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Magnetic resonance imaging (MRI) contrast agents are effective tools in both medical diagnosis and life
science research. Various smart contrast agents have been developed for the visualization of biological
phenomena. These contrast agents have molecular switches that increase or reduce MRI signal intensity
in response to the target biological reaction. Therefore, novel approaches to the design of molecular
switches for versatile in vivo studies using MRI are eagerly anticipated. Here, we report one such
approach for the development of molecular switches based on morphological changes of pH-responsive
polymers. We designed and synthesized three types of contrast agents based on a linear homopolymer or
spherical copolymers with two different cross-linking degrees. The relaxivity measurements showed that
these agents have molecular switches that respond to pH changes, and fluorescence studies indicated
that these switches are based on the alteration of the molecular tumbling caused by pH-responsive mor-
phological changes. As a result, the spherical polymers possess promising characteristics for the develop-
ment of switchable MRI contrast agents.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetic resonance imaging (MRI) is a useful imaging method
because it allows for the noninvasive visualization of living tissues
with high spatial and temporal resolution. MRI contrast agents
(CAs) are widely used in medical diagnosis to improve the tissue
contrast by shortening the longitudinal relaxation time (T1) and
the transverse relaxation time (T2) of water protons. T1 and T2

shortening efficiencies of the CA are described as T1 relaxivity
(r1) and T2 relaxivity (r2), respectively.1,2 Thus, higher relaxivity
means higher sensitivity of the CA, which results in significant
changes in the MRI signal intensity.

Recently, switchable CAs have been used to detect enzyme reac-
tions,3,4 metal ions,5,6 and pH alteration.7–10 These so-called ‘smart’
CAs contain molecular switches, which cause their relaxivities to
change in response to the targeted biological reaction. One com-
mon approach to the development of molecular switches is to
change the coordination number of water molecules. In this case,
the coordination of a water molecule with the paramagnetic ion
is obstructed by the removable or coordinating group.3,5,6 After
stimulation, these hindrances to the coordination of the water mol-
ecule are eliminated, and the relaxivity increases. Another ap-
proach is based on the molecular tumbling of the CA. It is known
ll rights reserved.
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that the rotational correlation time (sR), which is an indicator of
the velocity of molecular tumbling in the solution, affects the
relaxivity. In general, slower molecular tumbling (larger sR) results
in increased relaxivity. In this way, the stimuli-responsive self-
assembly of CAs, or the binding of CAs to macromolecules, act as
molecular switching processes.4,8–10

Intelligent polymers have been developed for various biomed-
ical applications, including drug delivery carriers,11,12 imaging
tools,13,14 bio-mimic antibodies,15 and antibacterial agents.16

Their intelligent behaviors are also applicable to the develop-
ment of switchable CAs and can be divided broadly into two
types of behaviors, resulting from either linear or spherical
polymers.

Previously, we applied the morphological change of a linear
polymer to the development of a pH-responsive CA.10 Although
spherical polymers also have significant potential to develop
switchable CAs, their applicability in this arena has not yet been
examined. Herein, we demonstrate that pH-responsive morpho-
logical changes of spherical polymers can act as a molecular
switching process. Three types of CAs were synthesized using
one linear and two different spherical polymers. The relaxivities
of these CAs were in fact dependent upon pH. The fluorescence
studies indicated that the molecular switch is based on the alter-
ation of the molecular tumbling caused by the pH-responsive mor-
phological changes.
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Scheme 1. Synthesis of pH-responsive CAs: (a) AIBN, CH3CN. (b) Gd(AEDO3A),
dansyl ethylenediamine, WSCD�HCl, HOBt, DIEA, DMF.

Table 1
Cross-linking degree, number-average diameter (Dn), weight-average diameter (DW),
polydispersity index (PDI), and Gd content of polymers

Entry Cross-linking
degreea (wt %)

Dn
b (nm) DW

b (nm) PDIb Gd content
(wt %)

PMAA 0 108 114 1.055 0
H-Gd 0 — — — 0.21
C10-Gd 10 171 175 1.019 0.42
C30-Gd 30 105 106 1.012 0.45

a Calculated from elemental analysis data.
b Calculated from TEM images based on the following equation:17
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2. Results and discussion

2.1. Development of pH-responsive CAs

2.1.1. Design, synthesis, and characterization
To establish a new approach for the development of switchable

CAs, we designed three types of pH-responsive CAs, namely H-Gd,
C10-Gd, and C30-Gd (Fig. 1). These CAs are based on anionic pH-
responsive polymers with Gd3+ complexes and dansyl fluoro-
phores. Because it is based on a non-cross-linked homopolymer,
the structure of H-Gd is considered to be linear. In contrast, C10-
Gd and C30-Gd are spherical structures based on 10% and 30%
cross-linked copolymers, respectively. We expected that pH-
responsive morphological changes of the polymers could act as
molecular switches for the detection of pH change.

According to Scheme 1, we synthesized three types of pH-
responsive CAs. Methacrylic acid (MAA) and N,N0-methylenebis-
acrylamide (MBAAm) were used as the monomer and cross-linker,
respectively. First, non-cross-linked homopolymer PMAA and
cross-linked copolymers C10 and C30 were synthesized by distilla-
tion precipitation polymerization.17 The cross-linking degree was
controlled by altering the weight of added MBAAm as the appro-
priate fraction of the combined weight of the monomer and
cross-linker. H-Gd, C10-Gd, and C30-Gd were then synthesized
by covalently-attaching both the aminoethyl-modified Gd(DO3A)
complex [Gd(AEDO3A)],18 which is a derivative of clinically-used
Gd(DOTA)�1 complexes, and dansyl ethylenediamine19 to PMAA,
C10, and C30, respectively (Table 1).
Figure 1. Design of pH-responsive CAs based on the linear homopolymer and cross-
linked spherical polymers.
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These values reflect the 100 particles from TEM micrographs.
The dispersities, geometries, and average diameters of the synthe-

sized CAs were characterized by transmission electron microscopy
(TEM) (Fig. 2 and Table 1). The TEM images showed monodisperse
spherical shapes of C10-Gd and C30-Gd. H-Gd was not observed by
TEM since it was not cross-linked and was thus expected to become
uncoiled during the synthesis and purification process; however,
the TEM image of its precursor PMAA was observed. The pH-re-
sponses of C10-Gd and C30-Gd were analyzed under various pH con-
ditions with dynamic light scattering (DLS) (Fig. 3), which showed
that the hydrodynamic diameters of C10-Gd and C30-Gd decreased
with decreasing pH. The pH-response of C10-Gd was larger than that
of C30-Gd due to the lower degree of cross-linking of C10-Gd. The
amount of Gd in each of the polymers was quantified by inductively
coupled plasma mass spectrometry (ICP-MS).

2.1.2. Relaxivity measurements
In order to study the function of H-Gd, C10-Gd, and C30-Gd as

switchable CAs, we measured their relaxivities using a 0.47 T nu-
clear magnetic resonance (NMR) analyzer under various pH condi-
tions (Fig. 4). Both r1 and r2 of all three polymers increased with
decreasing pH, meaning that they all act as pH-responsive CAs
and could detect a low pH. The spherical C10-Gd and C30-Gd
showed more drastically varying relaxivity pH-responses than
did H-Gd. It was also observed that the relaxivity was enhanced
by an increase in the degree of cross-linking.

Previously, we developed a pH-responsive CA based on another
linear polymer with carboxylate anionic groups.10 In the study, it
was indicated that the pH-responsive morphological conversion
between the globular form and the extended form altered the
molecular motion of the polymer side chains, and functioned as
the molecular switch. The relaxivities of H-Gd showed quite simi-
lar pH-responsive behaviors to those of the previous polymer.
Therefore, pH-responsive relaxometric behaviors of H-Gd were
probably caused by the molecular motion switch.

The relaxivities of cross-linked spherical C10-Gd and C30-Gd also
increased at low pH. The relaxivity values of the spherical polymers
were much higher than those of the linear polymer and enhanced
with increasing the cross-linking degree. These results indicate that
spherical polymers have significant potential to be switchable CAs
with high sensitivities. From DLS measurements, spherical polymers
expressed pH-responsive shrinking-swelling behaviors (Fig. 3).



Figure 2. TEM images of PMAA (left), C10-Gd (middle), and C30-Gd (right).
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Figure 3. Hydrodynamic diameters of C10-Gd (circle symbol) and C30-Gd (square
symbol) under various pH conditions at 25 �C.
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It was assumed that these morphological changes affected the relax-
ivity. Therefore, the correlations among relaxivities, morphological
behaviors, and rotational motions were thoroughly investigated in
the following sections (Sections 2.2 and 2.3).

2.2. Elucidation of pH-responsive morphological changes by
fluorescence studies

2.2.1. Fluorescence spectra measurements
The dansyl group is an environmentally-sensitive fluorophore

that is suitable for observing the pH-response of polymers, because
its emission wavelength is blue-shifted as the surrounding hydro-
phobicity increases, but is negligibly affected by the solution
pH.10,20,21 In order to monitor the pH-responsive morphological
change, we measured the fluorescence spectra (Fig. 5). In all
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Figure 4. Longitudinal relaxivities (r1) and transverse relaxivities (r2) of H-Gd (A), C10-
symbols represent r1 and r2, respectively. The concentration of Gd is presented in mM.
polymers, the emission spectra were blue-shifted at a low pH, indi-
cating that the dansyl groups were surrounded by more hydropho-
bic environment at a low pH. It was expected that H-Gd would be a
globular structure at a low pH. From the DLS measurements, spher-
ical C10-Gd and C30-Gd were shown to gradually shrink with a
decreasing pH. Thus, it was expected that the increased hydropho-
bicity of the internal space at a low pH was a result of decreasing
the polymer mesh size. The pH-response of C30-Gd was smaller
compared with the others because its structure is more rigid, owing
to its high degree of cross-linking. Interestingly, the wavelength
shift of C10-Gd was more similar to that of H-Gd, rather than C30-
Gd.

2.2.2. Fluorescence lifetime measurements
The fluorescence lifetime of dansyl fluorophores in the hydro-

phobic and hydrophilic environments respectively expresses long
and short lifetimes.22 Therefore, the fluorescence lifetime analysis
provides the morphological information about the polymer with
dansyl groups. We measured the fluorescence decay curves of each
of the three CAs at various pH conditions (Supplementary Fig. S1).
The fluorescence decay curve of H-Gd consisted of two compo-
nents (Table 2). The first is short lifetime, (�6.7 ns) and its fraction
decreased with decreasing pH. The other component is long life-
time (�21.7 ns), which increased with decreasing pH. These results
confirm that a higher number of dansyl groups are exposed to the
hydrophobic environment as the pH decreases, since H-Gd is glob-
ular at a lower pH.

In the case of C10-Gd and C30-Gd, we eliminated the light-scat-
tering lifetime from the calculations for the fractions of each fluo-
rescence lifetime (Table 2). We found that the fluorescence decay
parameters of C10-Gd were similar to those of H-Gd. Although
C10-Gd is a cross-linked spherical polymer, the surrounding
environment of dansyl groups is similar to that of dansyl groups
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Gd (B), and C30-Gd (C) under various pH conditions at 25 �C. The circle and square
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Figure 6. Fluorescence lifetimes of H-Gd (circle symbol), C10-Gd (triangle symbol),
and C30-Gd (square symbol) at 25 �C. kex = 370 nm. kem is in the range of 498–
548 nm.
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Figure 7. Fluorescence anisotropies of H-Gd (circle symbol), C10-Gd (triangle
symbol), and C30-Gd (square symbol) at 25 �C. kex = 330 nm. kem is in the range of
498–548 nm.
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Figure 5. Fluorescence spectra of H-Gd (A), C10-Gd (B), and C30-Gd (C) at 25 �C. kex = 330 nm. Red, yellow, green, and blue lines represent pH 4, 5, 6, and 7, respectively.

Table 2
Fluorescence decay parameters of H-Gd, C10-Gd, and C30-Gd under various pH
conditions

pH H-Gd C10-Gd C30-Gd

s1, s2 (ns) F1, F2
a (%) s1, s2 (ns) F1, F2

a (%) s1, s2 (ns) F1, F2
a (%)

4 5.7, 21.7 16, 84 7.1, 20.4 19, 81 7.8, 19.9 22, 78
5 6.7, 21.4 19, 81 7.2, 20.8 23, 77 7.2, 20.0 23, 77
6 3.4, 11.2 86, 14 4.7, 17.0 67, 33 6.3, 19.0 34, 66
7 2.7, 6.3 85, 15 3.5, 11.4 89, 11 5.4, 16.5 56, 44

a Fraction (Fi) of si was defined as 100 � Ii/(I1 + I2), (i = 1, 2); Ii is the pre-expo-
nential factor (please see Section 4).
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attached to a linear polymer. However, the fluorescence decay
parameters of C30-Gd were found to be quite different from those
of H-Gd and C10-Gd. In C30-Gd, the long-lifetime component (s2)
was almost constant at a pH between 4 and 7, and the pH-respon-
sive change in the fraction of s2 was much smaller than that of H-
Gd and C10-Gd. This is most likely due to the rigid structure of
C30-Gd, which results from the high degree of cross-linking, mak-
ing the surrounding environment of dansyl groups less susceptible
to changes in pH. These results were consistent with the results
from DLS and fluorescence spectra.

Fluorescence lifetimes (sF) were calculated as weighted average
values based on s1 and s2 (please see the Section 4). Calculated sF

was shown to increase with decreasing pH (Fig. 6), and the sF of H-
Gd and C10-Gd significantly changed between pH 5 and 6.

2.3. Elucidation of the molecular switch mechanism

2.3.1. Fluorescence anisotropy measurements
The fluorescence anisotropy provides information about the

molecular motion, in that it increases as the molecular motion of
the fluorophores becomes slower. Thus, we measured the fluores-
cence anisotropies of H-Gd, C10-Gd, and C30-Gd at the wavelength
of their emission maximum at each pH (Fig. 7), which showed that
the molecular motion of all polymers became slower with a
decreasing pH. Moreover, as the cross-linking degree increased,
the molecular motion was restricted. These results agreed with
our initial hypothesis that the pH-response of the relaxivity is be-
cause of the alteration of the molecular motion.

2.3.2. Calculation of rotational correlation time
It is known that rotational correlation time (sR) is one of the fac-

tors that affect the relaxivity of the CA, and provides quantitative
information about the molecular tumbling.1,23 Therefore, estimat-
ing behaviors of sR could be significantly helpful in designing and
developing switchable CAs. The sR can be calculated from Perrin-
Weber Eq. 1.21,24

A0=A ¼ 1þ sF=sR ð1Þ

In Eq. 1, A and sF represent the fluorescence anisotropy and
fluorescence lifetime, respectively. A0 is the limiting fluorescence
anisotropy when no rotational diffusion occurs. The A0 of dansyl
fluorophores was experimentally determined to be 0.325 by Hu
et al.25

The sR was calculated using measured values of A and sF (Fig. 8
and Supplementary Table S1–3), and the pH-response of sR was
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Figure 8. Rotational correlation times of H-Gd (circle symbol), C10-Gd (triangle
symbol), and C30-Gd (square symbol) at 25 �C.

S. Okada et al. / Bioorg. Med. Chem. 20 (2012) 769–774 773
shown to be highly correlated with that of relaxivity. This result
indicates that pH-responsive sR alterations caused changes in the
relaxivities. Moreover, sR values of cross-linked C10-Gd and C30-
Gd were much higher than those of H-Gd. Thus, it was expected
that the relaxivity enhancement of cross-linked polymers was re-
sult of the increase of sR values. The linear structure is assumed
to be a two-dimensional structure. As a result, the side chains
can move relatively freely from the polymer backbone. In contrast,
the cross-linked spherical shape is a three-dimensional structure,
the inside of which is like highly wired polymer network. This net-
work restricts the free movement of the side chains and extends
the sR values.

Although C30-Gd expressed the small morphological change at
low pH (Fig. 3 and Fig. 5), the relaxivities drastically increased at
the pH region. Since the sR values of C30-Gd significantly increased
at low pH (Fig. 8), it is expected that 30% of the cross-linking little
restricts the pH-response in the local molecular tumbling, but it
highly restricts that in the entire morphology.

The sR of H-Gd were below 1.1 ns and significant smaller than
previous results obtained from a linear polymer with hydrophobic
octyl groups, the maximum sR value of which is 12.8 ns at pH 4.10

Nevertheless, the relaxivity values of H-Gd were maintained close
to those of previous one. It is likely that the absence of hydropho-
bic groups and the difference of buffer conditions caused high
relaxivities of H-Gd despite its fast molecular tumbling.

In summary, fluorescence studies and following calculation of
sR values indicated that pH-responsive morphological changes in
H-Gd, C10-Gd, and C30-Gd altered the rotational motion of their
Figure 9. Proposed principle of molecular switches of H-Gd and C30-Gd.
side chains, and caused their relaxivity switch properties. These re-
sults also demonstrated that spherical cross-linked polymers have
more significant applicability to the design of switchable CAs, be-
cause increase of the cross-linking degree induced the relaxivity
enhancement by restricting the molecular tumbling while main-
taining the switching property (Fig. 9).
3. Conclusions

Here, we applied morphological changes of pH-responsive poly-
mers as a novel molecular switching process for MRI. The pH-
responsive CAs were developed by attaching Gd3+ complexes and
dansyl fluorophores to a linear homopolymer or spherical poly-
mers. The relaxivities of the all polymers increased with a decreas-
ing pH. The fluorescence studies indicated that the relaxivity
change of the polymers is due to the alteration of the molecular
correlation time sR caused by the pH-responsive morphological
changes. A higher degree of cross-linking enhanced the relaxivities
while maintaining the switching response; therefore, the cross-
linked spherical polymers were found to be promising materials
for the development of switchable CAs. Since such intelligent
behaviors of spherical polymers have recently attracted much
attention in the field of drug delivery,11,26 our novel approaches
also could lead to valuable biomedical applications in combination
with drug delivery systems.
4. Experimental section

4.1. General procedures

The chemicals used in these experiments were obtained from To-
kyo Chemical Industries, Wako Pure Chemical, and Aldrich Chemical
Company. Because all the materials were purchased at the highest
grade available, they were used without further purification. NMR
spectra were recorded on a JEOL JNM-AL400 instrument at
400 MHz for 1H and at 100.4 MHz for 13C with tetramethylsilane as
an internal standard. ESI-TOF MS were taken on a Waters LCT-Pre-
mier XE. Relaxation times were measured on a Bruker Optics mini-
spec mq20. The inversion-recovery sequence and Carr–Purcell–
Meiboom–Gill sequence were used for the measurements of T1 and
T2, respectively. The r1 and r2 were respectively determined from
the slopes obtained by plotting at least four points of 1/T1 and 1/T2

versus the concentration of the CA. Fluorescence spectra and fluores-
cence anisotropy were measured using a Hitachi F4500 spectrome-
ter. Fluorescence decays were measured using a Horiba TemPro. DLS
was performed using a Horiba SZ-100. TEM was performed using a
Hitachi H-800 operated at 200 kV. ICP-MS were taken on an Agilent
Technologies 7500cs.

Twice-diluted McIlvaine buffers (pH 4–7) were used as solu-
tions for the pH adjustment and were prepared by mixing an arbi-
trary amount of 0.1 M citric acid aqueous solution with a 0.2 M
disodium hydrogen phosphate aqueous solution.

4.2. Synthesis

4.2.1. PMAA, C10, and C30
Polymers were synthesized by distillation precipitation poly-

merization with a slight alteration, as follows.17 For the synthesis
of C10, 598 mg (6.95 mmol) of MAA, 32 mg (0.21 mmol) of MBAAm
cross-linker (5 wt % of total monomer and cross-linker), and 13 mg
(0.079 mmol) of 2,20-azobisisobutyronitrile (AIBN) initiator (2 wt %
of total monomer and cross-linker) were dissolved in 80 mL of ace-
tonitrile in a dried two-neck flask fitted with a fractionating col-
umn, a condenser, and a receiving flask. The mixture was kept
under an argon atmosphere and heated from room temperature
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to boiling state within 15 min. Polymerization was performed until
approximately 40 mL of acetonitrile was distilled from the reaction
system within 60 min. The product was then purified three times
by the following processes: centrifugation, decantation, and resus-
pension in acetonitrile with ultrasonication. The purified product
was dissolved in distilled water and filtered through a Millipore
0.8 lm filter. The filtrate was freeze-dried, and a white powder
was obtained. C30 was synthesized by altering the amount of
MBAAm to 20 wt % of the combined weight of monomer and
cross-linker. In the case of PMAA, no cross-linker was added to
the reaction mixture. The amounts of total monomer and cross-lin-
ker were maintained at 1 wt % relative to the reaction medium, and
the amounts of AIBN were maintained at 2 wt % relative to the total
monomer and cross-linker.

4.2.2. H-Gd, C10-Gd, and C30-Gd
For the synthesis of H-Gd, 100 mg of PMAA was dissolved in

20 mL of anhydrous N,N-dimethylformamide (DMF) in a three-
neck flask and stirred under argon. 267 mg (1.39 mmol) of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(WSCD�HCl), 188 mg (1.39 mmol) of 1-hydroxybenzotriazole
(HOBt), and 180 mg (1.39 mmol) of N,N-diisopropylethylamine
(DIEA) were added to the solution. The molar quantity of these re-
agents was maintained at 1.2 equiv of carboxyl groups of the poly-
mer. After 30 min, 3.0 mg (0.0050 mmol, 2.5 wt % of the weight of
the polymer) of Gd(AEDO3A) and 2.0 mg (0.0070 mmol, 2.0 wt % of
the weight of the polymer) of dansyl ethylenediamine were added
to the mixture, which was stirred overnight at room temperature.
The DMF was then evaporated under reduced pressure, and a yel-
low oil was obtained. The residue was dissolved in 1.0 M NaOH aq
and then neutralized by 1.0 M HCl aq. The solution was purified by
ultrafiltration using a Sartorius VIVASPIN (MWCO 3000). The
supernatant was freeze-dried, and a white powder was obtained.

The synthetic procedures for C10-Gd and C30-Gd were identical
to that of H-Gd, but required a different purification process. After
the evaporation of DMF, C10-Gd and C30-Gd were purified by per-
forming the following processes five times: centrifugation, decan-
tation, and resuspension in methanol with ultrasonication. The
products were then dissolved in 1.0 M NaOH aq and neutralized
by 1.0 M HCl aq. Next, the solutions were centrifuged and washed
with distilled water several times. The purified products were
freeze-dried, and white powders were obtained.

Gd(AEDO3A) and dansyl ethylenediamine were synthesized
according to previous reports.18,19

4.3. Fluorescence lifetime measurements

The fluorescence decay curve of H-Gd was acquired and fitted to
the double-exponential Eq. 2. In the case of C10-Gd and C30-Gd,
fluorescence decay curves were fitted with triple-exponential com-
ponents because of the light scattering light.

IðtÞ ¼ I1expð�t=s1Þ þ I2expð�t=s2Þ ð2Þ

The weighted average fluorescence lifetime (sF) was calculated
using Eq. 3 by excluding the light scattering component. The life-
time of the scattering light was on the tens of picoseconds time-
scale, which is much shorter than the nanosecond timescale of
the fluorescence lifetime.
sF ¼ s1I1=ðI1 þ I2Þ þ s2I2=ðI1 þ I2Þ ð3Þ
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