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 Core cross-linked (CCL) polymeric micelles covalently labeled with DOTA( Gd ) and green-
emitting NBD fl uorophores within pH-responsive cores are fabricated, which can serve as 
a dual-modality MR/fl uorescence imaging system and exhibit mildly acidic pH-triggered 
turn-on or enhancement of signal intensities for both imaging modalities. Compared to non-
crosslinked diblock precursor, CCL micelles demonstrate better MR and fl uorescence imaging 
performance due to structural stability and integrity endowed by the core cross-linking pro-
cedure. Furthermore, selective enhancement of MR/fl uo-
rescence imaging signal intensities of the dual-modality 
imaging system can also be actuated under specifi c 
intracellular microenvironments such as mildly acidic 
organelles.   
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  1. Introduction 

 The integration of molecular imaging functions with poly-
meric drug delivery nanocarriers possessing controlled/
triggered release features can allow for effective evalua-
tion of drug delivery process and facile in vivo monitoring 
of therapeutic effi cacy. [  1  ]  To further enhance imaging per-
formance and drug therapeutic index through disease site-
specifi c localization, recent research efforts have focused 
on the development of responsive polymers/polymeric 
exhibiting high selectivity and sensitivity towards spe-
cifi c biological milieu such as pathological tissues, tumor 
cells, and certain organelles, which are typically associ-
ated with abnormalities in pH, [  2  ]  H 2 O 2 , [  3  ]  O 2 , [  4  ]  and enzyme 
levels. [  5  ]  In the context of molecular imaging, the utiliza-
tion of these biologically relevant microenvironments can 
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effectively eliminate background interference from normal 
tissues, leading to the development of contrast/imaging 
agents exhibiting enhanced signal intensities in a site-spe-
cifi c manner. [  6  ]  Though much progress has been achieved 
towards this aspect, previously reported examples are 
mainly based on small molecular agents and only appli-
cable for a single imaging modality. In addition, currently 
no single imaging technique can fulfi ll all the require-
ments for comprehensive molecular imaging in terms of 
spatial resolution and penetration depths, and multimo-
dality imaging has accordingly emerged to be a promising 
strategy. [  7  ]  For example, magnetic resonance (MR) imaging 
and fl uorescence imaging techniques are quite self-com-
plementary, providing macroscopic information with a 
submillimeter spatial resolution and microscopic details 
at the subcellular level, respectively. Thus, it has remained 
to be a considerable challenge to synergistically enhance 
signal readouts for two or more imaging modalities upon 
actuating a single type of stimulus relevant to pathological 
regions. 

 Certain tumor tissues possess abnormal cellular pH 
gradient and lower extracellular pH ( ≈ 6.0–6.5) compared 
with normal ones (pH 7.2–7.4). [  8  ]  For nanoparticles and 
library.com 749 DOI: 10.1002/marc.201200613 
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     Scheme  1 .     Schematic illustration for the fabrication of structurally stable core cross-
linked (CCL) micelles from PEO- b -P(DPA- co -DOTA( Gd )- co -NBD) DHBCs (see Scheme  2  for 
details) covalently labeled with DOTA( Gd ) moieties and NBD dyes within pH-responsive 
cross-linked micellar cores. Under neutral condition (pH 7.4), CCL micelles with collapsed 
and hydrophobic cores exhibit moderate magnetic resonance (MR) imaging contrast 
and quenched fl uorescence emission; upon endocytosis, mildly acidic pH within endo-
somes and lysosomes renders cross-linked cores hydrophilic and leads to core swelling, 
accompanied with considerable enhancement of MR imaging contrast and turn-on of 
fl uorescence emission.  
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macromolecules, their intracellular 
transport upon endocytosis is associated 
with mildly acidic organelles such as 
early endosomes (pH 5.9–6.2), late endo-
somes and lysosomes (pH 5.0–5.5). [  9  ]  
This feature has been extensively uti-
lized to design pH-triggerable polymeric 
nanocarriers for effi cient tumor-targeted 
delivery and payload release. [  10  ]  Acidic 
milieu-enhanced fl uorescence imaging 
can be also achieved. [  11  ]  Recently, pH-
responsive fl uorophore-labeled tertiary 
amine methacrylate-based diblock 
copolymers has been exploited for fl u-
orescent imaging of intracellular pH 
gradients, exhibiting off/on switching 
of fl uorescence emission associated 
with pH-triggered micelle-to-unimer 
transition. [  11c  ,  12  ]  One limitation of this 
elegant work is that upon high dilution 
(e.g., intravenous injection), initially 
nonfl uorescent polymeric micelles will 
dissociate into unimers at concentra-
tions lower than the critical micelliza-
tion concentration (CMC), exhibiting 
premature emission turn-on before they 
reach the pathological site. In addition, 
the integration of pH-modulated fl uo-
rescence imaging with other responsive 
imaging modalities (e.g., MR imaging) 
is expected to further provide comple-

mentary features such as enhanced penetration depths 
and 3D imaging capability. [  1a     − d]  It is worthy of noting that 
although small molecule-based biologically responsive 
MR imaging contrast agents have been well documented 
in literature reports, [  13  ]  bioresponsive macromolecular MR 
imaging agents based on polymeric assemblies or nano-
particles have been far less explored. [  14  ]  

 Herein, we aim to develop a dual-modal imaging (MR 
and fl uorescence imaging) system based on structurally 
fi xed pH-responsive block copolymer micelles, which can 
selectively turn on or enhance signal intensities for both 
imaging modalities in response to mildly acidic milieu. 
A proof-of-concept design is shown in Scheme  1 . Diblock 
copolymers consisting of hydrophilic poly(ethylene oxide) 
(PEO) and pH-responsive poly(2-(diisopropylamino)
ethyl methacrylate) (PDPA) block covalently labeled with 
DOTA( Gd ) and fl uorescent dye (NBD) can self-assemble 
into micelles under physiological condition. [  15  ]  The sub-
sequent core cross-linking step can endow polymeric 
micelles with long-term structural stability. [  16  ]  The 
obtained core cross-linked (CCL) micelles can act as an 
MR/fl uorescence dual-modality imaging platform with 
the capability of pH-modulated signal intensities and the 
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possibility of integration with drug delivery functions. 
Under neutral condition, DOTA( Gd ) moieties (serving as 
a “positive”  T  1  MR contrast agent) are confi ned within 
a hydrophobic microenvironment (i.e., cross-linked 
micellar cores), we hypothesize that the lack of suffi -
cient exchange between DOTA( Gd ) complex and water 
molecules might lead to only moderate imaging contrast 
performance and thus suppressed  T  1  relaxation rate; [  17  ]  
moreover, NBD moieties located within micellar cores 
will be selectively quenched by deprotonated tertiary 
amine moieties via combined mechanisms of photo-
induced electron transfer (PET) and fl uorophore self-
quenching due to high local dye concentrations. However, 
under mildly acidic milieu (e.g., acidic organelles such 
as late endosomes and lysosomes), hydrophobic cross-
linked PDPA cores are rendered hydrophilic due to proto-
nation of tertiary amine residues and core swelling will 
occur. [  11c  ,  12  ]  This will lead to the prominent enhancement 
of MR imaging signals due to effi cient exchange between 
DOTA( Gd ) moieties and water molecules; in addition, 
NBD emission will also recover as the two fl uorescence 
quenching mechanisms occur at neutral pH will become 
ineffective (Scheme  1 ).    
 
www.MaterialsViews.com

un. 2013,  34,  749−758
bH &  Co.  KGaA, Weinheim



Macromolecular
Rapid CommunicationsSynergistically Enhance Magnetic Resonance/Fluorescence Imaging Performance  .  .  .

www.mrc-journal.de
 2. Experimental Section  

 2.1. Materials 

 Poly(ethylene oxide) monomethyl ether (PEO 113 -OH,   M   n   =  
5.0 kDa,   M   w /  M   n   =  1.06, mean degree of polymerization, DP, 
is 113) was purchased from Aldrich and used as received. 
2-(Diisopropylamino)ethyl methacrylate (DPA), glycidyl meth-
acrylate (GMA), and  N,N -dimethylacrylamide (DMA) were pur-
chased from Aldrich and distilled over CaH 2  just before to use. 
 N , N , N ′  , N ′  ′  , N ′  ′  -Pentamethyldiethylenetriamine (PMDETA, 99%; 
Aldrich), copper(I) bromide (CuBr, 98%, Aldrich), and tris(( N , N -
dimethylamino)ethyl)amine (Me 6 tren) were used as received. 
Sodium azide (NaN 3 ), copper(II) sulfate (CuSO 4  · 5H 2 O), and 
sodium ascorbate were purchased from Sinopharm Chemical 
Reagent Co. and used as received. Dichloromethane (CH 2 Cl 2 ), 
 N , N- dimethylformamide (DMF), methanol (CH 3 OH), tetrahydro-
furan (THF), diethyl ether, and all the other reagents were used 
as received. PEO 113 -based ATRP initiator (PEO 113 -Br), [  18  ]  alkynyl-
functionalized MRI contrast agent, DOTA( Gd )-alkynyl (DOTA: 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakisacetic acid), [  19  ]  
and 4-(2-methylacryloyloxyethylamino)-7-nitro-2,1,3-benzox-
adiazole (NBD) [  20  ]  were synthesized according the literature 
procedures.  

 2.1.1. Synthesis of PEO-b-P(DPA-co-GMA-co-NBD) 
(Scheme 2) 

 Typical procedures employed for the synthesis of PEO- b -P(DPA- co -
GMA- co -NBD) double hydrophilic diblock copolymer via ATRP are 
as follows. PEO 113 -Br (0.508 g, 0.1 mmol), DPA (2.13 g, 10 mmol), 
GMA monomer (284.3 mg, 2 mmol), NBD (35.1 mg, 0.12 mmol), 
and PMDETA (17.3 mg, 0.1 mmol), and 3 mL 2-propanol were 
charged into a reaction tube. The mixture was carefully degassed 
by three freeze-pump-thaw cycles, and CuBr (14.4 mg, 0.1 mmol) 
was then introduced under the protection of N 2  fl ow and tube 
was sealed under vacuum. After stirring at 30  ° C for 8 h, the reac-
tion mixture was diluted with 10 mL THF and passed through a 
neutral alumina column to remove the catalyst. The solvent was 
removed on a rotary evaporator. The product was directly utilized 
for the next reaction step without further purifi cation.     

 2.1.2. Synthesis of PEO-b-P(DPA-co-GMA(N  3  )-co-NBD)  

 The PEO- b -P(DPA- co -GMA- co -NBD) crude product (2.0 g) obtained 
in the above step was dissolved in 20 mL DMF, NaN 3  (260 mg, 
4 mmol) was then added. After thermostating at 45  ° C in an oil 
bath under magnetic stirring for 12 h, the mixture was passed 
through a silica gel column to remove residual NaN 3 . After 
removing DMF under vacuum, the obtained polymer was diluted 
in 10 mL THF and precipitated into an excess of cold petroleum 
ether. The above dissolution–precipitation cycle was repeated for 
three times. The product was then dried in a vacuum oven over-
night at room temperature, affording a yellowish solid (1.74 g, 
  M   n  ,GPC   =  25.4 kDa,   M   w /  M   n   =  1.10; Table S1 and Figure S1; Sup-
porting Information). The mole content of NBD moieties in P(DPA-
 co -GMA( N  3 )- co -NBD) block was determined to be  ≈ 1 mol% based 
on a standard fl uorescence calibration curve. DPA and GMA( N  3 ) 
contents in P(DPA- co -GMA( N  3 )- co -NBD) block, with a total DP of 
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 ≈ 100, were determined to be  ≈ 75 mol% and  ≈ 25 mol% by  1 H NMR 
analysis in CDCl 3 , respectively (Figure S2, Supporting Informa-
tion). Thus, the obtained double hydrophilic block copolymer was 
denoted as PEO 113 - b -P(DPA 0.74 - co -GMA( N  3 ) 0.25 - co -NBD 0.01 ) 100  and 
shortened as PEO- b -P(DPA- co - GMA( N  3 )- co -NBD).    

 2.1.3. Synthesis of PEO-b-P(DPA-co-GMA(N 3 )-DOTA(Gd)-
co-NBD) Diblock Copolymer via Click Reaction  

 Typical procedures employed for the synthesis of PEO- b -P(DPA-
 co - GMA( N  3 )-DOTA( Gd )- co -NBD) diblock copolymer are as fol-
lows. PEO- b -P(DPA- co - GMA( N  3 )- co -NBD) (1.0 g,  ≈ 0.98  ×  10  − 3   M  
azide moieties), DOTA( Gd )-alkynyl (120 mg, 0.2 mmol), PMDETA 
(34.7 mg, 0.2 mmol), and 5 mL DMF were added into a reaction 
tube. The mixture was carefully degassed by three freeze-pump-
thaw cycles. CuBr (32.8 mg, 0.2 mmol) was added under the pro-
tection of N 2  fl ow and tube was then sealed under vacuum. After 
stirring at 45  ° C for 24 h, the reaction tube was opened, exposed 
to air, and then diluted with 3 mL THF. After passing through 
a neutral alumina column and removing all the solvents on a 
rotary evaporator, the residues were dialyzed against deionized 
water and then lyophilized to afford a yellowish powder. PEO 113 -
 b -P(DPA 0.74 - co -GMA( N  3 ) 0.25-x -DOTA( Gd ) x - co -NBD 0.01 ) 100  diblock 
copolymer was obtained as a yellowish powder (0.9 g, yield: 
80%,   M   n  ,GPC   =  28.1 kDa,   M   w /  M   n   =  1.21; Table S1 and Figure S1, 
Supporting Information). The Gd 3 +   content within the diblock 
copolymer was determined to be  ≈ 2.5 wt% by inductively coupled 
plasma atomic emission spectrometry (ICP-AES) measurements. 
ICP-AES analysis also revealed that Cu 2 +   content in the click 
product is almost negligible, suggesting that Gd 3 +   ions complex 
more strongly with DOTA compared with that of Cu 2 +   ions. Thus, 
the polymer was denoted as PEO 113 - b -P(DPA 0.74 - co -GMA( N  3 ) 0.2 -
DOTA( Gd ) 0.05 - co -NBD 0.01 ) 100  and shortened as PEO- b -P(DPA- co -
GMA( N  3 )-DOTA( Gd )- co -NBD) (Table S1, Supporting Information).    

 2.1.4. Fabrication of PEO-b-P(DPA-co-DOTA(Gd)-co-NBD) 
CCL Micelles  

 PEO- b -P(DPA- co -DOTA( Gd )- co -NBD) CCL micelles was fabricated 
via further click reaction with propargyl ether. In a typical pro-
cedure, a 100 mL round bottle fl ask was charged with propargyl 
ether (16.9 mg, 0.18  ×  10  − 3   M ), CuSO 4  · 5H 2 O (90 mg, 0.36  ×  10  − 3   M ), 
sodium ascorbate (142.6 mg, 0.72  ×  10  − 3   M ), and deionized water 
(50 mL). PEO 113 - b -P(DPA- co -GMA( N  3 )-DOTA( Gd )- co -NBD) pre-
cursor (0.05 g,  N  3   ≈  0.36  ×  10  − 3   M ) was dissolved in 10 mL THF at 
fi rst, and the solution was then quickly injected into the aqueous 
mixture under vigorous stirring. After degassing, the mixture 
was stirred for 24 h at room temperature and then dialyzed (MW 
cutoff 12000–14000) against deionized water for 12 h to remove 
copper catalysts. CCL micelles with the core-crosslinked PDPA 
cores colabeled with MR imaging contrast agent, DOTA( Gd ), and 
fl uorescent moieties, NBD, was obtained as a yellowish solid 
after lyophilization.    

 2.1.5. Synthesis of PEO-b-P(DMA-co-NBD) Diblock Copolymer  

 PEO- b -P(DMA- co -NBD) diblock copolymer was synthesized via 
ATRP by utilizing PEO-Br macroinitiator. Typically, PEO- Br  (0.508 g, 
0.1 mmol), DMA (0.98 g, 9.9 mmol), NBD (29.2 mg, 0.1 mmol), and 
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Me 6 tren (23 mg, 0.1 mmol), and 2 mL 2-propanol were charged 
into a reaction tube. The mixture was carefully degassed by three 
freeze-pump-thaw cycles and CuBr (14.4 mg, 0.1 mmol) was then 
added under the protection of N 2  fl ow. The tube was then sealed 
under vacuum. After stirring at 30  ° C for 8 h, the reaction mix-
ture was diluted with 10 mL THF, and passed through a neutral 
alumina column to remove the catalyst. After removing THF sol-
vent on a rotary evaporator, the polymer was precipitated into 
an excess of diethyl ether. The above dissolution–precipitation 
cycle was repeated for three times. The product was then dried 
in a vacuum oven overnight at room temperature, affording a 
yellowish solid (0.95 g, yield: 63%,   M   n   =  13.6 kDa,   M   w /  M   n   =  1.12; 
Table S1, Supporting Information).    

 2.1.6. In Vitro Cytotoxicity Assay  

 HepG2 cells were fi rstly cultured in Dulbecco’s modifi ed Eagle 
medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS), penicillin (100 units/mL), and streptomycin (100 mg L  − 1 ) 
at 37  ° C in a CO 2 -air (5:95) incubator for 2 d. For the cytotox-
icity assay, HepG2 cells were seeded in a 96-well plate at an ini-
tial density of  ca . 5000 cells/well in 100 mL of complete DMEM 
medium. After incubating for 24 h, DMEM was replaced with 
fresh medium, and the cells were treated with non-crosslinked 
precursor and CCL micelles at varying fi nal concentrations, 
respectively. The treated cells were incubated in a humidifi ed 
environment with 5% CO 2  at 37  ° C for 48 h. The MTT reagent (in 
20  μ L PBS, 5.0 g L  − 1 ) was added to each well. The cells were further 
incubated for 4 h at 37  ° C. The medium in each well was then 
removed and replaced by 150  μ L DMSO. The plate was gently agi-
tated for 15 min before the absorbance at 570 nm was recorded 
by a microplate reader (Thermo Fisher). Each experiment was 
conducted in quadruple and the data are shown as the mean 
value plus a standard deviation ( ±  SD).    

 2.1.7. In Vitro MR Relaxivity Measurements  

 The longitudinal relaxation rates (1/ T  1 ) of aqueous solutions of 
non-crosslinked diblock copolymer precursor and CCL micelles 
at varying Gd 3 +   concentrations (0.005, 0.01, 0.02, 0.03, 0.04, and 
0.06  ×  10  − 3   M ) were acquired at room temperature using a GE 
Signa Horizon 1.5 T MR scanner equipped with a human shoulder 
coil. A conventional spin-echo pulse sequence was used for  T  1  
measurements with a single slice thickness of 4 mm, fi eld of view 
(FOV) of 10  ×  10 cm, and matrix size of 128  ×  128. The repetition 
times (TR) were 200, 300, 400, 600, 800, 1000 ms with an echo 
time (TE) of 9 ms. The net magnetizations for each sample were 
determined from the selected region of interest (ROI) and fi t to the 
following multi-parametric nonlinear regression function:  M  TR   =  
 M  0 (1- e   − TR/ T 1 ), where  M  TR  denotes the measured signal intensity as 
a functional of repetition time (TR) and  M  0  is the signal intensity 
in the thermal equilibrium.  T  1  values were calculated from these 
data using a MATLAB program and the longitudinal relaxivity  r  1  
was determined from the slope of a 1/ T  1  versus [Gd 3 +  ] plot.    

 2.1.8. In Vitro MR Imaging of HepG2 Cells  

 HepG2 cells were fi rstly cultured in DMEM supplemented with 
10% FBS, penicillin (100 units/mL), and streptomycin (100  μ g/
Macromol. Rapid Comm
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mL) at 37  ° C in a CO 2 -air (5:95) incubator for 2 d. Then, HepG2 
cells were seeded in a 24-well plate at an initial density of ca. 
1.5  ×  10 5  cells/well in 1.0 mL complete DMEM medium. After 
incubating for 24 h, the cells were treated with non-crosslinked 
diblock precursor and CCL micelles, respectively. After 4 h, the 
culture media were removed and cells were washed, trypsinized, 
and neutralized. After centrifugation at 1000 rpm for 5 min, cells 
were resuspended in 0.6 mL of PBS and 0.6 mL of 2.0 wt/v% para-
formaldehyde, followed by incubation at 4  ° C for 1 h. Cells were 
then washed with PBS to remove paraformaldehyde and centri-
fuged at 1000 rpm for 5 min. 0.5 mL fresh PBS was added together 
with 0.5 mL 2.0 wt/v% agarose solution onto cells. The mixture 
was then transferred into a 1.5 mL centrifuge tube. Images were 
obtained on a GE Signa Horizon 1.5 T MR scanner in a human 
shoulder coil using the Axial 3D FGRE sequence.    

 2.1.9. Characterization  

 All  1 H NMR spectra were recorded on a Bruker AV300 NMR spec-
trometer (resonance frequency of 300 MHz for  1 H) operated in the 
Fourier transform mode. CDCl 3  was used as the solvent. Molecular 
weights and molecular weight distributions were determined by 
gel permeation chromatography (GPC) equipped with Waters 
1515 pump and Waters 2414 differential refractive index detector 
(set at 30  ° C), employing a series of two linear Styragel columns 
(HR2 and HR4) at an oven temperature of 45  ° C. The eluent was 
THF at a fl ow rate of 1.0 mL min  − 1 . A series of low polydispersity 
polystyrene standards was employed for calibration. Inductively 
coupled plasma atomic emission spectrometry (ICP-AES) (Perkin 
Elmer Corporation Optima 7300 DV) was used for Gd 3 +   content 
analysis. Fluorescent images were recorded on a LEICA SP2 con-
focal microscope. Transmission electron microscopy (TEM) obser-
vations were conducted on a JEOL 2010 electron microscope 
at an acceleration voltage of 200 kV. Fluorescence spectra were 
recorded on F-4600 (Hitachi) spectrofl uorometer. The slit widths 
were both set at 5 nm for excitation and emission, and the exci-
tation wavelength was fi xed at 390 nm. All UV–Vis spectra were 
acquired on a Unico UV–Vis 2802PCS spectrofl uorometer.     

 3. Results and Discussion 

 Well-defi ned DHBCs with the pH-responsive PDPA block 
labeled with DOTA( Gd ) and NBD moieties, PEO- b -P(DPA-
 co -GMA( N  3 )-DOTA( Gd )- co -NBD), were synthesized at 
fi rst by combining atom transfer radical polymerization 
(ATRP) and click functionalization (Scheme  2 ). They were 
characterized by  1 H NMR and GPC (Figures S1-S2, Sup-
porting Information) and Table S1 (Supporting Informa-
tion) summarizes relevant structural parameters. The 
Gd 3 +   content in the DHBCs was determined to be 2.5 wt% 
by ICP-AES analysis, corresponding to  ≈ 5 DOTA( Gd ) moie-
ties per chain. After self-assembling into micelles at neu-
tral pH in aqueous media, further core cross-linking was 
achieved via click reaction with propargyl ether within 
micellar cores. Successful consecutive click reactions for 
covalent labeling with DOTA( Gd ) and core cross-linking 
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     Scheme  2 .     Synthetic routes employed for the preparation of PEO- b -P(DPA- co -GMA( N  3 )- co - NBD) and PEO- b -P(DPA- co -GMA( N  3 )-DOTA( Gd )- co -
NBD) diblock copolymers and CCL micelles labeled with NBD and DOTA( Gd ) moieties within pH-responsive cross-linked micellar cores.  
can be evidenced from the gradual decrease of character-
istic azide absorption peak at  ≈ 2100 cm  − 1  (Figure S3, Sup-
porting Information). As shown in Figure S4 (Supporting 
Information), the aqueous solution of CCL micelles at pH 
7.4 exhibits an intensity-average hydrodynamic diameter, 
 <  D  h  > , of 84.9 nm and a size polydispersity,   μ   2 /  Γ   2 , of 0.16, as 
revealed by dynamic laser light scattering (LLS). The  <  D  h  >  
of CCL micelles increased to  ≈ 142.4 nm at pH 5.0 due to 
protonation of tertiary amine moieties within cross-linked 
PDPA cores, which renders the initially hydrophobic cores 
highly hydrophilic. The presence of spherical CCL micelles 
can be also evidenced by TEM images recorded at pH 7.4 
and 5.0 and dynamic LLS results recorded in organic sol-
vents (Figure S4, Supporting Information). Note that the 
observed pH-induced core swelling of CCL micelles is also in 
agreement with the p K a determined for CCL micelles (6.12) 
and non-crosslinked diblock precursor (6.23) (Figure S5, 
Supporting Information). 

 We then investigated the pH-modulation of MR and 
fl uorescence imaging performance of CCL micelles and 
compared with those of noncross-linked ones. Typical 
 T  1 -weighted spin-echo MR images recorded for non-
crosslinked diblock precursor and CCL micelles at varying 
concentrations are shown in Figures S6 (Supporting Infor-
mation). At increasing [Gd 3 +  ] concentrations, a “positive” 
MR imaging contrast enhancement was observed in both 
cases. At pH 7.4,  T  1  relaxivities ( r  1 ) of non-crosslinked 
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micelles and CCL micelles were determined to be 2.57 
and 5.13 s  − 1  mM  − 1 ; however,  r  1  increased to 4.89 and 
12.94 s  − 1  mM  − 1  at pH 5.0 for diblock unimers and CCL 
micelles, respectively (Figures  1 a and b). The enhanced  r  1  
relaxivity for both non-crosslinked precursor ( ≈ 1.9-fold) 
and CCL micelles ( ≈ 2.5-fold) under mildly acidic condi-
tion (pH 5.0) relative to those at pH 7.4 should be ascribed 
to the protonation of tertiary amine moieties in PDPA, 
resulting in micelle-unimer transition in the former and 
core swelling in the latter case. At pH 5.0, DOTA( Gd ) moi-
eties were located within hydrophilic microenvironment 
and suffi cient exchange between  Gd  complex and water 
molecules can occur, leading to  T  1  relaxivity enhance-
ment. Noting that CCL micelles possess larger  r  1  values 
under neutral and mildly acidic conditions compared with 
that of non-crosslinked precursor, which can be ascribed 
to the restriction of rotational mobility for DOTA( Gd ) 
moieties due to core cross-linking. [  17d  ,  21  ]   

 Thus, CCL micelles are superior to non-crosslinked 
ones in terms of pH-modulated contrast enhancement 
(Figure  1 a and b). This was further confi rmed by cel-
lular MRI results upon incubating HepG2 cells with non-
crosslinked micelles and CCL micelles (Figure  1 c). After 
endocytosis, micellar nanoparticles will be mainly located 
within acidic organelles such as endosomes and lysosomes 
(pH 5.0–5.5) before escaping into the cytoplasm. Thus, at 
the cellular level, MR contrast performance at increasing 
753
un. 2013,  34,  749−758

bH &  Co.  KGaA, Weinheim



J. Hu et al.
Macromolecular
Rapid Communications

www.mrc-journal.de

754

c)

Control 0.05 mM 0.1 mM 0.2 mM

Non–Crosslinked Micelles

CCL Micelles

11.0
40

60

80

100

120

C
el

l V
ia

bi
lit

y 
/ %

Concentration / (mg/mL)

Non-Crosslinked Micelles
CCL Micelles

d)

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.3

0.4

0.5

0.6  pH 7.4, r
1
 = 2.57 s-1mM-1

 pH 5.0, r
1
 = 4.89 s-1mM-1

1/
T

1 (
S

-1
)

[Gd3+] / mM

~1.9-fold 
enhancement

a)

Non-Crosslinked Micelles

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.2

0.4

0.6

0.8

1.0  pH 7.4, r
1
 = 5.13 s-1mM-1

 pH 5.0, r
1
 = 12.94 s-1mM-1

1/
T

1 (
s-1

)

[Gd3+] / mM

b)

~2.5-fold 
enhancement

CCL Micelles

     Figure  1 .     Water proton longitudinal relaxation rate (1/ T  1 , magnetic strength: 1.5 T) recorded for aqueous solutions (25  ° C) of (a) non-crosslinked 
micelles and (b) CCL micelles of PEO- b -P(DPA- co -DOTA( Gd )- co -NBD) diblock copolymer at pH 7.4 and 5.0, respectively, at varying polymer 
concentrations. (c)  T  1 -weighted spin-echo MR images recorded for HepG2 cells after incubating for 4 h in the presence of non-crosslinked 
micelles and CCL micelles at varying Gd 3 +   concentrations (0–0.2  ×  10  − 3   M ). HepG2 cells were harvested by trypsinization and suspended in 
agarose gel. (d) MTT assay of in vitro cytotoxicity of non-crosslinked micelles and CCL micelles against HepG2 cells as a function of polymer 
concentrations.  
[Gd 3 +  ] concentrations is quite comparable to that obtained 
in mildly acidic media (Figure S6, Supporting Informa-
tion). We can also judge from Figure  1 c that at the same 
[Gd 3 +  ] concentration, CCL micelles serve as a better cellular 
MR contrast agent than non-crosslinked micelles. Fur-
thermore, in vitro MTT assay on HepG2 cells revealed that 
both non-crosslinked and CCL micelles exhibit negligible 
cytotoxicity up to a polymer concentration of 1.0 mg mL  − 1  
(Figure  1 d). The above results verifi ed our assumption 
that pH-induced hydrophobicity/hydrophilicity transi-
tion of responsive polymeric assemblies can be utilized to 
modulate MR signal intensities, which is also applicable 
for cellular MR imaging by taking advantage of the acidic 
microenvironment of specifi c cell organelles (Scheme  1 ). 

 PEO- b -P(DPA- co -DOTA( Gd )- co -NBD) diblock copolymer 
also bears green-emitting NBD dyes in the pH-responsive 
tertiary amine-containing PDPA block. Thus, pH-induced 
core swelling/collapse of CCL micelles and unimer-
micelle transition of un-crosslinked diblock precursor 
might also be exploited to modulate fl uorescence emis-
sions. [  22  ]  As shown in Figure  2 , at a polymer concentra-
tion of 1.0 g L  − 1 , both non-crosslinked precursor and 
CCL micelles exhibit quite comparable pH-dependent 
emission intensity changes in the range of pH 4.0-8.0. A 
Macromol. Rapid Comm
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cumulative  ≈ 10-fold decrease in emission intensity was 
achieved mainly in the range of pH 5.0–6.5 (Figure  2 a and 
b). In addition, during the pH-induced unimer-to-micelle 
transition upon increasing solution pH, both emission 
and UV–Vis absorption peak maximum of NBD moieties 
exhibit a blue shift, implying the formation of hydro-
phobic micellar cores (Figure  2  and Figure S7, Supporting 
Information). Previously, fl uorescence emission turn-on 
of dye-labeled responsive diblock copolymers associated 
with pH-induced micelle-to-unimer transition has been 
utilized for the selective imaging of intracellular acidic 
organelles. [  11c  ,  12  ]  It is well known that near-infrared (NIR) 
dyes exhibit improved penetration depth compared to 
dyes in the visible range (such as NBD). During the con-
duction of this work, initially we screened a few types of 
fl uorescent dyes, including a NIR dye (Cy5.5). However, 
only the NBD dye emission can be signifi cantly quenched 
and switched on/off within cross-linked PDPA cores. 
As for NIR dye (Cy5.5), only less than 20% fl uorescence 
quenching can be achieved via pH-modulation.  

 Aiming to elucidate the fl uorescence quenching 
mechanism, pH-dependent emission of NBD-labeled 
water-soluble PEO- b -P(DMA- co -NBD) diblock copolymer 
in aqueous solution was measured, where DMA is 
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     Figure  2 .     (a and b) Fluorescence emission spectra (  λ   ex   =  470 nm; slit widths: Ex. 5 nm, Em. 5 nm) and (c and d) normalized fl uorescence 
intensities recorded at varying pH conditions for aqueous solutions of (a) non-crosslinked micelles and (b) CCL micelles. The inset in 
(c) shows macroscopic optical images recorded under UV 365 nm irradiation for 0.1 g L  − 1  aqueous solutions of CCL micelles at pH 7.4 and 
5.0, respectively. The polymer concentrations in (a), (b), and (c) are 1.0 g L  − 1 , whereas in (d) the polymer concentration is 0.01 g L  − 1 .  
 N , N -dimethylacrylamide. It was found that the emission 
intensity exhibits negligible changes in the range of pH 
3.0–9.4 (Figure S8, Supporting Information), suggesting 
that NBD dyes do not exhibit pH-dependent emission 
feature in the investigated pH range (5.0-7.4). Two mech-
anisms might be responsible for the emission quenching 
of non- crosslinked micelles and CCL micelles under 
neutral pH condition, namely, PET from unprotonated 
tertiary amine residues and dye self-quenching due to 
high local chromophore concentration within micellar 
cores. [  17  ]  Due to that NBD dye possesses a relatively large 
Stokes shift ( ≈ 60 nm), we propose that the PET mecha-
nism is the main driving force for emission quenching 
at the micellar state. Upon pH decrease, tertiary amine 
residues are getting protonated and non-crosslinked 
micelles disintegrate into unimers, the above two factors 
both cease to take effect, resulting in the recovery of NBD 
emission. [  12  ]  The pH-driven emission recovery of CCL 
micelles can also be discerned by the naked eye (inset in 
Figure  2 c). In addition, time-resolved fl uorescence meas-
urements for CCL micelles were determined to be  ≈ 2.24 
and  ≈ 4.90 ns at pH 7.4 and 5.0, respectively (Table S2 
and Figure S9, Supporting Information), which is in 
agreement with pH-induced emission intensity changes 
(Figure  2 c). 
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 Core cross-linking can endow polymeric micelles with 
structural stability, whereas un-crosslinked micelles 
are subjected to disintegration upon dilution to below 
the critical micellization concentration (CMC). Figure  2 d 
compares the pH-dependent emission intensity of un-
crosslinked precursor and CCL micelles at a concentration 
of 0.01 g L  − 1 , which is below the CMC of diblock copolymer 
micelles ( ≈ 0.015 g L  − 1 ) as determined by surface tensiom-
etry. It was found that in the range of pH 4.0-8.0, uncross-
linked micelles exhibit  ≈ 12% emission quenching, 
whereas CCL ones still demonstrate  ≈ 77% fl uorescence 
quenching under such high dilution. The latter can be 
clearly ascribed to the structural integrity of CCL micelles; 
under neutral condition, PET and self-quenching mecha-
nisms are effective due to collapse of CCL micellar cores. 
Since the dye labeling content is quite low ( ≈ 1 per chain), 
un-crosslinked diblock precursor exists as tadpole-shaped 
unimer chains below the CMC, thus, the self-quenching 
mechanism is unavailable and the PET mechanism is not 
as effective as that of CCL micelles. [  11c  ,  12  ]  

 Finally, we monitored the cellular uptake process of 
CCL micelles by taking advantage of the mildly acidic pH-
triggered emission turn-on feature. As shown in Figure  3 , 
confocal fl uorescence microscopy images of HepG2 cells 
taken at 0.5, 1, and 2 h upon incubating with CCL micelles 
755
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     Figure  3 .     Representative confocal fl uorescence microscopy images of (a) green channel, (b) red channel, and (c) overlay of green and red 
channels recorded for HepG2 cells upon incubating with CCL micelles of PEO- b -P(DPA- co -DOTA( Gd )- co -NBD) (0.1 g L  − 1 ) for varying time 
durations (0.5, 1, and 2 h). Intracellular lysosome organelles were costained with LysoTracker (b, red channel). (d) Average emission intensity 
recorded in the green channel (NBD emission) and red channel (LysoTracker) for HepG2 cells after incubation with 0.1 g L  − 1  CCL micelles for 
varying time durations (0.5, 1, and 2 h). (e) Incubation time-dependent changes in red and green channel emission intensity ratios.  
demonstrated prominently enhanced NBD emission 
(Figure  3 a, green channel) and the average NBD emission 
intensity of exhibited a cumulative  ≈ 32.5-fold enhance-
ment over  ≈ 2 h incubation time. The observed enhance-
ment can be safely ascribed to fl uorescence turn-on of 
NBD emissions triggered by acidic cellular organelles 
(e.g., endosomes and lysosomes) (Figure  2 ). To localize 
the intracellular distribution of CCL micelles, lysosomes 
were colabeled with LysoTracker red. This rendered pos-
sible the facile monitoring of transport of CCL micelles 
Macromol. Rapid Comm
© 2013  WILEY-VCH Verlag Gm
by comparing overlay regions of the green channel (NBD 
emission) and red channel (LysoTracker emission). As 
shown in Figure  3 b, fl uorescent images recorded in the 
red channel exhibited negligible changes (Figure  3 d, red 
bar). However, considerable changes occurred for the 
overlay images (Figure  3 c). At 0.5 h, the NBD emission is 
quite weak with poor overlay with the red channel image. 
At extended incubation duration (1 h and 2 h), emission 
intensity ratio of the green and red channels prominently 
increased, exhibiting  ≈ 27.5-fold enhancement at 2 h 
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compared to that at 0.5 h incubation time (Figure  3 e). 
Accordingly, increased overlay regions between the green 
and red channel images over extended incubation dura-
tion can be clearly discerned, indicating that CCL micelles 
are gradually entering acidic lysosomes.    

 4. Conclusions 

 In summary, we fabricated CCL micelles covalently labeled 
with DOTA( Gd ) and NBD moieties within pH-responsive 
cores, which can serve as a dual-modality MR/fl uores-
cence imaging system and exhibit mildly acidic pH-trig-
gered turn-on or enhancement of signal intensities for 
both imaging modalities. pH-induced core swelling of CCL 
micelles and the associated hydrophobic–hydrophilic tran-
sition are responsible for this feature. Compared to non-
crosslinked diblock precursor, CCL micelles demonstrate 
better MR and fl uorescence imaging performance due 
to structural stability and integrity endowed by the core 
cross-linking procedure. Furthermore, selective enhance-
ment of MR/fl uorescence imaging signal intensities of the 
dual-modality imaging system can also be actuated under 
specifi c intracellular microenvironments such as mildly 
acidic organelles. To the best of our knowledge, this work 
represents the fi rst example of polymeric micelles-based 
MR/fl uorescence dual-modality imaging platform exhib-
iting selectively enhanced signal intensities for both detec-
tion modes in response to a single biologically relevant 
stimulus. Relevant in vivo experiments (pharmacokinetics, 
biodistribution, and in vivo imaging capability of CCL 
micellar nanoparticles) are currently underway.   
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