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Body temperature sensitive micelles for MRI
enhancement†

Xiaolei Zhu, Shizhen Chen, Qing Luo, Chaohui Ye, Maili Liu and Xin Zhou*

A novel thermo-sensitive micelle contrast agent and its enhancement of

MRI contrast with temperature are reported. The morphology changes

sharply near 37 8C, resulting in a significant amplification of the CEST

signal. This enables detection of small changes in body temperature.

The temperature difference between tissues is a common feature
in pathological conditions, especially in tumors. Because of the
Warburg effect, the production of energy within the tumor
generally exceeds that within normal tissue.1,2 Malignant cells
and rapidly growing blood vessels are found in tumor micro-
environments. Such features make the tumor tissue’s temperature,
pH, and other metabolites significantly different from those of
normal tissue.3,4 Therefore, the tissue temperature measurements
in vivo are valuable biomarkers for disease detection. Also, methods
to monitor local heating effects are relevant in thermally activated
drug delivery, or during treatments such as hyperthermic ablation
of tumors.5,6 At present, however, no good methods exist for non-
invasively mapping tissue temperatures in vivo over small ranges.
Magnetic resonance imaging (MRI), which is a well-known non-
invasive diagnostic tool for anatomical imaging, can report on
physiological changes in tissue. This characteristic makes MRI a
powerful tool for tumor detection and orientation.7,8

Due to the intrinsically low sensitivity of MRI signal detection in
comparison to other analytical techniques, various methods for
signal enhancement and optimization have been investigated.9–11

An interesting alternative method to generate the contrast enhance-
ment for MRI is chemical exchange saturation transfer (CEST),
which can amplify the signal of protein-bound water by the bulk
water through proton exchange between these two pools.11,12

Furthermore, paramagnetic CEST (PARACEST) contrast agents are
used to measure physiological parameters, including tissue pH

based on its dependence on the exchange rate between bound
protons and bulk protons, and tissue temperature based on its
dependence on the exchangeable proton’s chemical shift.13–16

However, the MRI sensitivity is still limited because of the tiny
difference between normal and abnormal tissues.

In order to enhance the imaging contrast for temperature
changes, we developed a novel PARACEST MRI contrast agent
based on a responsive polymeric micelle system.17–19 A smart
copolymer PNIPAAm-b-MMA (poly N-isopropylacrylamide block
methyl methacrylate) chain was chosen self-assembling as a
core–shell thermal-responsive micelle.20,21 The morphology of
the thermo-responsive micelle is sensitive to the temperature
changes at its lower critical solution temperature (LCST). Such
a micelle can be delivered to the target tumor, and trigger the
release of a drug or a contrast agent via thermal activation. It was
hypothesized that the temperature-dependent morphology
change of the micelle, especially around the LCST, would heavily
influence the CEST effect of MRI.22,23 Therefore, CEST MRI could
be used to visualize temperature variations in the human body.

In order to demonstrate this hypothesis, a smart mixed
micelle, a composite of two kinds of unimer chains, long chain
and short chain, was used. The short chain was modified by
linking a PARACEST agent of europium(III) tetra amide complex
(EuDOTA-4AmCE) via diamine. As shown in Scheme 1(a), the
different lengths of amphiphilic chains self-assemble as a core–
shell micelle. The hydrophobic PMMA (poly-methyl methacrylate)
chains form a core, while the hydrophilic PNIPAAm chains form a
shell under the synergistic effect. In addition, the PNIPAAm chains
exhibit a reversible thermo-responsive phase transition in aqueous
solution.

Accordingly, when the temperature is lower than the micelle’s
LCST, the stretched hydrophilic chains embed the contrast agents
in the micelle. When the temperature is above the LCST, the
micelle’s hydrophilic chains fold as an aggregated cluster, causing
the exposure of short chains modified with Eu-DOTAmCE to the
bulk water, as illustrated in Scheme 1(b). It therefore makes
sense to design and synthesize such a novel polymeric micelle
with a LCST located at the human body temperature to create a
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temperature reporter in the vicinity of this temperature. Due to the
morphological alternation of the micelle induced by the tempera-
ture, it will affect the interaction between the bulk water and the
PARACEST agent, and then cause an MRI signal modulation by the
temperature.

The polymeric micelle modified with the PARACEST agent
was synthesized by a simple procedure (Fig. S1, ESI†), resulting
in the Eu-[PNIPAAm-MMA-DO3AmCE] complex. After this,
Eu-[PNIPAAm-MMA-DO3AmCE] was mixed with the unmodified
polymers with long chains to prepare a core–shell micelle. Ten
different micelle concentrations contained in a pyrene probe have
been used to derive the critical micelle concentration (CMC). The
experiments showed that the intensity of the pryrene fluorescence
(I3/I1) increased dramatically when the concentration was above
10 mg ml�1, which is considered to be its CMC (Fig. S2, ESI†).

We have used dynamic light scattering (DLS) and transmission
electron microscopy (TEM) to characterize the size and morphology
of the Eu-[PNIPAAm-MMA-DO3AmCE] micelle both in solution and
in the solid-state, by evaporating the solvent. As shown in Fig. 1a, the
diameter distribution of micelles determined using a laser particle
size analyzer was quite narrow, and the mean size of micelles at
37 1C was 99.6 nm. TEM images (Fig. 1b and its inset) show the
spherical nature of the Eu-[PNIPAAm-MMA-DO3AmCE] micelles,
which is consistent with the results observed by dynamic light
scattering. This indicates that the core–shell structure of micelles
and the shell of the hydrophilic PNIPAAm chains prevent the
formation of intermicellar aggregates. Moreover, the quantitative
analysis of europium ions (Eu3+) of the micelle was characterized as
10 mM per 11 mg ml�1 micelle by inductively coupled plasma-mass

spectrometry (ICP-MS, X Series 2, Thermo Fisher Scientific, Inc.). The
temperature dependence of the hydrodynamic diameter of the
micelle is shown in Fig. 1(c). A remarkable change was observed at
around 36 1C to 38 1C and no appreciable change occurred at around
32 1C to 36 1C. This illustrated that the phase transition of thermo-
responsive chains has been triggered at around 37 1C, which is in
agreement with the LCST. Optical transmittance tests were carried
out at 542 nm using a SpectraMax 190 Microplate Reader (Molecular
Devices, USA), equipped with a temperature-controllable cell. The
temperature ranged from 33 1C to 42 1C with intervals of 1 1C. The
sample was equilibrated for 15 min before each measurement, as
shown in Fig. 1(d). The optical transmittance of the micelle solution
showed a significant decrease from 36 1C to 38 1C, at an excitation
wavelength of 542 nm. In response to temperatures above the LCST
of 37 1C, the micelles form hydrophobic globules due to polymer
dehydration. Furthermore, these physicochemical and structural
changes in PNIPAAm polymers reversibly occur across the LCST in
the aqueous phase.

NMR measurements were implemented on a Bruker Advance
500 MHz (11.7 T) spectrometer with a variable temperature
controller. The basic pulse sequence of the CEST experiment
consisted of a continuous presaturation pulse (B1) followed by a
hard 90-degree pulse. To optimize the experimental parameters,
the presaturation time (TS) ranged from 0 to 15 s, and the
presaturation power ranged from 0 to 25 mT. The CEST spectra
were acquired to measure the CEST effect by recording the bulk
water signal intensity as a function of presaturation frequency
from �70 ppm to +70 ppm using a step size of 1 ppm. To verify
the CEST enhancement of the micelle contrast relative to the
conventional PARACEST agent (Eu-DOTA-4AmC�), the Z-spectra
for both samples were recorded under the identical conditions
(Fig. S3, ESI†). Eu-[PNIPAAm-MMA-DO3AmCE] displayed a
marked saturation contrast effect at a presaturation frequency
of 54.9 ppm. This corresponds to the saturation of the bound
water peak at 54.9 ppm, which is transferred into the bulk water
and decreases the signal acquired at 0 ppm. However, the
unmodified polymers did not show any appreciable saturation
contrast at this frequency. The CEST contrast is generated by the
saturation of the exchangeable chemically shifted bound water
pool associated with a PARACEST agent using a long continuous
wave radio frequency pulse. These saturated protons then trans-
fer to the bulk water pool by chemical exchange. The net transfer
of high-energy protons to the bulk proton pool leads to the
reduction of the bulk water net magnetization, and therefore
produces a negative contrast in MRI images.

The CEST effect was calculated according to the magnetiza-
tion transfer ratio (MTR) = (MS� � MS+)/MS�, in which MS+ is
the magnitude of the bulk water signal during saturation in
resonance, and MS� is the intensity of the bulk water signal
when saturated at the opposite frequency offset. To obtain the
best MTR intensity of the micelle system, we have optimized the
duration time and the presaturation power (shown in Fig. S4 and
S5, ESI†). In order to demonstrate the temperature dependence
of the CEST enhancement, the CEST spectra of a 10 mM Eu3+

polymeric micelle were acquired at different temperatures. As
plotted in Fig. 2, the MTR of the Eu-[PNIPAAm-MMA-DO3AmCE]

Scheme 1 (a) A schematic diagram of the CEST MRI signal changes in
response to the micelle’s morphological changes. (b) The temperature change
around the LCST affecting the PNIPAAm chain, which is folded as an aggre-
gated cluster when the temperature is higher than the LCST of 37 1C.
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micelle is strongly temperature dependent, as expected. When
the temperature increased at around the LCST of 37 1C, a
dramatic CEST enhancement was observed. Upon further
increasing the temperature, the CEST signal decreased.

As far as we know, the lanthanide induced chemical shift
effect and its CEST enhancement of the normal PARACEST
agent are not sensitive to temperature over such a narrow range

of temperatures. However, this phenomenon due to the change
in temperature at around the LCST significantly altered the
morphology of the micelle (Fig. S6, ESI†), resulting in the change in
retention time of the bound water. The retention time is the
reciprocal of the exchange rate, which is the critical factor of the
CEST enhancement. At room temperature, the retention time of
the bound water in the micelle solution is about 120 ms, as calculated
by the multiple pool model,24,25 and it decreases with a higher
temperature.15 As the hydrophilic chains of the PNIPAAm were
stretched to form the outer shell, the isopropylamine could form
hydrogen bonds with the free water, and the microenvironment
tends to induce a slower chemical exchange rate with the bound
water. When the temperature increased higher than the LCST, the
outer shell gradually became hydrophobic and cross-linked to form
clusters. The change in morphology provided more contact sites
between the bound water and free water, resulting in the changes in
the proton exchange rate and the CEST enhancement. As the
temperature increased continuously, the morphology of the micelle
became more stable and the CEST enhancement decreased slowly.
To further verify this mechanism, phantom CEST images were
obtained at different temperatures.

To demonstrate the thermally-sensitive CEST enhancement
of the micelle, the CEST MR phantom images at different
temperatures were obtained (Fig. 3). MR images were acquired
at different temperatures and pH 6.8 on a Bruker Biospin 9.4 T
micro-imaging scanner. A fast low-angle shot (FLASH) pulse
sequence was used with TR/TE = 5012/6 ms, and the presatura-
tion pulse was set at a frequency of 54 ppm with a power of 8 mT

Fig. 1 (a) The hydrodynamic diameter distribution was measured by the dynamic lighting scattering at 37 1C. (b) The micelle’s morphology characterized
by transmission electron microscopy (TEM), and the inset showing a micelle with a core–shell structure of 100 nm. (c) The hydrodynamic diameter
distribution of micelle as a function of temperature by the dynamic lighting scattering. (d) Light transmittance at different temperatures for different
absorption wavelengths (542 nm, 450 nm, 280 nm), indicating the micelle’s LCST of 37 1C at 542 nm.

Fig. 2 Temperature dependence of the CEST enhancement (in MTR) for
the micelle Eu-[PNIPAAm-MMA-DO3AmCE] (red) and the conventional
PARACEST contrast agent Eu-DOTA-4AmC� (black), respectively. Both of
them have the same Eu3+ concentration of 10 mM, and the region of
interest around the LCST is highlighted in yellow.
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and a duration time of 8 s. The temperature change from 33 to
36 1C caused only a moderate variation in the CEST effect of the
micelle. However, when the temperature exceeded 37 1C, the
CEST MRI signal showed an obvious enhancement, and the
maximum enhancement occurred at 38 1C, which are in agree-
ment with the results of the CEST spectra. As the micelle’s LCST
was nearby the human body temperature, the CEST enhanced
NMR and MRI methods may open a new way for hypersensitive
detection of temperature change in different tissues.

In summary, a novel approach has been developed to detect
body temperature by using the thermal-sensitive CEST
enhancement of the PARACEST micelle Eu-[PNIPAAm-MMA-
DO3AmCE]. Unlike the conventional PARACEST agent, Eu-
DOTA-4AmCE, whose CEST effect decreased with increasing
temperature in the physiological range, the CEST effect of Eu-
[PNIPAAm-MMA-DO3AmCE] was significantly enhanced at
body temperature. Due to its smart features, this thermo-
sensitive micelle system may be useful for detection of tem-
perature changes under abnormal conditions or during
hyperthermia treatment.
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Fig. 3 The CEST MR phantom images (FOV = 20 � 20 mm2) at different
temperatures obtained using a 9.4 T micro-imaging system with a satura-
tion pulse of 8 mT for 5 s. All the samples contained 21 mg l�1 of micelles
with an Eu3+ concentration of 10 mM, in pH 6.8 PBS solution. The CEST
enhancement between 33 1C and 42 1C was scaled by the MTR value.
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