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Supramolecular Assembly of Thiolated Cyclodextrin and 
Ferrocene Derivative for Controlled Drug Delivery 

Jian-Guang Cheng,[a] Ying-Ming Zhang,[a] and Yu Liu*[a],[b] 

Abstract: Construction of biocompatible nanoparticles is a 

significant topic of research at the chemistry–biology interface. 

Presently, more and more researchers have focused on 

supramolecular amphiphiles constructed by macrocycle-induced 

aggregation, a feasible and universal strategy in the fabrication of 

functional nanomaterials. In this work, we report a pH-responsive 

nanoparticle through the noncovalent complexation between per-6-

thiolated β-cyclodextrin sodium salt (SACD) and amphiphilic 

ferrocene derivative (FC12
+Br–) in water. The formation and 

composition of the obtained supramolecular nanoparticles were 

comprehensively characterized by UV/Vis absorption, dynamic laser 

scattering, and microscopic observations. Furthermore, the drug 

loading and release studies demonstrated that the supramolecular 

binary nanoparticles could efficiently encapsulate doxorubicin 

hydrochloride (DOX) in their nanoparticulate cores, and the 

entrapped DOX could be rapidly released in the low pH environment. 

The present study suggests that the obtained binary supramolecular 

amphiphiles with good stability, tunable assembling/disassembling 

behaviors, and controlled drug loading/release properties have great 

potential in the construction of on-demand drug delivery systems. 

Introduction 

The emerging growth of supramolecular nanoparticles is 

considered as the innovative revolution for developing novel 

drug delivery systems in biomedical science, mainly due to their 

representative features of simplicity, versatility, and 

reversibility.[1] Several types of noncovalent interactions, such as 

hydrophobic,[2] hydrogen-bonding,[3] charge-transfer,[4] and π–π 

stacking interactions,[5] have been extensively used to tune the 

critical aggregation concentration (CAC), molecular 

amphiphilicity, and assembling modes of the building 

components, which can eventually affect the biological 

properties of resultant self-assembled nanostructures.[6] In this 

regard, the concept of macrocycle-induced aggregation, which is 

derived from the synergetic combination of macrocyclic hosts 

and amphiphilic guests, have been implemented as a smart and 

powerful strategy in the construction of various supramolecular 

nanoparticles, including functionalized micelles and vesicles in 

many biological fields.[7]  

In the previous studies, it is demonstrated that the neutral 

cucurbiturils and sulfonated calixarenes are two main categories 

that can induce molecular aggregation of a variety of guest 

species, including fluorescent dyes,[8] amphiphilic surfactants,[9] 

and biological important molecules,[10] mainly through ion–diploe 

and electrostatic interactions.[11] These systems can be further 

endowed with multistimuli-responsive capability to develop as 

advanced drug delivery vehicles.[12] Compared to these 

frequently used macrocycles, the self-aggregation induced by 

cyclodextrins (CDs) was sporadically reported, which is probably 

due to the assumption that the conventional host–guest 

complexation in the hydrophobic cavity of CDs always prevent 

the amphiphilic guests from self-aggregation in aqueous media. 

Therefore, it is imperative to explore the CD-induced 

aggregation systems for practical bio-related application,[13] since 

CDs possess many fascinating physicochemical properties, 

such as good water-solubility, well-defined molecular structures, 

high biocompatibility, low-price commercial availability, and 

accessible chemical modification.[14] 

In this work, we synthesized a per-6-substituted β-CD derivative 

possessing seven negative changes located on the upper rim 

(SACD), and the introduction of multiple carboxylate groups 

through a thioether linkage not only further increased the water 

solubility of β-CD, but also dramatically changed the molecular 

aggregation of amphiphilic guest. The amphiphilic guest used 

herein was ferrocene-derived quaternary ammonium salt 

bearing a dodecyl tail (FC12
+Br–), which could self-aggregate at 

a relatively higher concentration. It is noted that FC12
+Br– could 

be assembled as supramolecular nanoparticles with assistance 

of SACD, accompanied by the sharp decline of the CAC value of 

FC12
+Br–. Meanwhile, doxorubicin hydrochloride (DOX) as a 

model drug molecule could be encapsulated in the core of binary 

supramolecular nanoparticles, thus exhibiting pH-responsive 

drug release process under acidic condition (Scheme 1). This 

controlled molecular aggregation induced by negatively charged 

CDs may show practical possibilities in the construction of more 

advanced drug delivery systems. 

 

Scheme 1. Construction of a binary supramolecular nanoparticle based on 

SACD and FC12
+Br–. 

Results and discussion 

Characterization of Host−Guest Complexation in Water 

As validated by Job plot, the inclusion complexation between 

SACD and FC12
+Br– gave 1:1 binding stoichiometry in water 

(Figure S1, Supporting Information). Meanwhile, the proton 

signals of FC12
+Br– (Ha) displayed obvious downfield shifts upon 
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addition of SACD, and the binding constant (KS) of FC12
+Br–

SACD was accordingly calculated as (2.37 ± 0.34) × 104 M–1 in 

in 0.01 M phosphate buffer solution (pH = 7.2) at 25 °C by using 

nonlinear curve-fitting method (Figure S2, Supporting 

Information).[15] It is noteworthy that this obtained binding 

constant is much larger than that of positively charged ferrocene 

derivatives with native β-CD (ca. 103 M
–1), which can be 

attributed to the synergetic electrostatic interaction from the 

multiple carboxylate groups in SACD.[16] In addition, as shown in 

the ROESY spectrum of an equimolar mixture of FC12
+Br– with 

SACD, the cross-peaks A were assigned to NOE correlations of 

ferrocene species of FC12
+Br– with H3 protons of SACD, and the 

cross peaks B were assigned to the ones with H5 protons of 

SACD. The intensity of former NOE correlations seems relatively 

stronger than the latter ones. Moreover, considering that the 

intermolecular distance between quaternary ammonium site in 

FC12
+Br– and carboxylic site in SACD could be much closer to 

facilitate the mutual electrostatic interaction, we can reasonably 

deduce that the FC12
+Br– guest was included in the SACD cavity 

mainly from its lower rim (Figure S3, Supporting Information). 

 

Figure 1. (a) Optical transmittance of aqueous solutions containing SACD (8.0 

µM) upon addition of FC12
+
Br

–
 at different concentrations ([FC12

+
Br

–
] = 0.01–

0.20 mM) at 25 °C; (b) Dependence of optical transmittance at 500 nm versus 

the concentration of FC12
+Br–. 

Cyclic voltammetry experiments were further carried out to study 

the electrochemical properties in FC12
+Br–SACD complex. As 

compared to free FC12
+Br– in aqueous buffer solution, the anodic 

peak current of the inclusion complex was obviously decreased, 

originating from the relatively lower diffusion coefficient of 

SACD-bound FC12
+Br– than the unbound one (Figure S4, 

Supporting Information). Moreover, the half-wave potential was 

also decreased upon addition of SACD, accompanied by the 

one-electron oxidation of the ferrocene moiety, jointly suggesting 

that the oxidized form of FC12
+Br– could form a more stable 

inclusion complex with SACD.[17] 

Construction and Characterization of Supramolecular 

Binary Nanoparticle 

Considering the amphiphilic property of FC12+Br– and the 

favourable electrostatic attraction with multiple carboxylate 

groups in SACD, we next investigated the molecular 

aggregation behaviors of SACD and FC12
+Br– by monitoring the 

optical transmittance in UV/Vis spectroscopic experiments. The 

optical transmittance was recorded at 500 nm, because no 

appreciable change was observed in the concentration range 

from 0.005 to 0.2 mM for free FC12
+Br– (Figure S5, Supporting 

Information). In contrast, as shown in Figure 1, the critical 

aggregation concentration (CAC) of FC12
+Br–was dramatically 

decreased to 0.068 mM when the concentration of SACD was 

fixed at 8.0 µM, which was over 7 times lower than the one of 

free guest molecule (0.5 mM).[18]  

 

Figure 2. (a) Optical transmittance of FC12
+Br– (0.16 mM) by increasing the 

concentration of SACD from 0.0 to 0.08 mM at 25 °C in water. (b) 

Dependence of the optical transmittance at 500 nm on the SACD 

concentration with a fixed FC12
+Br– concentration of 0.16 mM at 25 °C. 

Subsequently, the optimal molar ratio in the formation of binary 

nanoparticles was determined. When the concentration was 

fixed at 0.16 mM, the optical transmittance of FC12
+Br– at 500 

nm gave a minimum value at the molar ratio of 0.05 upon 

continuous addition of SACD (Figure 2), suggesting that the best 

mixing ratio for the amphiphilic assembly was located at 1:20 

SACD: FC12
+Br–. The decline of optical transmittance before this 
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point indicates the gradual formation of supramolecular 

amphiphilic aggregates, while the resultant assembly was 

eventually dissipated to simple inclusion complexes in the 

presence of excess amount of SACD. In our case, the 

aggregation of FC12
+Br– induced by the complexation of SACD 

may occur in two steps. First, the host and guest molecules 

instantaneously formed simple inclusion complexes driven by 

the hydrophobic and electrostatic interactions. Next, the 

additional FC12
+Br– molecules were readily integrated into these 

supramolecular complexes, which eventually resulted in the 

formation of compact binary nanoaggregates (Scheme 1). 

Compared to free FC12
+Br–, a simple mixture of SACD (8.0 µM) 

and FC12
+Br– (0.16 mM) showed a clear Tyndall effect, indicative 

of abundant aggregates formed in the solution (Figure 3a, inset). 

Meanwhile, the dynamic laser scattering (DLS) and transmission 

electron microscopic (TEM) experiments were carried out to 

comprehensively identify the size and morphology of this binary 

supramolecular nanoparticle. The DLS result showed that the 

nanoparticle possessed a narrow size distribution with an 

average diameter of 206 nm at a scattering angle of 90°. 

Accordingly, the formation of nanoparticle was convincingly 

validated by TEM investigation, showing the solid particulate 

morphology with an average diameter of 180 nm, which was 

basically consistent with the DLS results. Furthermore, Zeta 

potential was measured as –77.67 mV, implying that the 

electrostatic force is an indispensable factor to maintain the 

overall stability of the supramolecular nanoaggregates (Figure 

3a). Meanwhile, the stability of the binary nanoparticles was 

investigated by monitoring the optical transmittance at 500 nm in 

24 h (Figure 4). No appreciable change in the optical 

transmittance was observed in this period of time, here again 

corroborating the stability of the obtained nanoparticle. 

 

Figure 3. (a) Zeta potential, (b) DLS data, (c) TEM image of SACD + FC12
+Br– 

assembly, scale bar=200 nm; (d) TEM image of the SACD + FC12
+
Br

–
 

assembly after adjusting the pH of the solution to 4.0, scale bar=500 nm; 
[SACD] = 8.0 µM, and [FC12

+Br–] = 0.16 mM. Inset in (a): Tyndall effect of free 
FC12

+Br– solution (left) and SACD + FC12
+Br–aggregate (right). 

The electrostatic interaction between SACD and FC12
+Br– 

enabled us to adjust the stimuli-responsive behaviors of binary 
nanoparticles by varying the pH values. As expected, the 
obtained supramolecular nanoparticles were disassembled 
under acidic condition (pH 4.0), mainly due to the protonation of 
carboxylic sites in the host compound. On the contrary, the 
supramolecular nanoparticles were re-assembled under neutral 
condition (pH 7.5). This reversible pH-responsive behavior could 
be conveniently observed by the optical transmittance of the 
nanoparticle at pH 4.0 and 7.5, respectively (Figure 5). The good 
cycling performance under acidic and neutral conditions may 

further facilitate the pH-triggered drug release, as discussed 
below. 

 

Figure 4. Optical transmittance of SACD + FC12
+Br– assembly within 24 h at 

25 °C. ([SACD] = 8.0 µM and [FC12
+
Br

–
] = 0.16 mM). Inset: the change of 

optical transmittance at 500 nm versus time. 

 

Figure 5. (a) Optical transmittance of the SACD + FC12
+Br– assembly at 

different pH values; (b) Dependence of the optical transmittance of the SACD 
+ FC12

+
Br

–
 assembly at 500 nm with varying pH at 4.0 and 7.5, respectively 

([SACD] = 8.0 µM, [FC12
+
Br

–
] = 0.16 mM). 

Drug loading and pH-triggered release 

It is reasonable to expect that the pH-responsive assembly 

SACD and FC12
+Br– could load drug molecule into its 

nanoparticulate interiors and then release drug molecule when 

the nanoparticles were disassembled. In our case, doxorubicin 

hydrochloride (DOX) was chosen as the model drug molecule. 

Drug-loaded nanoparticles were fabricated by adding DOX 
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solution into a freshly prepared aqueous solution of SACD (8.0 

µM) and FC12
+Br– (0.16 mM), and unloaded DOX molecules 

were removed by dialysis against water. Compared to the non-

loaded nanoparticles, DOX-loaded ones showed board 

absorption ranging from 400 to 550 nm, which could be clearly 

assigned to the UV/Vis absorption of DOX (Figure 6a). Besides, 

the solution colour instantly turned red after loading DOX into 

binary supramolecular nanoparticles (Figure 6a, inset). 

Furthermore, according to UV titration results, the DOX 

encapsulation efficiency was calculated to be 9.8%. 

The release behaviors of DOX at different pH value were 

investigated by means of fluorescence emission spectroscopy. 

As shown in Figure 6b, a very low release rate of DOX was 

observed over a period of 100 min at pH 7.5, indicating that the 

drug-loaded assembly was highly stable at room temperature in 

aqueous medium under neutral condition. In contrast, the 

release rate was significantly enhanced when the solution was 

adjusted to pH 4.0 and 6.5. Under acidic condition, more than 

60% and 90% DOX were released at pH 6.5 and 4.0, 

respectively, within 150 min. These rapid drug release behaviors 

showed a good responsivity toward the change of pH values, 

thus making DOX-loaded nanoparticles a promising candidate 

for efficient drug delivery. 

 
Figure 6. (a) UV/Vis absorption spectra of free DOX, SACD + FC12

+
Br

– 

assembly, and DOX-loaded assembly at 25 °C in water. Inset: colour change 
of SACD + FC12

+
Br

–
 assembly (left) and DOX-loaded assembly (right). (b) 

Release of DOX entrapped in the SACD + FC12
+
Br

–
 assembly at different pH 

values. 

Conclusion 

In summary, by utilizing the molecular induced aggregation 

strategy, we have successfully constructed a supramolecularly 

amphiphilic system through the noncovalent binding between 

alkyl chain-modified ferrocene derivative (FC12
+Br–) and multiply 

charged β-cyclodextrin (SACD). Remarkably, the critical 

aggregation concentration of amphiphilic ferrocene ammonium 

salt was dramatically decreased by ca. 7.4 times upon 

association with SACD. More gratifyingly, the disassembling of 

binary supramolecular assembly and the release of entrapped 

drug molecules can be conveniently realized under acidic 

condition. Thus, considering the intrinsic acidic environment in 

most of tumor cells, we can anticipate that this work may 

promote the multiply charged cyclodextrins as intelligent 

macrocyclic receptors to enhance the drug loading efficiency 

and achieve specific release at action sites in cancer treatments. 

Experimental Section 

Materials 

I2, PPh3 was purchased from HEWONS, and 3-sulfanylpropionic acid 
was purchased from TCI. All of these were used without further 
purification.β-Cyclodextrin (β-CD, Kermel, China) was purified twice by 
recrystallization from water before use. N,N’-Dimethylformamide was 
stirred overnight with CaH2 and distilled under reduced pressure prior to 
use. Acetonitrile was stirred overnight with CaH2 and distilled prior to use. 
Doxorubicin hydrochloride (DOX) was purchased from Knowshine 
(Shanghai) Pharmachemicals Inc. (Shanghai, China). Heptakis-[6-deoxy-
6-(3-sulfanylpropanoic acid)]-β-cyclodextrin (SACD) and ferrocene 
derivative (FC12

+Br–) was synthesized and purified according to the 
previous literatures.[19] 

UV-Vis spectroscopy 

UV-Vis spectra and the optical transmittance were recorded in a quartz 
cell on a Shimadzu UV-3600 spectrophotometer equipped with a PTC-
348WI temperature controller. 

Fluorescence spectroscopy 

Fluorescence spectra were recorded in a conventional quartz cell (light 
path 10 mm) on a Varian Cary Eclipse equipped with a Varian Cary 
single-cell Peltier accessory to control the temperature. 

TEM 

TEM images were recorded on a Tecnai 20 high-resolution transmission 
electron microscope operating at an accelerating voltage of 200 kV. 

DLS  

The sample solution for DLS measurement was prepared by filtering 
solution through a 200 nm Millipore filter into a clean scintillation vial. The 
sample solution for DLS measurement was prepared by filtering solution 
through a 200 nm Millipore filter into a clean scintillation vial. The 
samples were examined on a laser light scattering spectrometer (BI-
200SM) equipped with a digital correlator (TurboCorr) at 636 nm at a 
scattering angle of 90. Zeta potential was measured on a Zeta PALS + 
BI-90 instrument (Brookhaven Co. USA). 

DOX-loaded nanoparticle 

The nanoparticles were prepared as follows: A certain amount of DOX 
was added to a solution containing SACD and FC12

+Br–, and then water 
was added until the volume of the solution reached 30 mL. The ultimate 
concentrations of DOX, SACD and FC12

+Br– were 0.2, 0.16, and 0.008 
mM, respectively. Then the prepared DOX-loaded nanoparticles were 
purified by dialysisin distilled water for several times until the water 
outside the dialysis tube exhibited negligible DOX fluorescence emission. 

The DOX encapsulation efficiency was calculated by the following 
equation: 

Encapsulation efficiency (%) = (mloaded /mD) × 100 

where mloaded and mD are mass of DOX encapsulated in the nanoparticle 
and mass of DOX added, respectively. The mass of DOX was measured 
by a UV spectrophotometer at 482 nm. 
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