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Highly sensitive and safe contrast agents (CAs) are essential for magnetic resonance imaging (MRI) to achieve
accurate tumor detection and imaging. Dendrimer-based macromolecular MRI contrast agents are advantageous
owing to their tumor-targeting ability, enhanced imaging contrast and enlarged imaging window. However,
most of them have drawbacks of non-degradability and thereby long-term retention in body and toxicity. Herein,
a tumor-targeting biodegradable dendritic CA (DCA) (FA-PEG-G2-DTPA-Gd) was prepared from a polyester
dendrimer conjugatedwith gadolinium (Gd) chelates and PEG chainswith distal folic acid. The DCA had a high lon-
gitudinal relaxivity up to 17.1 mM−1 s−1, 4 times higher than the clinically used CAMagnevist. TheMRI contrasted
by FA-PEG-G2-DTPA-Gd outlined the inoculated tumor more clearly, and had much higher contrast enhancement
for amuch longer time thanMagnevist. More importantly, the biodegradable FA-PEG-G2-DTPA-Gd gavemuch less
Gd retentions in all the organs or tissues than non-degradable DCAs. Thus, the high efficiency in MRI contrast en-
hancement and low Gd retention merit it a promising CA for contrast enhanced tumor MRI.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Cancer diagnosed in early stage can be cured by surgery, chemo-
therapy and other therapies, but late stages are highly lethal [1,2].
Therefore, early and accurate diagnosis of tumor is the key to de-
crease tumor mortality [3]. Magnetic resonance imaging (MRI) is an
effective noninvasive approach to detect solid tumors [4,5], owing
to its superior tissue resolution, abundant diagnostic information
and absence of radiation damages.

MRI often requires contrast agents (CAs) to improve its sen-
sitivity [6,7]. Currently used MRI CAs are mainly small molecular
paramagnetic gadolinium (Gd) chelates such as diethylene-
triaminepentaacetic acid-Gd (DTPA-Gd, Magnevist) [8] and Gd-
diethylenetriaminepentaacetic acid bismethylamide (Gd-DTPA-BMA,
Omniscan) [9]. These CAs suffer drawbacks including low longitudinal
relaxivity (R1), non-specificity, and short blood circulation times [10].
Macromolecular Gd chelates, especially dendrimer-based Gd chelates,
have higher relaxivities and longer blood circulation times than the
small molecular CAs, and are capable of preferential accumulation in
tumors via the enhanced permeability and retention (EPR) effect [11],
making them promising for tumor MRI [12,13]. Among them, Gd-
conjugated polypropyleneimine (PPI) and polyamidoamine (PAMAM)
have been widely investigated for tumor imaging to differentiate benign
and malignant tumors [14], tumor angiogenesis [15,16], and early tumor
responses to therapy [17,18]. Targeting groupswere also introduced onto
.
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these dendritic contrast agents (DCA) to confer them active tumor-
targeting ability to further increase the contrast-enhanced MRI [19]. For
example, PAMAM-DTPA-Gd3+ conjugated with folic acid as targeting
group was taken up preferentially by tumor cells, leading to an increase
of over 100% in the R1 of tumor cells and a 33% increase in the contrast
enhancement of ovarian tumors compared with the non-targeting DCA
[20,21].

However, PPI and PAMAM are not biodegradable, and thus their
DCAs made from high generations cannot be effectively excreted from
the body. For instance, 80% of the injected PAMAM-G6 based DCA was
retained in the body after 2 days, and even after 10 days more than
10% of the dose was still in the body [22,23]. The remained CAs in the
body might be internalized by healthy cells and metabolized into toxic
Gd3+ ions, causing problems [24,25]. For instance, many recent reports
linked nephrogenic systemic fibrosis (NSF) to the use of the acyclic gad-
olinium chelates, e.g. DTPA-Gd, [26]. To solve the problems, biodegrad-
able macromolecular MRI CAs were developed in the past years. Lu
et al. designed a series of polydisulfide MRI agents, which could be
degraded by intracorporal thiol through the thiol-disulfide exchange
reaction [27–29]. These degradable CAs had the merits of macromolecu-
lar CAs including relative long blood circulation time and tumor targeting
by EPR effect. On the other hand, these MRI CAs could be readily
degraded in physiological environment, and excreted out of the body
after imaging, avoiding the toxicity problem due to Gd accumulation.
However, the linear biodegradable macromolecular CAs had a wide dis-
tribution inmolecularweight (Mw), leading to heterogenous pharmaco-
kinetics of CAs.

Recently, we developed a facile synthesis of biodegradable polyester
dendrimers from sequential click coupling of asymmetrical monomers

http://dx.doi.org/10.1016/j.jconrel.2013.01.034
mailto:jianbin@zju.edu.cn
mailto:shenyq@zju.edu.cn
http://dx.doi.org/10.1016/j.jconrel.2013.01.034
http://www.sciencedirect.com/science/journal/01683659


240 M. Ye et al. / Journal of Controlled Release 169 (2013) 239–245

N
A
N
O
M
E
D
IC
IN

E

[30], and the synthesis was further simplified by using β-cyclodextrin
core, from which polyester dendrimers with high molecular weights
could be easily synthesized in fewer steps without intensive purifica-
tions [31]. Unlike the linear polymers, the dendrimers had identical
spherical structure and monodispersed molecular weights. The MRI
CAs prepared from these polyester dendrimers had high R1 values and
prominent blood pool contrast enhancement [31]. Herein, PEG and
folic acid, a ligand targeting overexpressed folate receptor on most
cancer cells, were introduced onto the polyester DCAs to achieve a
tumor-targeting biodegradable DCA (Fig. 1). We expected that this
DCA would significantly improve the sensitivity of tumor imaging by
MRI without the long-term Gd-retention problem.

2. Materials and methods

2.1. Materials and measurements

Ethylenediamine and all the organic solvents were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dimethyl
sulfoxide (DMSO) was purified by distillation under vacuum over cal-
cium hydride. α-Hydroxy-ω-allyl-poly(ethylene glycol) (allyl-PEG-OH,
Mn=2000) was purchased from Hai'an Petrochemical Plant (Jiangsu,
China). Gadolinium chloride hexahydrate (GdCl3·6H20) was bought
from Alfa Aesar (Ward Hill, MA, USA). The cellulose ester dialysis
membrane (molecular weight cut off, MWCO=10000) was pur-
chased from Spectrum Laboratories Inc., (Rancho Dominguez, CA).
Amicon Ultra-15 centrifugal filter devices (MWCO=10000) was
purchased from Millipore (Cork, Ireland).

1H NMR spectra were recorded on a Bruker Advance DRX-400
NMR spectrometer at room temperature. The sizes (hydrodynamic
diameters) of the DCAs were measured using a dynamic light
scattering instrument (Zetasizer Nano ZS, Malvern Instruments,
UK). The concentrations of Gd3+ solutions from tissues were mea-
sured by inductively coupled plasma mass spectrometry (ICP-MS,
XSeries II, Thermo Scientific, MA, USA).

2.2. Synthesis of FA-PEG-SH

2.2.1. Allyl-PEG-NH2

The allyl-PEG-NH2 was first synthesized using the method reported
in literature [32,33] (Fig. 1). Allyl-PEG-OH (10.0 g, 5.00 mmol) and
triethylamine (TEA, 3.97 mL, 20.0 mmol) were dissolved in 50 mL
dichloromethane (DCM) at 0 °C. Tosylchloride (3.81 g, 20.0 mmol)
was dissolved in 20 mLDCM, and then added dropwise into themixture.
After reacted at room temperature for 6 h, the solutionwaswashedwith
water, concentrated by rotary evaporation, and poured into diethyl ether
to precipitate out the solid product. The solid product allyl-PEG-OTs was
dissolved in DCM and reprecipitated in diethyl ether for 3 times. The res-
idue was dried under vacuum, giving product allyl-PEG-OTs in a yield of
9.80 g (91% yield). The purified allyl-PEG-OTs (8.72 g, 4.09 mmol) was
dissolved in ethylenediamine (30 mL, 0.449 mol) and refluxed under ni-
trogen at 85 °C for 4 h. The resultant mixture was dissolved in DCM,
washed with water, and then poured into hexane to precipitate out the
solid product. The product was purified by redissolving in DCM and
reprecipitating in hexane for 3 times. The solid product allyl-PEG-NH2

was obtained after drying under vacuum with a yield of 7.98 g (95%).
1H NMR in CDCl3, δppm: 5.88 (m, 1H, CH2_CH\CH2\), 5.24 (d, 1H,
HCH_CH\CH2\), 5.15 (d, 1H, HCH_CH\CH2\), 4.00 (d, 2H, CH2-

CH\CH2\), 3.62 (s, 186H, \CH2\O\CH2\), 2.77 (q, 4H, \CH2-

NH\CH2\), and 2.67 (t, 2H, NH2\CH2\).

2.2.2. NH2-PEG-SH
Allyl-PEG-NH2 (7.94 g, 3.89 mmol), azodiisobutyronitrile (AIBN,

1.09 g, 6.64 mmol) and ethylenedithiol (3.27 mL, 38.9 mmol) were
dissolved in 80 mL ethanol under nitrogen protection. The solution was
sealed and reacted at 70 °C for 12 h. The solutionwas poured into diethyl
ether to precipitate out the solid product. The product was isolated and
purified by redissolving in ethanol and reprecipitating in diethyl ether
for 5 times. The solid was dried under vacuum, giving NH2-PEG-SH prod-
uct with a yield of 90% (7.48 g). 1H NMR in CDCl3, δppm: 3.62 (s, 186H,
\CH2\O\CH2\), 3.12 (s, 2H, \CH2\CH2\CH2\O\), 2.96 (s, 2H,
SH\CH2\), 2.84 (m, 4H,\CH2\NH\CH2\), 2.72 (t, 2H, NH2\CH2\),
2.62 (t, 2H, SH\CH2\CH2\), 2.40 (t, 2H,\S\CH2\CH2\), and 1.85
(t, 2H, \S\CH2\CH2\).

2.2.3. OH-PEG-SH
Similarly, OH-PEG-SHwas synthesized following the same procedure

from allyl-PEG-OH and ethylenedithiol with a yield of 85%. 1H NMR in
CDCl3, δppm: 3.65 (m, 188H, \CH2\O\CH2\), 2.87 (m, 4H, SH\CH2-

CH2\), 2.64 (t, 2H,\S\CH2\CH2\), and 1.87 (t, 2H,\S\CH2\CH2\).

2.2.4. FA-PEG-SH
The activation of folic acid (FA) followed a reported method

[34] with minor modification. FA (1.00 g, 2.27 mmol), N-hydroxy-
succinimide (NHS, 0.287 g, 2.49 mmol), N′-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride (EDC·HCl, 0.498 g, 2.61 mmol)
and TEA (0.379 mL, 2.72 mmol) were dissolved in 10 mL dried DMSO
under N2 protection, and reacted at room temperature in dark for 12 h.
NH2-PEG-SH (4.84 g, 2.27 mmol) dissolved in 10 mL DMSO was then
added into the reaction solution, and stirred for another 12 h under the
same condition. The reacted mixture was poured into 150 mL DCM.
The solution was washed with water, concentrated by rotary evapora-
tion, and then poured into diethyl ether. The precipitate was collected
by filtration and dried under vacuum, giving the product FA-PEG-SH
(5.11 g, 88% yield). 1H NMR in CDCl3, δppm: 8.62 (s, 0.7H), 8.06
(s, 0.7H), 7.61 (d, 1.4H), 7.00 (t, 0.7H), 6.61 (d, 1.4H), 4.45 (d, 1.4H),
4.27 (q, 0.7H) 4.00 (q, 1.4H), 3.48 (s, 184H), 3.03 (t, 2H), 2.90 (m, 6H),
2.76 (t, 2H), 2.55 (t, 2H), 2.28 (t, 1.4H), 1.97–1.89 (m, 1.4H), and 1.72
(t, 2H).

2.3. Synthesis of PEG and FA modified DCA

The second generation dendrimer (G2), which had 80 peripheral
methacrylate groups, was synthesized and characterized by 1H NMR
and GPC as we previously reported [31]. DTPA–NHS was synthesized
and stored in DMSO solution at a DTPA–NHS concentration of
0.72 mmol/mL.

2.3.1. FA-PEG-G2-DTPA
G2 (0.4 g, 0.0137 mmol, 1.09 mmol methacrylate group) and

FA-PEG-SH (0.525 g, 0.205 mmol) were dissolved in 6 mL DMSO.
For the terminal thiol of PEG had very low activity with macromole-
cules, not all the PEG chain could react with the dendrimer, thus an
excess of PEG was added into the reaction. A catalyst tributyl phos-
phine (100 μL 0.4 mmol) was then added into the mixture. The solu-
tion was stirred at room temperature in dark for 1 day, and then
cysteamine (0.0844 g, 1.09 mmol) and DTPA–NHS solution (6 mL,
containing 4.32 mmol DTPA–NHS) were successively added into the
mixture within an interval of 1 h, and stirred for another 12 h. The
mixture was purified by dialysis in methanol for 2 days in dark.
The solvent was removed by rotary evaporation. The product FA-
PEG-G2-DTPA was obtained after drying under vacuum with a yield
of 45% (0.604 g). 1H NMR in D2O (pH=7), δppm: 8.66 (s, 7H), 7.57
(d, 14H), 6.70 (d, 14H), 4.32 (s, 480H), 3.73 (s, 552H), 3.59 (s, 1975H),
3.30 (t, 276H), 3.21 (s, 138H), 3.12 (t, 276H), 2.97 (t, 260H), 2.86–2.60
(m, 1040H), and 1.15 (s, 420H).

2.3.2. FA-PEG-G2-DTPA-Gd
FA-PEG-G2-DTPA (0.2 g) was added into a solution of gadolinium

chloride hexahydrate (1.89 mmol Gd, 1.2 eq.) in 0.1 M sodium ace-
tate buffer solution (pH=7). After the solution was stirred at room
temperature for 1 h, it was filtered by Amicon® Ultra-15 (MWCO



Fig. 1. Schematic illustration of the synthesis of the tumor targeting dendritic MRI contrast agent.
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10,000) four times to remove the excess Gd3+. The remained solution
was then lyophilized, yielding FA-PEG-G2-DTPA-Gd as a yellowish
floccule of 0.121 g (54%).
2.3.3. PEG-G2-DTPA-Gd
The synthesis of PEG-G2-DTPA and PEG-G2-DTPA-Gd followed

the same method using OH-PEG-SH instead of FA-PEG-SH. 1H NMR
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of PEG-G2-DTPA in D2O, δppm: 4.32 (s, 480H), 3.77 (s, 544H), 3.59
(s, 2147H), 3.46 (s, 136H), 3.36 (t, 272H), 3.27 (s, 136H), 3.08 (t, 272H),
2.92 (m, 260H), 2.86–2.60 (m, 1040H), and 1.15 (s, 420H).

2.4. In vitro degradation

FA-PEG-G2-DTPA (14 mg/mL) was incubated in water at different
pH with or without esterase (EC 3.1.1.1, 15 U/mL) at 37 °C. Samples
were taken at timed intervals, lyophilized and measured by 1H
NMR. The degradation of FA-PEG-G2-DTPA was calculated from the
integrations of the ester peak of \CH2\O\CO\ at 4.32 ppm and
the peak from DTPA at 3.73 ppm in the 1H NMR spectra.

2.5. Measurement of the Gd content in DCAs by titration

The Gd concentrations of samples for R1 tests were measured using a
titration method with arsenazo III as indicator [35]. A weighted DCA
sample was digested by 0.5 mL nitric acid for 1 h. Nitric acid was
removed by evaporation at 100 °C and the sample was redissolved in
acetate buffer (pH=3.5). 0.1 mL arsenazo III solution (1.2 μM) was
added into the sample as indicator and then titrated with DTPA solution
(250 mg/L) until the solution color switched from light indigo to tyrian
purple.

2.6. Longitudinal relaxivity (R1) measurement and in vitro MRI

The longitudinal relaxation times (T1) and in vitro MRI were
measured with a 0.52-T MicroMR Imaging & Analyzing System
(Shanghai Niumag Corporation, China) at 32 °C. T1 values of CA solu-
tions with different Gd concentrations ranging from 0.5 to 2 mM in
water were measured. The R1 values of CAs were defined by the
formula (1).

1=T1ð Þobs ¼ 1=T1ð Þd þR1⋅ Gd½ � ð1Þ

where [Gd] is the Gd concentration, (1/T1)obs is the observed relaxa-
tion rate, and (1/T1)d is the relaxation rate of water protons. The
plot of (1/T1)obs vs [Gd] gave the R1 as its slope.

For in vitro MRI, the solutions of FA-PEG-G2-DTPA-Gd, PEG-G2-
DTPA-Gd and Magnevist were prepared at a Gd concentration of
0.2 mM in 2-cm-diameter test tubes. The samples were measured
using a multi-slice spin echo (MSE) sequence. The parameters were set
as follows: TR=300 ms, the effective TE=1.5 ms and the matrix
dimensions=512×512. Signals were recorded by a resonant coil with
an inner diameter of 2 cm.

2.7. Tumor model

All animal studies were performed according to the guidelines
established by the Institute for Experimental Animals of Zhejiang
University. Adult female nude mice at 6-weeks old (average 20 g)
were obtained from the Animal Center of Zhejiang University. About
2×106 KB cells (human nasopharyngeal epidermoid carcinoma cells)
were suspended in 200 μL of PBS and subcutaneously injected into the
right lower back of the nude mice. The MRI study was performed
when the tumor size reached 5 mm in diameter at day 10.

2.8. In vivo MR imaging

Themice were anesthetized by pentobarbital sodium salt at a dose of
80 mg/kg. Contrast-enhanced imaging of mice was performed on a GE
Signa HDx 3TMRI system equippedwith amice coil using a T1-weighted
spin echo (SE) sequence. The imaging parameters were set as follows:
TE=11 ms, TR=360 ms, bandwidth=20.83 kHz, FOV=6 cm and
slice thickness=1.5 mm. The CAs were injected via the tail vein into
the anesthetized mice and the images were acquired at 3, 15, 30, 60
and 150 min post injection. The contrast to noise ratio (CNR) was calcu-
lated using the following equation: CNR=(S−S0)/σn, where S
(post-injection) and S0 (pre-injection) were the signals within the
regions of interest (about 1.92 mm2) and σn was the standard deviation
of noise estimated from the background air. The signal change was eval-
uated semiquantitatively by plotting the CNR within the tumor versus
time. The P values were calculated using the Student's two-tailed t-test,
assuming statistical significance at Pb0.05.

2.9. Measurement of Gd retention in tissues

A group of 3 ICRmice (6 weeks old)were used to study the subacute
Gd retention of FA-PEG-G2-DTPA-Gd in the major organs and tissues.
The mice were injected at a dose of 0.1 mmol Gd/kg via the tail vein,
and then sacrificed by cervical dislocation at 10 days post injection.
The organ and tissue samples, including femur, heart, lungs, liver, mus-
cles, spleen and kidneys, were collected and weighed. The tissue
samples were dissolved in ultra-pure nitric acid and liquefied at
100 °C. The solution was fixed to a volume of 5 mL (100 mL for liver)
by adding water, and then transferred to a centrifuge tube and
centrifuged at 13,000 rpm for 10 min. The Gd concentration in the su-
pernatant was measured by ICP-MS and the average Gd content in
each organ or tissue was calculated accordingly. The Gd content in the
muscle was calculated with an estimate that the muscle was 40% of
body weight [36].

3. Results and discussion

3.1. Synthesis and characterization of the targeted DCAs

In our previous work, the polyester dendrimer has been demon-
strated as a good scaffold for Gd chelates [31]. Their large molecular
weights and rigid structures provided the DCAs a high R1 and a long
blood circulation time. To obtain a tumor targeting biodegradable
DCA, the G2 dendrimer (shown in Fig. 1) with a molecular weight of
29,260 and 80 methacrylate terminals was chosen as the dendrimer
scaffold. Polyethylene glycol (PEG) (Mn of 2 kDa) was grafted onto
the DCA to further increase its blood circulation time. Folic acid, which
targets the overexpressed folate receptors in most tumors, was also in-
troduced onto the DCA as a targeting group. FA-PEG-SH was first syn-
thesized from the bifunctional allyl-PEG-OH in four steps. The final
and intermediate products were characterized by 1H NMR spectra
(shown in supporting information).

FA-PEG-SH was then grafted onto the G2 dendrimer via the Michael
addition reaction between the thiol group in FA-PEG-SH and themethac-
rylate groups of the dendrimer (Fig. 1). 1HNMR spectrum indicated about
11 of the 80 methacrylate terminal groups were conjugated with PEG
chains (about 7 in 11 PEG chains were linked with folic acid) and the
rests were turned into amino groups by reacting with cysteamine, and
then reacted with an excess DTPA–NHS, producing FA-PEG-G2-DTPA.
PEG-G2-DTPA without folic acid for comparison was synthesized
similarly using HO-PEG-SH instead of FA-PEG-SH. Both two dendritic
ligands were examined by 1H NMR spectra shown in Figs. 4. The appear-
ance of peaks at 4.3 ppm (ester bond), 3.8 ppm (DTPA characteristic
peak) and 3.6 ppm (PEG) suggested that both PEG and DTPA were
successfully connected to the polyester dendrimer. From the integration
of the peaks at 8.7 ppm (folic acid), 4.3 ppm (dendrimer), 3.8 ppm
(DTPA) and 3.6 ppm (PEG), the composition of the dendritic ligand
was estimated to be (FA-PEG)11-G2-(DTPA)69 and (PEG)12-G2-(DTPA)68,
respectively, where the subscript numbers represent the number of
functional groups grafted onto the dendrimer, close to those initially
designed. The DCAs were finally obtained after the complexation
with Gd. The pH of the DCAs in water should be kept at acidic condi-
tion to avoid the hydrolysis of CAs during reaction and purification,
and the excess GdCl3 was carefully removed. The resultant DCAs
were well water-soluble. Fig. 2 shows that the volume-averaged



Fig. 2. Size distribution of FA-PEG-G2-DTPA-Gd measured by DLS in water at a DCA
concentration of 1 mg/mL.

Fig. 4. In vitro R1s (a) and T1-weighted MRI (b) of the MRI CAs in water at 0.52 T and
32 °C. The Gd concentration for in vitro MRI was 0.2 mM.
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hydrodynamic diameter of FA-PEG-G2-DTPA-Gd was 7.6 nm with a
little aggregate of an average size of 30 nm, and PEG-G2-DTPA-Gd
had a similar size and distribution.

3.2. In vitro degradation of the dendritic ligand

The biodegradability was tested by monitoring the hydrolysis of
the ester bonds in the dendritic ligand. The integration ratio between
the ester bond and DTPA in 1H NMR was used to calculate the hydro-
lysis kinetics (Fig. 3). The hydrolysis was pH dependent. FA-PEG-
G2-DTPA was relatively stable at pH 5.0 with more than 93% ester
bonds remained after 10 h hydrolysis, while it hydrolyzed very
quickly at the physiological pH (pH=7.4) with only 70% ester
bonds left at the same time point. Moreover, the hydrolysis could be
accelerated by adding esterase 15 U/mL, which is abundant in cyto-
plasm, with only 53% ester bond remained after 10 h. The results
illustrate that the polyester dendrimer based DCA can be degraded
in the simulated physiological environment.

3.3. R1s and in vitro MRI

The T1s of DCA solutions were determined on a 0.52-T MR system at
32 °C and the R1s were calculated from the slope of the curves of 1/T1
against the Gd concentration shown in Fig. 4a. The R1s of
FA-PEG-G2-DTPA-Gd and PEG-G2-DTPA-Gd were 17.1 mM−1 s−1 and
Fig. 3. Hydrolysis kinetics of FA-PEG-G2-DTPA at different pH values with and without
esterase at 37 °C and a concentration of 14 mg/mL (esterase concentration, 15 U/mL).
18.2 mM−1 s−1 per Gd, or 1180 mM−1 s−1 and 1238 mM−1 s−1 per
molecule, respectively. The ionic R1s were about 4 times higher than
that of the commercially used CA Magnevist (Gd-DTPA). This suggests
that the DCA could have much higher imaging enhancement than
Magnevist. The highR1s of theDCAsmight bemainly due to that the con-
jugation of Gd chelate onto the dendrimers increased the rotational cor-
relation time (τR) owing to the rigidity of dendrimers [37]. Interestingly,
these R1s were even significantly higher than those of the DCAs with the
same dendrimer structure but without PEGylation (G2-DTPA-Gd,
11.7 mM−1 s−1) [31]. It was generally expected that PEGylation would
decrease R1s of DCAs because PEG chains might hinder the water ex-
change between the coordinated H2O and bulk H2O, prolonging the res-
idence lifetime of the coordinated H2O (τm) [38,39]. For instance, after
PEGylation the R1 of the DCA based on 4th generation PAMAMdecreased
from 31 mM−1 s−1 to 23 mM−1 s−1 [40]. The R1 increase by
PEGylation in this study was probably due to the increased solubility
and rigidity of the DCAs [38]. Fig. 4b shows the T1-weighted MR images
of the CA solutions at the same Gd concentration of 0.2 mM. Obviously,
both two DCAs showed much brighter images than the clinically used
Magnevist, indicating that the DCAs hadmuch higher contrast efficiency
over Magnevist.

3.4. Contrast enhanced in vivo tumor imaging

To examine the efficiency of the targeted DCAs to enhance in vivo
MRI of tumor, nude mice inoculated with human KB tumors were intra-
venously injected with FA-PEG-G2-DTPA-Gd, PEG-G2-DTPA-Gd or
Magnevist, respectively, at the same dose of 0.1 mmol Gd/kg, and their
MRI was acquired on a 3-T MRI system. Axial MR images acquired
pre-injection and at various time points after the injection are shown
in Fig. 5a. All the tumors contrasted by FA-PEG-G2-DTPA-Gd, PEG-
G2-DTPA-Gd and Magnevist were significantly brighter than the sur-
rounding tissues, which made the tumor delineated clearly. Moreover,
the tumors contrasted by the DCAs were much brighter than those
contrasted byMagnevist (Fig. 5a). To quantitatively analyze of the signal
change, the contrast-to-noise ratio (CNR) in tumor at different points
was measured (Fig. 5b). The tumors contrasted by the DCAs had much
higher CNR than those with Magnevist at all time points. For instance,
the maximum CNRs in tumors with the DCAs were about twice higher
than those with Magnevist. The higher CNR in tumor contrasted by

image of Fig.�2
image of Fig.�3
image of Fig.�4


Fig. 5. 2D axial images (a) and contrast-to-noise ratio (CNR) (b) of tumors in mice injected with FA-PEG-G2-DTPA-Gd, PEG-G2-DTPA-Gd or Magnevist at 0.1 mmol/kg. The values
are expressed as the mean and the standard deviation (n=3). The asterisk indicates significant differences between DCA and Magnevist (Pb0.05).

Fig. 6. Retention of Gd in mice 10 days after i.v. injection of FA-PEG-G2-DTPA-Gd,
Gd-(DTPA-BMA)* and PAMAM-G6-(Gd-DO3A)* at a dose of 0.1 mmol Gd/kg. *The
data of Gd-(DTPA-BMA) and PAMAM-G6-(Gd-DO3A) were from literature [23,29].
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DCAswas due to their higher R1s and accumulation in tumor via the EPR
effect. Moreover, while the brightness of the tumor with Magnevist
started to decline at 5 min post injection, that with the DCAs started to
decrease at 15 min post injection, which was also clearly indicated by
the CNR decrease in Fig. 5b. The CNR declination in tumors with the
DCAswas due to their biodegradation and resultant excretion via kidney,
which can be traced by the increasing brightness in the bladder. Interest-
ingly, while the CNRs of tumors with PEG-G2-DTPA-Gd and Magnevist
decreased quickly, the CNRs of tumor with FA-PEG-G2-DTPA-Gd
decayed slowly. At 60 min post injection, the contrast between tumor
and surrounding tissues in mice with PEG-G2-DTPA-Gd and Magnevist
was already weak but the contrast in mice with FA-PEG-G2-DTPA-Gd
was still strong, while the signal in normal tissues deceased with the
excretion of CAs. Thus, the tumor could bemarkedly identified fromnor-
mal tissues and its boundary could be clearly demarcated. The signifi-
cantly long retention of FA-PEG-G2-DTPA-Gd in tumor was due to the
ligand-mediated uptake of dendritic CAs into the cancer cells. In contrast,
PEG-G2-DTPA-Gdhardly entered cells, and thus hadmuch shorter reten-
tion in tumor.

3.5. Gd retention in tissues

The accumulated CAs in body might be internalized by healthy cells
and metabolized into toxic Gd3+ ions, which may cause hepatocellular
necrosis, lymphoid depletion, nephrogenic systemic fibrosis (NSF) and
mineralization in the spleen [24–26]. Therefore, the Gd accumulation is
considered as an important parameter to evaluate a MRI CA. The Gd re-
tention in major organs and tissues including heart, femur, spleen, mus-
cles, lungs, kidneys and liver is shown in Fig. 6. FA-PEG-G2-DTPA-Gd had
much lower Gd retention than the non-degradable DCA PAMAM-
G6-(Gd-DO3A) [23] in all the organs or tissues. The accumulation in
femur, muscles and especially kidneys was even lower than that of in
the clinically used small molecule CA Gd-(DTPA-BMA) [29] except that
the Gd residue in liver was slightly higher than that of Gd-(DTPA-BMA).
Such low Gd retentions were consistent with the results of the
polydisulfide based biodegradable macromolecular CA [29], verified
that the DCAs based on polyester dendrimers could be hydrolyzed in
vivo and excreted out of the body, excluding the risk from the subacute
accumulation of macromolecular CAs.

4. Conclusions

A tumor-targeting DCA (FA-PEG-G2-DTPA-Gd)was prepared from a
polyester dendrimer through grafting PEG with a distal folic acid and
conjugation of Gd chelates. FA-PEG-G2-DTPA-Gdhad an average hydro-
dynamic diameter of 7.6 nm. It was relatively stable in acidic solution,
but degradable under the physiological pH and the hydrolysis could
be further accelerated in presence of esterase. The DCA had a high R1

up to 17.1 mM−1 s−1, 1.6 times higher than the unPEGylated one and
4 times higher than Magnevist. In vivo evaluation showed that the
DCA had much higher contrast enhancement in tumor than Magnevist,

image of Fig.�5
image of Fig.�6
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and its enhancement lasted amuch longer time. The subacute Gd reten-
tion measurement showed that FA-PEG-G2-DTPA-Gd had much lower
Gd retention than the non-degradable DCAs in all the organs or tissues.
The high efficiency in MRI contrast enhancement and low Gd retention
made it promising CA for contrast-enhanced tumor MRI.
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