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A hyperbranched supramolecular polymer (HSP) is constructed based on the intermolecular inclusion com-
plexation of bridged tris(permethyl-β-cyclodextrin) with MnIII-porphyrin bearing poly(ethylene glycol) (PEG) side 
chains (MnIII-TPP), and characterized by UV/vis absorption spectroscopy, isothermal titration calorimetry (ITC), 
NMR, dynamic light scattering (DLS), atomic force microscopy (AFM) and transmission electron microscopy 
(TEM), respectively. The presence of permethyl-β-cyclodextrin can stabilize the low-valent MnII-TPP. In vitro cell 
experiment indicates that this HSP has no remarkable cellular toxicity against NIH 3T3 cells. In vitro MR imaging 
experiment indicates a slightly increased T1 relaxivity for this HSP compared to that for the linear supramolecular 
polymer. 
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Introduction 
Supramolecular polymers, which combine the ad-

vantages of supramolecular chemistry and polymer sci-
ence, have attracted great attentions in the last few 
years.[1] Compared to the conventional covalent poly-
mers, the dynamic nature of non-covalent interactions 
gives supramolecular polymers a variety of novel fea-
tures, such as easy processability,[2] biocompatibility,[3] 
stimuli-responsiveness,[4] and self-healing.[5] Hyper-
branched polymers exhibit the amazing properties of 
dendrimers through a simply synthetic protocol.[6] 
Moreover, some hyperbranched polymers have been 
used for biomedical applications due to their high bio-
compatibility.[7] Hyperbranched supramolecular poly-
mers (HSP), which are constructed by non-covalent in-
teractions while have a same structure as hyperbranched 
polymers, can unite all the merits from both supra-
molecular polymers and hyperbranched polymers. How-
ever, to date, the reports on the construction of this kind 
of polymers are still rare.[8] 

Cyclodextrins (CDs), non-toxic supramolecular 
hosts, are a class of cyclic oligosaccharides with 
six-eight D-glucose units linked by α-1,4-glucose bonds 
and gain widespread traction in supramolecular polymer 
chemistry due to their ability to form non-covalent in-
clusion complexes with hydrophobic guest molecules by 
host-guest interactions.[9] Based on our previous works 

about the fabrication of supramolecular polymer by CD 
and porphyrins,[10] we designed and constructed a new 
HSP from a CD trimer and Mn-tetrakis(phenyl)porphy-
rin (Mn-TPP) (Scheme 1), in which the symmetrical 
bridged tris(permethyl-β-CD)s (1) was acted as the core 
of this HSP (Scheme 2), while Mn-TPP was chosen as 
the linker for the HSP because of its strong interaction 
with permethyl-β-CD.[11] Considering the magnetic 
resonance imaging (MRI) ability of Mn-TPP[12] and the 
advantages when polymers are introduced to MRI con-
trast agents, such as increasing the relaxivity and solu-
bility,[13] providing longer blood circulation times,[14] 
and displaying a high density of functional ligands 
(drugs, targeting agents, and imaging agents, etc.),[15] 
the stabilization of low-valent MnII-TPP by permethyl- 
β-CD and the cytotoxicity of HSP were also evaluated. 
The relaxivity of this HSP was then investigated 
through in vitro MR imaging experiments. 

Experimental  
General methods and materials 

β-Cyclodextrin was purchased and recrystallized 
from water twice and then dried under vacuum at 85 ℃
for 24 h before use. Sodium ascorbate was purchased 
from Aladdin Industrial Company. 2,2',2''-Triaminotrie-
thylamine was purchased from J&K Scientific Com- 
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Scheme 1  Schematic representation of HSP 1·MnIII-TPP 

 

 
pany. 6-Deoxy-6-isothiocyanato-permethyl-β-CD and 
MnIII-TPP were prepared according to the literature 
procedure. Other chemicals and solvents were commer-
cially available. Column chromatography was per-
formed on silica gel (200－300 mesh).  

Instruments 
1H NMR spectra were performed on a Bruker 

AV400 spectrometer. Mass spectra were performed on 
an AutoflexIII LRF200-CID (Bruker Daltonics). Ele-
mental analyses were measured by conventional ele-
ment analyzer. 2D ROESY spectra were performed on a 
Varian 300 MHz spectrometer. UV/vis spectra were 
recorded in a quartz cell (light path 10 mm) on a Shi-
madzu UV-3600 spectrophotometer equipped with a 
PTC-348WI temperature controller. 

ITC measurements 
A thermostated and fully computer-operated iso-

thermal calorimetry (VP-ITC) instrument, purchased 
from Microcal Inc., Northampton, MA, was used for all 
microcalorimetric experiments. The VP-ITC instrument 
was calibrated chemically by measurement of the com-
plexation reaction of β-cyclodextrin with cyclohexanol, 
and the obtained thermodynamic data were in good 
agreement (error＜2%) with the literature data. All mi-
crocalorimetric titrations between 1 and Mn-TPP were 
performed in aqueous solution at atmospheric pressure 
and 298.15 K. Each solution was degassed and thermo-
stated by a ThermoVac accessory before the titration 
experiment. Twenty-six successive injections were 
made for each titration experiment. A constant volume 
(10 μL/injection) of host solution in a 0.250-mL syringe 
was injected into the reaction cell (1.4227 mL) charged 
with guest molecule solution in the same aqueous solu-
tion. A control experiment was carried out in each run 
to determine the dilution heat by injecting a host aque-

ous solution into a pure aqueous solution containing no 
guest molecules. The dilution heat determined in these 
control experiments was subtracted from the apparent 
reaction heat measured in the titration experiments to 
give the net reaction heat.  

The net reaction heat in each run was analyzed by 
using “one set of binding sites” model (ORIGIN soft-
ware, Microcal Inc.) to simultaneously compute the 
binding stoichiometry (N), complex stability constant 
(KS), standard molar reaction enthalpy (ΔH°) and stan-
dard deviation from the titration curve.  

AFM measurements 
The sample solution was dropped onto newly 

clipped mica and then dried in air. The samples were 
performed by using a Multimode Nanoscope-IIIa Scan-
ning Probe Microscope (Digital Instrument Co., Ltd. 
U.S.A.) in tapping mode in air at room temperature. 

TEM measurements 
The sample for TEM measurements was prepared by 

dropping the solution onto a copper grid. The grid was 
then air-dried. The samples were examined by a high- 
resolution TEM (Tecnai G2 F20 microscope, FEI) 
equipped with a CCD camera (Orius 832, Gatan) oper-
ating at an accelerating voltage of 200 kV. 

DLS measurements 
The sample solution for DLS measurements was 

prepared by filtering solution through a 450 nm Milli-
pore filter into a clean scintillation vial. The samples 
were examined on a laser light scattering spectrometer 
(BI-200SM) equipped with a digital correlator (Turbo 
Corr.) at 532 nm at a scattering angle of 90 ℃.  

Cell culture 
Mouse embryonic fibroblast NIH 3T3 cell line was 
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cultured in the Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% fetal bovine serum 
(FBS) at 37 ℃ in a humidified atmosphere of 5% of 
CO2. 

Cytotoxicity studies 
The cytotoxicity of 1·MnIII-TPP was investigated by 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide, Sigma, St. Louis, MO, USA) viability 
test on NIH 3T3 cell line. Briefly, cells were plated at a 
density of 1.0×104 cells per well in 96 well. After 24 h 
incubation, cells were treated by 1·MnIII-TPP at indi-
cated concentrations for 48 h; then the medium was re-
moved and 200 μL of fresh medium plus 20 μL of MTT 
reagent (2.5 mg dissolved in 50 μL of DMSO) were 
added to each well. After incubation for 4 h at 37 ℃, 
the culture medium containing MTT was withdrawn and 
200 μL of DMSO was added, followed by shaking for 
10 min until the crystals were dissolved. Viable cells 
were detected by measuring absorbance at 490 nm using 
MRX II absorbance reader (DYNEX Technologies, 
Chantilly, Virginia, USA). The cell growth was ex-
pressed as a percentage of absorbance in cells with 
1·MnIII-TPP treatment to that in cells without 1·MnIII- 
TPP treatment (100%). The survival rate (IR) was cal-
culated as follows: IR＝(A value of 1·MnIII-TPP well/A 
value of control well)×100%. 

MRI relaxivity measurements 
The NSP 1·MnII-TPP was obtained by adding excess 

sodium ascorbate into the NSP 1·MnIII-TPP. The 
T1-weighted images were acquired with a conventional 
spin echo acquisition (repetition time, TR, 2000 ms) 
with echo time, TE, of 13 ms in a clinical 3.0 T mag-
netic resonance scanner (3 T Siemens Magnetom Trio). 
T1 relaxivities were measured in a 3.0 T systems (3 T 
Siemens Magnetom Trio) at room temperature. Relaxiv-
ity values of r1 were calculated through the curve fitting 
of 1/T1 relaxation time (s−1) versus the Mn concentration 
(mmol/L). 

Preparation of 1 
To the solution of 6-deoxy-6-isothiocyanato-per- 

methyl-β-CD (874.0 mg, 0.60 mmol) in acetonitrile 
(10.0 mL), 2,2',2''-triaminotriethylamine (30.0 μL, 0.20 
mmol) was added under argon atmosphere. The mixture 
was stirred over night at room temperature. Then the 
solvent was removed under reduced pressure. The resi-
due was purified by silica gel column by using chloro-
form-methanol (V∶V＝10∶1) to obtain compound 1 
as a white solid (65%). 1H NMR (400 MHz, CDCl3) δ: 
7.27 (s, 3H), 6.28 (s, 3H), 5.24－5.07 (m, 15H), 5.04 (s, 
3H), 4.97 (s, 3H), 4.12－3.26 (m, 291H), 3.19 (dd, J＝
9.6, 3.3 Hz, 21H), 2.80 (6, 3H); 13C NMR (100 MHz, 
CDCl3) δ: 182.6, 99.6, 98.8, 82.0, 81.7, 81.1, 80.1, 71.2, 
70.9, 70.9, 61.3, 59.0, 58.6, 58.4, 53.0, 43.5. MS 
(MALDI) m/z: [M＋Na]＋ calcd for C195H345O102N7S3-
Na ＋  4536.108; found 4536.116. Anal. calcd for 
C195H345O102N7S3: C 51.86, H 7.70, N 2.17; found C 
51.78, H 7.73, N 2.19. 

Results and Discussion 
Bridged tris(permethyl-β-CD)s 1 was obtained by 

6-deoxy-6-isothiocyanato-permethyl-β-CD reacted with 
2,2',2''-triaminotriethylamine with satisfactory yields 
(Scheme 2). The HSP was constructed by the complexa-
tion of Mn-TPP with 1 in aqueous solution. 

UV/vis absorption spectroscopy was employed to 
investigate the binding behaviours of the two building 
blocks 1 and Mn-TPP. Upon addition of 1, the Soret 
band absorption of MnIII-TPP at 466 nm gradually shifts 
to shorter wavelength with the increase of intensity 
(Figure 1), suggesting the formation of the complex 
between MnIII-TPP and 1.[16] Their host-guest binding 
stoichiometry was investigated using the Job’s plot 
method, where the maximum value of ΔA appeared at a 
TPP molar fraction of 0.6, representing a 2∶3 (1∶
MnIII-TPP) stoichiometry (Figure S4). Previous investi-
gations by Kano’s and our group have demonstrated that 
permethyl-β-CD includes water-soluble porphyrins to 
afford trans-type 2∶1 host-guest complexes. The por-
phyrin entity acts as a bifunctional linker because of 
steric constraints between the threaded cylodextrin rings. 
Moreover, isothermal titration calorimetry (ITC) meas-
urements supplied the quantitative information for the   

Scheme 2  Synthetic route employed for the preparation of 1 
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Figure 1  UV/vis spectral changes of MnIII-TPP (1.0×10−5 
mol/L) in 0.1 mol/L phosphate buffer at pH 7.4 upon addition of 
1 at 25 ℃. Inset: the magnified area of 450－490 nm. 

host-guest complexation (Figures S5 and S6). Fitted 
using the “one set of binding sites” model,[8b] the bind-
ing stability constant (KS) value of 1 with MnIII-TPP 
was 4.642×105 L•mol−1. The experimental “N” value 
of 0.63 (binding molar ratio) closed to the expected 
value of 0.67 (2∶3), which was in accordance with the 
result obtained by the Job’s plot method. To confirm the 
interaction between 1 and MnIII-TPP, NOESY spectral 
experiment of TPP in the presence of 1 in D2O was 
examined. As shown in Figure S7, multiple cross-peaks 
regarding the protons of δ＝7.0－9.0 assigned to the 
pyrrole protons with the protons of the secondary OCH3 
of PMCD were observed, indicating that there existed 
host-guest interactions. 

Dynamic laser scattering (DLS), atomic force mi-
croscopy (AFM) and transmission electron microscopy 
(TEM) were subsequently employed to identify the 
self-assembled size and morphology of the supra-
molecular polymer. According to the DLS in the Figure 
S8, the complexation of 1 and MnIII-TPP at a concentra-
tion of 0.01 mmol/L formed a spectacular aggregate 
with an average diameter of 178.4 nm. Neither 1 or 
MnIII-TPP showed appreciable scattering intensity at the 
same concentration (Figures S9 and S10), suggesting 
that no large-size aggregates were formed. When 
mixing 1 and MnIII-TPP at stoichiometric ratio, a netlike 
morphology was found in the AFM image (Figure 2).  

 
Figure 2  AFM image of the HSP 1·MnIII-TPP. 

The height of the aggregate was about 1.8 nm, 
consistent with the size of both 1 and MnIII-TPP. Fur-
thermore, the TEM images of the aggregate also showed 
a fine netlike structure in Figure 3. Both TEM and AFM 

images confirmed that the aggregate 1•MnIII-TPP was a 
supramolecular polymer with a netlike structure. The 
schematic representation of HSP 1•MnIII-TPP is 
illustrated in Scheme 1. 

 

Figure 3  TEM image of the HSP 1·MnIII-TPP. 

In order to investigate the stability of MnII-TPP, the 
UV/vis spectral experiments of 1•MnIII-TPP in the 
presence and absence of excess sodium ascorbate were 
performed. The absorbances at 466 nm and 434 nm are 
assigned to Soret band of MnIII-TPP and Soret band of 
MnII-TPP, respectively.[17] As shown in Figure S11a, 
upon addition of sodium ascorbate, a new absorption 
band of 1•MnIII-TPP remarkably appeared at 434 nm 
accompanying the absorbance decrease at 466 nm. This 
observation indicated clearly that sodium ascorbate can 
reduce MnIII in 1•MnIII-TPP to MnII effectively. DLS 
experiment of 1•MnII-TPP gave the same average 
diameter of 184.3 nm as the diameter of 1•MnIII-TPP 
(Figure S8), suggesting that the size of HSP was not 
influenced significantly by valence states of Mn. Then 
the stabilization of the HSP 1•MnII-TPP exposed in air 
was investigated. In the kinetics experiment, when 
1·MnII-TPP was exposed in air, the autoxidation of 
MnII-TPP to MnIII-TPP occurred gradually (Figure 
S11b). The half-life period was about 30 min in the 
open air according to the absorbance at 434 nm.  

To find useful biological applications, a supra-
molecular polymer should neither inhibit nor promote 
the growth of living cells. On the basis of the reduction 
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), cell experiment of HSP was performed 
on mouse embryonic fibroblast NIH 3T3 cell to evaluate 
the toxicity. The viability of untreated cells was as-
sumed to be 100%. As shown in Figure 4, cell viability 
was greater than 80%, whatever the dose (from 1.0×
10–5 to 1.0×10–4 mol/L) used, even after a 48 h expo-
sure. These data show that this HSP can be considered 
to have low cytotoxicity. 

To evaluate the in vitro efficiency of this HSP, the 
longitudinal relaxivities r1 was obtained with the aid of 
a 3 T MRI systems utilizing a standard, inversion-  
recovery sequence at room temperature. Typical 
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Figure 4  In vitro cell viability of NIH 3T3 cells incubated with 
1·MnIII-TPP at different concentrations for 48 h. 

T1-weighted spin-echo MR images recorded for 1•MnII- 
TPP at varying MnII concentrations in water are shown 
in Figure 5a. Upon gradually increasing the concentra-
tion of HSP, a clear positive contrast enhancement of 
MR signals was observed as revealed by the reinforce-
ment of spot brightness. Quantitative analysis was fur-
ther conducted to investigate the enhancement of the 
MR imaging performance (Figure 5b). The HSP 
1·MnII-TPP was found to have longitudinal relaxivity (r1) 
of 17.98 mmol−1•L•s−1. Compared to the r1 value of our 
previous linear supramolecular polymer,[18] it was likely 
that an about 7% increase in the r1 value of 1·MnII-TPP 
was observed. Because this HSP is more rigid than the 
linear supramolecular polymer, it may have rotational 
correlation times that are long enough for the water ex-
change to influence the overall relaxivity. 

 
Figure 5  (a) T1-Weighted images of 1·MnII-TPP. (b) Relaxivity 
plots for 1·MnII-TPP. 

Conclusions 
In summary, an HSP was successfully fabricated 

through the intermolecular inclusion complexation of 

MnIII-TPP with bridged tris(permethyl-β-CD) 1, and it 
showed a great potential in bioimaging. The binding 
model of MnIII-TPP with 1 was confirmed by UV/vis 
spectra, ITC and NMR. The netlike structure of the su-
pramolecular polymer was investigated by DLS, AFM, 
and TEM analyses. The cavity of permethyl-β-CD 
played a crucial role in stabilization of low-valent 
MnII-TPP according to the UV/vis spectral experiments. 
The cell experiments showed that this HSP was practi-
cally nontoxic. In vitro MR imaging characterization 
exhibited a slightly increased T1 relaxivity for this HSP 
compared to that for the linear supramolecular polymer 
MnIII-TPP with bridged bis(permethyl-β-CD). The re-
search makes progress in constructing different types of 
the supramolecular polymer, especially constructing a 
new kind of HSP, and also expanding future application 
of HSP as a potential MRI contrast agents. 
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