcare Mater. 2014,
DOI: 10.1002/adhm.201400164
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we observed a slight (5%-8%) increase in the relaxivity when
DOX was conjugated to the stars as noted in Table 3. This slight
influence of conjugated DOX can be attributed to the influ-
ence of DOX on the star cores giving a more rigid nanoparticle
structure affecting isotropic rotational dynamics, increasing
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Figure 7. A) Fluorescence lifetime in MCF-7 live cells to monitor intercellular released of DOX from DOX/Gd-loaded stars; B) Schematic representation
of phasor plot; C) Phasor plot derived from the FLIM images for MCF-7 breast cancer cells at different incubation times (1, 5, and 24 h) with DOX/
Gd-loaded stars. Red ROI (region of interest) corresponds to the signal after 1 h of incubation; green ROl and orange ROI correspond to the signals
after 5 and 24 h, respectively. Each ROI corresponds to different lifetimes of DOX in the cells corresponding to different amounts of DOX released
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from DOX/Gd-loaded stars.

Tz and yielding ionic r; values in the order of several tens of
mm! 571231 Gd is placed in the star arms to give water acces-
sibility in order to shorten water residence time (7). Finally,
we measured the relaxivity of stars after DOX release. In this
experiment, the sample was incubated for 7 d in acidic water
(pH 5.0) and then dialyzed against methanol to remove released
DOX. UV-vis spectroscopy confirmed the complete release
of DOX. Subsequently, the relaxivity was measured at 20 and
60 MHz (Figure S18, Supporting Information). Interestingly,
the release of DOX had no effect on the relaxivity value of Gd.

3. Conclusions

We have described a simple and versatile synthetic route to ther-
anostic nanoparticles. The nanoparticles were made exploiting
sequential reactions with different amine functionality. The
resultant star (nanoparticle) structure can be easily loaded with

Table 3. Relaxivity values for Gd-loaded star polymers.

Samples r; at 20 MHz r; at 60 MHz
[mms7] [mv7' s
Gd-CCS 16.9 14.3
DOX/Gd-DOX 18.8 14.7
DOX/Gd-DOX (after 19.5 15.7

released of DOX)

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

doxorubicin and Gd/DO3A. This structure presents significant
formulation advantages, for example, this drug-loaded nano-
particle was easily (and reproducibly) regenerated after freeze-
drying. The drug delivery efficacy of the nanoparticle vectors
was complemented by highly effective MRI contrast capability.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. Experimental details are included in the Supporting
Information.
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