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A B S T R A C T

Supramolecular Janus compounds have recently attracted increasing attention owing to their dynamic reversible
properties, distinct topological structures, and remarkable physicochemical characteristics, e.g., amphiphilicity,
heterofunctionality, and high-density of terminal groups. Herein, a new redox-responsive supramolecular Janus
device was designed and synthesized involving β-cyclodextrin and 2-fold ferrocene host-guest interactions. The
complex formation was analyzed via one-dimensional 1H NMR and two-dimensional Nuclear Overhauser
Enhancement Spectroscopy. FeCl3 and ascorbic acid were used as oxidation and reduction triggers, respectively,
to modulate the self-assembly behavior in water through complexation/dissociation of β-cyclodextrin inclusion
compounds resulting from redox-conversion of the ferrocenyl guest moieties. The redox-responsiveness of the
obtained supramolecular micelles was studied via scanning electron microscopy and dynamic light scattering.
Substrate-loading ability of the supramolecular micelles was confirmed with Rhodamine B, and the oxidation of
ferrocenyl groups led to the release of the loaded cargos. The present work illustrates a valuable design example
of supramolecular Janus systems using the host-guest complexation between β-cyclodextrin and ferrocenyl
structures. The present supramolecular micelle may be used as a promising molecular vehicle for application in
the field of stimuli-responsive drug delivery.

1. Introduction

Janus molecules or devices are asymmetric molecules or macro-
molecules containing two distinct hemispheres, i.e. with distinct sizes
and functionalities. They have recently attracted the specific attention
of scientists in various research fields including macromolecular
chemistry [1], molecular materials [2,3] and biomedicine [4]. The re-
ported Janus derivatives were innovatively applied in various fields
such as thermal actuators [5], ionic liquids [6], catalysis [7], light
capture [8], bioimaging [9], optoelectronics [10,11] and drug delivery
[12–16]. Unlike conventional symmetric molecules [17], Janus mole-
cules are normally constructed using two distinct hemispheres with
different sizes and functionalities, featuring asymmetric structures
[1–4].

Owing to their dynamic nature, various supramolecular interactions
including hydrogen bonding [18], host-guest complexes [19–21], or
metal complexation [22–24] have been widely investigated in macro-
molecular chemistry and materials in order to enable stimuli-responsive

properties. The redox-sensitive host-guest complexation between β-cy-
clodextrin (β-CD) and ferrocene (Fc) derivative has been first reported
in the mid 1980's [25–27], reviewed [28,29] and applied to smart redox
devices such as molecular machines [29] and self-healing materials
[29,30]. Recently Schmidt et al. have described a redox- and thermo-
responsive gated supramolecular star polymers by using the host–guest
complexation of a 6-fold β-CD functionalized core molecule and RAFT-
derived Fc end modified by poly(N,N-dimethylacrylamide) (PDMA) and
poly(N,N-diethylacrylamide) (PDEA) linear polymers [31]. Further-
more, β-CD-modified G5 poly(amidoamine) (PAMAM) and adamantane
(Ad)-functionalized G3 PAMAM dendrimers with amine termini were
synthesized by Shen and Shi et al. [32] and used to fabricate core–shell
tecto dendrimers based on the supramolecular host-guest complexation
between β-CD and Ad units. These supramolecular devices were effec-
tive vehicles used for gene transfection [32]. Along this line, of ex-
ceptional interest are supramolecular Janus macromolecules that pos-
sess the key asymmetry property of Janus derivatives and dynamic
supramolecular host–guest interactions for the purpose of tailoring
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their properties via external stimuli, e.g. self-assembly behavior.
Among various host–guest inclusion complexes, a typical β-CD/Fc-

based molecular recognition system has been used to fabricate a ple-
thora of supramolecular devices [33–39]. β-CD is a cyclic oligo-
saccharide composed of seven D-glucose repeating units coupled
through α-1,4-glucosidic linkages [40–42], and it resembles a trun-
cated-cone construction with hydrophilic outside surface and hydro-
phobic internal cavity on the truncated cone [40–42]. Especially, β-CD
is capable of complexing the sandwich-like hydrophobic Fc moiety at
an equivalent molar ratio [43–45]. The formed inclusion complex is
dissociated after the neutral hydrophobic Fc is transferred into cationic
hydrophilic ferricinium (Fc+) using chemical oxidants or electro-
chemical oxidation and recovered upon reduction of Fc+ back to its
original neutral Fc structure [44]. This unique transition has been uti-
lized to construct various redox-responsive supramolecular systems
[46–53]. For example, Zhang and Li et al. synthesized Fc modified
camptothecin (Fc-CPT) via a dithioether bond and methoxy poly-
ethylene glycol containing β-CD end (mPEG-β-CD). These authors fur-
ther fabricated Fc-CPT and mPEG-β-CD-based supramolecular micelles
possessing dual redox-responsiveness of reactive oxygen species (ROS)
and glutathione (GSH) [54]. These spherical supramolecular micelles in
water exhibit hydrophobic inner core and mPEG as a hydrophilic outer
shell and show remarkable hyper-fast CPT release under tumor cell
redox microenvironment [54]. In human cancer cells, there is a higher
amount of ROS (such as H2O2) than normal cells, which may oxidize Fc
into Fc+ and thus lead to the release of the loaded drugs [54].

Critically, however, no redox-responsive supramolecular Janus
dendrimer system has been fabricated using the oxidation and reduc-
tion properties of Fc/β-CD complexes. Herein, as shown in Scheme 1, a
Janus metallodendrimer 11 was first synthesized by a typical chemo
selective coupling route [4] in which two dendrons containing three
triethylene glycol (TEG) branches and two Fc termini, respectively,
were connected by an ester bond. Fc-terminated dendrons have already
been designed and shown to introduce remarkable switching properties
in macromolecular devices and ensembles [55–60]. The supramolecular
Janus molecule β-CD@11 (Fig. 1) was then fabricated by simply mixing
the Fc-containing Janus molecule 11 with β-CD host molecules by
host–guest complexation between β-CD and Fc. The formation of in-
clusion complex is verified via one-dimensional 1H NMR and two-di-
mensional nuclear Overhauser enhancement spectroscopy (NOESY).
Chemical redox triggers, namely the use of FeCl3 as oxidant and as-
corbic acid as reductant, were utilized to control the self-assembly be-
havior of the Fc-containing supramolecular Janus assembly β-CD@11
in water via the association/dissociation transition resulting from the
redox-conversion of Fc moieties, and the changes of micelles were
carefully detected by scanning electron microscopy (SEM) and dynamic

light scattering (DLS). Finally, the β-CD@11 micelles were used as
supramolecular carriers to encapsulate Rhodamine B (RhB), and the
loaded RhB were released using a chemical oxidation trigger.

2. Experimental

2.1. Synthesis of 11

9 (1.58 g, 2.60 mmol, 1 equiv) was dissolved in 25 ml of dry CH2Cl2,
and oxalyl dichloride (3.30 g, 26.0 mmol, 10 equiv) was then injected
dropwise into the solution at 0 °C under N2 atmosphere. After the ad-
dition, the obtained mixture was agitated at r. t. for 12 h under N2 at-
mosphere, and the solvent was then removed in vacuo to yield crude
10. The product was directly used in the future step, and no further
purification was conducted. 5 (0.95 g, 2.6 mmol, 1 equiv) and triethy-
lamine (2.63 mg, 3.62 mmol, 10 equiv) were added into a Schlenk flask
and dissolved in 50 ml of dry CH2Cl2. 10 ml of dry CH2Cl2 was used to
dissolve crude 10, and the solution was injected into the Schlenk flask.
This mixture was agitated at r. t. for 12 h under N2 atmosphere, and
50 ml of distilled water was added. This two-phase mixture was sepa-
rated using a separating funnel. The under phase was washed with
CH2Cl2 (3 × 50 ml), and all the CH2Cl2 phase was collected and com-
bined in a flask and washed with brine. The residual water in CH2Cl2
phase was trapped using anhydrous Na2SO4. Next, the insoluble salts
were removed by suction filtration, and the solvent of obtained filtrate
was removed in vacuo to yield a crude product. Finally, its purification
was conducted by column chromatography in which the mixture of
CH2Cl2 and methanol (50:1, v/v) was used as the eluent. The obtained
compound 11 was a yellow-brown solid. Yield: 1.6 g, 48%. 1H NMR
(400 MHz, CDCl3, 25 °C, TMS), δppm: 7.52 (s, 2H, 2 × C = CH of tria-
zole), 7.29 (s, 2H, ph), 6.62 (d, J = 2.4 Hz, 2H, ph), 6.56 (t, J = 4.0 Hz,
1H, ph), 5.28 (s, 4H, 2 × OCH2), 5.22 (s, 2H, COOCH2), 5.11 (s, 4H,
2 × NCH2), 4.26 (t, J = 3.7 Hz, 4H, 2 × sub. Cp), 4.22–4.16 (m, 20H,
3 × ph-OCH2, 2 × sub. Cp, 2 × free Cp), 3.86–3.51 (m, 30H,
3 × CH2OCH2CH2OCH2CH2), 3.36 (d, J = 2.0 Hz, 9H, 3 × OCH3). 13C
NMR (100 MHz, CDCl3, 25 °C, TMS), δppm: 164.9 (COO), 158.5, 151.3,
142.6, 137.5, 123.8, 108.1, 106.4, 100.5 (ph), 141.7, 121.2 (C of
triazole), 79.6 (Cp), 71.3, 70.9, 69.8, 69.6, 69.5, 68.6, 68.1, 68.0, 67.9
(OCH2 and Cp), 65.4 (CH2), 61.1 (CH2), 58.0 (CH3), 49.1 (OCH2). MS
(ESI m/z), calcd. for C63H80Fe2N6O16: 1289.05; found: 1289.44 (M+),
1311.42 (M + Na+). Selected IR (KBr, cm−1): 3445 cm−1 (νOH),
2924 cm−1 (νCH2), 1430 cm−1 (νN3), 1715 cm−1 (νC]O), 1634 cm−1

(vC]C), 1105 cm−1 (νCeOeC), 823 cm−1 (νFe
II).

Scheme 1. Synthetic route to the Janus substrate 11.
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2.2. Oxidation of 11 and back reduction

11 (23.3 mg, 0.018 mmol, 1 equiv) was dissolved in 5 ml of me-
thanol, and FeCl3 (11.7 mg, 0.072 mmol, 4 equiv) was then added to
oxidize the Fc moieties in 11 to Fc+ cations. The obtained mixture was
stirred for 10 min, and the color of the solution changed from original
yellow to pale green. In the following reduction experiment, ascorbic
acid (13.95 mg, 0.792 mmol, 4.4 equiv) was used as the reductant and
added to the above solution. The final solution was then stirred for
another 10 min, and its color changed from pale green to yellow.

2.3. Self-assembly of 11 in water

The dialysis method [68] was utilized to form micellar aggregates of
the Janus substrate. 8.0 mg of 11 was thoroughly dissolved in 3 ml of
THF, and 1 ml of deionized water was then injected slowly into the
solution. Then the mixture was agitated vigorously for 12 h, and the
obtained micellar solution was injected into a dialysis bag with mole-
cular weight cutoff (MWCO) of 3500 g mol−1 for dialysis treatment
[68]. The dialysis bag was then immersed into 1000 ml of deionized
water for 72 h in order to completely eliminate the residual THF sol-
vent. During the dialysis process, the dialysate was replaced by fresh
deionized water every 5 h [68]. After dialysis, the total volume of ag-
gregate was completed to 4 ml by adding deionized water, and the final
concentration of 11 was 2.0 mg ml−1.

2.4. Preparation of the β-CD@11 inclusion complex micelles

β-CD (52.8 mg, 0.0465 mmol, 3 equiv) and 11 (20 mg,
0.0155 mmol, 1 equiv) were initially dissolved using 4 ml and 1 ml of
DMF, respectively. The DMF solution of β-CD was then injected drop-
wise into the DMF solution of 11 under vigorous stirring. The obtained
mixture was further heated at 50 °C for 30 h. 2 ml of deionized water
was then slowly injected into the DMF solution. Then the obtained
micellar solution was injected into a dialysis bag with MWCO of
3500 g mol−1 for dialysis treatment. The dialysis bag was then im-
mersed into 1000 ml of deionized water for 72 h in order to completely
eliminate the excess β-CD and the residual DMF solvent. After dialysis,
the total volume of aggregate was adjusted to 5 ml by adding deionized
water, and the final concentration of the inclusion complex was
4.0 mg ml−1.

2.5. Redox-response of micelles of 11 and β-CD@11

The micellar solution of 11 (2 ml, 2.0 mg ml−1, 0.0031 mmol, 1
equiv) was mixed with FeCl3 (2.01 mg, 0.0124 mmol, 4 equiv). The
obtained mixture was stirred for 10 min, and the color of the micellar
solution changed from the original yellow to pale green. In the fol-
lowing reduction experiment, ascorbic acid (2.40 mg, 0.0136 mmol, 4.4

equiv) was used as the reductant that was added into the above solu-
tion. The final solution was then stirred for another 10 min, and its
color changed from pale green to yellow. For the micelles of β-CD@11,
a similar procedure was adopted, and the concentration of the micelles
β-CD@11 was 4.0 mg ml−1.

2.6. Substrate loading of micelles of 11 and β-CD@11

To prepare the RhB-loaded micelles of 11, 5 ml of micellar solution
of 11 (2.0 mg ml−1) and 2.5 mg of RhB were mixed and stirred at r. t.
for 12 h. The obtained mixture was then injected into a dialysis bag
with MWCO of 3500 g mol−1 for dialysis treatment. The dialysis bag
was then immersed into 1000 ml of deionized water for 72 h in order to
completely eliminate the excess RhB, and the final concentration of 11
was 2.0 mg ml−1. The loading content (LC) and encapsulation effi-
ciency (EE) were estimated using the following formulas [16]:

= ×W
W

LC (%) 100%1

2

= ×W
W

EE (%) 100%1

3

where W1, W2, and W3 are the content of the loaded RhB (mg) by mi-
celles of 11, the added 11 (mg) and the used RhB (mg), respectively, in
the process of encapsulation. The value of W1 was calculated using the
standard curve of RhB (Fig. 9b). A similar procedure was adopted for
the RhB-loading of β-CD@11, and the final concentration of 11 was
4.0 mg ml−1.

2.7. In vitro oxidation-triggered substrate release from micelles of 11 and β-
CD@11

FeCl3 was utilized as the oxidizing agent to initiate the release of
RhB from micelles of 11. Thus 2 ml of the RhB-loaded micelle solution
of 11 was injected into a dialysis bag with MWCO of 3500 g mol−1 for
dialysis treatment. The dialysis bag was then submerged at r. t. into
10 ml of FeCl3 solution with the concentration of 0 and 1.0 mg ml−1,
respectively. The titrations by UV − vis. of the oxidant solution were
conducted at various intervals outside the dialysis tube, and the release
amount of RhB was measured using the standard curve of RhB. A si-
milar procedure was conducted for the in vitro release of RhB from the
micelle of β-CD@11.

3. Results and discussion

3.1. Synthesis, structure and electrochemical properties of the Janus
substrate 11

The targeted amphiphilic Janus molecule 11 is prepared by a typical

Fig. 1. Schematic formation of the Janus supramolecule β-CD@11 and its redox-responsive self-assembly, drug-loading and oxidation-triggered release.
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chemo selective coupling method [4,69]. As shown in Scheme 1, two
dendrons 5 and 9 containing three TEG branches and two Fc termini,
respectively, are first synthesized and linked together in the last ester-
ification reaction to yield the new Janus macromolecule 11. Specially,
methyl 3,5-dihydroxybenzoate is used as the starting compound to
prepare the hydrophobic dendron 5. Its reaction with 3-bromo-1-pro-
pyne provides the corresponding methyl 3,5-bis(prop-2-yn-1-yloxy)
benzoate 2. LiAlH4 is then utilized to reduce the methyl ester group of 2
to hydroxymethyl group. Next, the obtained compound 3 bearing two
terminal alkynyl groups reacts with azidomethylferrocene 4 to yield
hydrophobic dendron 5. This copper(I)-catalyzed azide alkyne cy-
cloaddition (CuAAC) “click” reaction is conducted at r. t. with the aid of
the classic Sharpless−Fokin catalyst [70] CuSO4 + NaAsc, and the re-
action solvent is the mixture of THF and water (1:1, v/v). The hydro-
philic dendron is synthesized by a known procedure [61,62], and its
reaction with oxalyl chloride leads to 3,4,5-tris(2-(2-(2-methoxyethoxy)
ethoxy)ethoxy)benzoyl chloride 10. Finally, the novel Janus substrate
11 is fabricated by the reaction between the acyl chloride 10 and the
hydrophobic dendron 5 with the aid of trimethylamine. The structure of
11 is verified by 1H (Fig. 2c), 13C NMR (Fig. S14) spectroscopy, mass
spectrometry (Fig. S15), UV–vis. (Fig. 3a) and FT-IR spectra (Fig. S16).

Fig. 2 provides the 1H NMR spectra 11 and the two starting den-
drons 5 and 9, and their comparison confirms the structure 11. As
shwon in Fig. 2a, the singlet peak at 7.50 ppm corresponds to the two
triazolyl protons, and the appearance of this peak demonstrates the
success of the “click” reaction of 3 with 4. For the two Fc moieties in the
structure of 5, their unique substituted and free cyclopentadienyl (Cp)
protons are located at 4.27, 4.21 and 4.17 ppm, and the two peaks at
6.59 and 6.50 ppm are attributed to the phenyl protons. The methyl
protons in the CH2OH group are found at 4.60 ppm, while the two

peaks at 5.29 and 5.12 ppm correspond to the CH2 protons close to the
triazole rings (Fig. 2a). These data demonstrate the successful pre-
paration of the Fc-containing dendron 5 and its structure.

As shown in Fig. 2c, no peak is observed at 4.60 ppm for the CH2

protons close to the OH group, whereas the new peak at 5.22 ppm is
assigned to the CH2 protons connected to the COO group. The above
result clearly confirms the successful esterification reaction between the
dendrons 5 and 10 yielding 11. The peak at 7.52 ppm arises from the
two triazolyl protons and is not shifted when compared to the corre-
sponding one in Fig. 2a. The multiple peaks at 4.27–4.16 ppm corre-
spond to the substituted and free Cp protons in the two Fc units. They
are assigned to the six methene protons adjacent to the phenyl ring. For
the three TEG structures, their methylene protons are observed at
3.86–3.51 ppm, and their OCH3 protons are found at 3.36 ppm. All
these results indicate the integrity of the Fc and TEG units and the
formation of 11. Fig. S14 shows the 13C NMR spectrum of 11 in CDCl3.
The C]O carbon of the ester group is observed at 164.9 ppm, and its
adjacent CH2 carbon is found at 49.1 ppm. The C]C carbons of the
triazolyl units are located at 141.7 and 121.2 ppm, while the Cp carbons
of Fc moieties are observed at 79.7, 70.9, 69.6 and 67.9 ppm, respec-
tively. For the TEG units, their terminal OCH3 carbons are found at
58.0 ppm. As shown in Figs. 2c and S14, all the other peaks are dis-
tinctly designated, and they are in accord with the structure 11. Fig.
S15 shows the mass spectrum of 11 in which a molecular peak is ob-
served at 1289.44 Da in accord with the expected value of 1289.05 Da.
The UV–vis. spectrum of 11 (Fig. 3a) provides a maximum absorption
(λmax) at 435 nm attributed to the d-d* transition of the iron center in
the Fc groups. The IR spectrum (Fig. S16) also yields helpful evidence
for the formation of 11 with bands at 1715 cm−1 (δC]O), 1596, 1499,
1456 and 1429 cm−1 (νC]C of benzene), 1375 and 1330 cm−1 (νCeN),

Fig. 2. 1H NMR spectra of 5 (a), 9 (b) and 11(c) in CDCl3.
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1206 and 1106 cm−1 (νCeOeC) and 823 cm−1 (νFeII). The targeted
Janus dendrimer 11 is obtained as an orange-yellow thick oil possessing
good solubility in usual organic solvents including chloroform, CH2Cl2,
THF, CH3CN, acetone, DMF, methanol and dimethyl sulfoxide (DMSO).

Cyclic voltammetry (CV) is adopted to investigate the electro-
chemical properties of the Fc-containing Janus compound 11 using
decamethylferrocene, [FeCp*2], as the internal reference [63–65]. The
CV profile (Fig. 3b) is measured at a scan rate of 0.2 V s−1 in CH2Cl2 at
20 °C under N2 atmosphere using [n-Bu4N][PF6] as the supporting
electrolyte [69] and Table 1 provides the E1/2 data (measured vs.
[FeCp*2]). For 11, a single oxidation wave is observed for the Fc redox
centers, and the FeIII/II oxidation potential is found at 0.640 V vs.
[FeCp*2] [69]. No adsorption phenomenon is observed in the CV for the
ferrocenyl Janus compound 11. The FeIII/FeII curve of 11 is chemically
(ia = ic) and electrochemically reversible, although the value of
Epa − Epc (0.07 V) is a slightly larger than the known value of 0.059 V
for a fast redox process in term of an individual Fc moiety at 25 °C
[64,69,71,72]. It could be due to the slight electrostatic factor between
the two Fc groups, a known phenomenon [73,74].

The Bard-Anson electrochemical method [66,67,69,75], a method
suitable for redox-active Fc-containing polymers and dendrimers with
relatively low molecular weight, is utilized to calculate the number of
Fc units in 11. As shown in Table 1, the calculated value of Fc number
(Fcexperimental) for 11 is 2 ± 0.2 (see Table S1 in Supporting Information
for details of the measurements), which is in good agreement with the
theoretical number (Fctheoretical) of 2 calculated by using the targeted
structure shown in Scheme 1. In short, the electrochemical determi-
nations fully demonstrate the expected molecular structure of the new
Fc-containing Janus molecule 11.

3.2. Redox reversibility of the bond with the Janus substrate 11

As previously described, the Fc group is transformed into the ca-
tionic hydrophilic Fc+ cation and undergoes reversible redox trans-
formations owing to chemical or electrochemical stimuli [44]. To fur-
ther prove this point, the Janus compound 11 is chemically oxidized
using FeCl3, and the obtained cationic Fc+-containing Janus molecule

is then reduced back to 11 by ascorbic acid following a whole oxida-
tion-reduction circle. The compound 11 in dry methanol is oxidized
using two equivalents of FeCl3. In the process of slowly adding the FeCl3
solution, a color change is observed from original yellow to pale green
for the solution mixture (Fig. 4), the latter being the typical color of the
Fc+-containing compounds. As expected, the obtained mixture exhibits
an absorption band at 630 nm attributed to the unique Fc+ segment,
and in the meantime no peak is observed at 435 nm corresponding to
the Fc moiety in the UV–vis. spectrum [16,75,76]. These results further
indicate successful oxidation of the Fc group in the Janus compound 11.

The reduction of the green Fc+-containing Janus molecule is then
carried out stoichiometrically using ascorbic acid as the reductant to
yield the original compound 11. After dropwise addition of the ascorbic
acid solution, an obvious color change is found from pale green to
yellow (Fig. 4). An absorption peak is observed again at 435 nm, and at
the same time the peak at 630 nm disappears. This data proves the re-
formation of the neutral Fc group. In addition, the slight weakening in
absorption intensity at 435 nm is mainly taken into account by the
decreased concentration of the recovered compound 11 owing to the
addition of solvent employed to dissolve the oxidant and reductant.

3.3. Self-assembly of 11 in water

The Janus compound 11 contains three hydrophilic TEG branches
and two hydrophobic Fc termini, and thus it is anticipated to self-as-
semble into micellar aggregates in aqueous solution. As shown in Fig.
S17, the determined value of critical micelle concentration (CMC) for
11 is 0.447 mg ml−1 using the pyrene fluorescence probe technique
[68,77]. In the light of this result, the concentration of 2.0 mg ml−1

were then employed to explore the self-assembly behavior of 11 in
water.

The self-assembly process [76] is studied by slowly adding deio-
nized water into the THF solution of 11, then the dialysis treatment is
conducted to eliminate the residual THF solvent in the solution mixture.
The yellow color of the dispersion suggests the formation of micelles,
and the self-assembled nanostructures are studied by SEM, atomic force
microscopy (AFM) and DLS. The SEM micrograph (Fig. 5a) shows evi-
dence for a nearly spherical morphology of the micelles of 11, and the
determined average diameter is 38 ± 15 nm (Fig. 5b). Besides, the
hydrodynamic diameter provided by DLS curve (Fig. 5c) is 176 nm with
a polydispersity index (PDI) of 0.096. As expected, DLS technique offers
typically larger size of micelles than SEM method owing to their dif-
ferent determination circumstance. In the DLS measurement, the mi-
celles in aqueous solution present the swelling and outstretched state,
but SEM yields the size of micellar samples in the dry state [16,68].
Furthermore, the existence of size difference among the SEM and DLS
measurements is best taken into account by some aggregation in the
aqueous system. This phenomenon is also reflected by the AFM ana-
lysis. To prepare the sample for AFM analysis, several drops of micellar

Fig. 3. (a) UV–vis. spectrum and (b) cyclic voltammogram of 11 in CH2Cl2 at 20 °C. FeCp*2 is used as the internal reference (CV wave at 0.0 V). Ag is adopted as
reference electrode, and Pt as working and counter electrodes. The scan rate is 0.2 V s−1, and the supporting electrolyte is [n-Bu4N][PF6] (0.1 M).

Table 1
Redox potentials (E1/2), chemical (ic/ia) and electrochemical (ΔE) reversibility
for 11 and its Fc number determined by the Bard−Anson electrochemical
formula.

Dendrimer E1/2
a ΔEb ic/ia Fctheoretical

c Fcexperimental
d

11 0.640 0.07 1 2 2 ± 0.2

a E1/2 = (Epa + Epc)/2 vs. [FeCp2*].
b ΔE = Epa − Epc.
c Expected Fc number of 11 from its targeted molecular structure.
d Fc number measured by the Bard−Anson electrochemical formula.
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solution of 11 are casted onto a clean mica substrate. After being dried
for 24 h in air, the sample is analyzed using the tapping mode. As shown
in Fig. S19, the globular morphology of all the micelles is observed by
AFM, and the average particle diameter (Dav

AFM) of 370 nm is obtained
according to the corresponding AFM-based statistical analysis. In short,
these results indicate that 11 self assembles into micelles in water.

As described earlier, the Fc units of Janus molecule 11 are re-
versibly transformed between the oxidation and reduction state. Here,
the effect on its self-assembly behavior are further studied using FeCl3
and ascorbic acid as oxidant and reductant, respectively. The redox-

responsive experiments are conducted in aqueous system, and the
morphologies and sizes of the micelles are monitored by SEM and DLS.
Interestingly, for the aggregates 11 near-spherical micelles are still
found by SEM (Fig. 5d), but the average size is improved to
104 ± 20 nm (Fig. 5e). The hydrodynamic diameter distributions
measured by DLS is about 278 nm with PDI = 0.423 (Fig. 5f). Appar-
ently, the increased average size and the broader scope of size dis-
tribution are attributed to the oxidation of the Fc groups to Fc+

structures. This size increase is likely attributed to the electrostatic
repulsion among the positively charged Fc+ fragments. The reduction

Fig. 4. UV–vis. spectral changes of 11 during an oxidation-reduction cycle.

Fig. 5. SEM image (a) and statistical dia-
meter distribution (b) of 11 micelles in
water (2.0 mg ml−1), and their size dis-
tribution by DLS (c, PDI = 0.096). SEM
image (d) and statistical diameter distribu-
tion (e) of the oxidized 11 micelles, and
their size distribution by DLS (f,
PDI = 0.423); SEM image (g) and statistical
diameter distribution (h) of the reduced 11
micelles, and their size distribution by DLS
(i, PDI = 0.109).
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of the oxidized micelles is then conducted by adding ascorbic acid. As
anticipated, the micellar size decreases after the addition of ascorbic
acid. As shown in Fig. 5g, these re-formed micelles exhibit a spherical
shape, and their average size by SEM is 52 ± 15 nm (Fig. 5h), in good
agreement with the initial size before oxidation treatment (Fig. 5a).
Furthermore, DLS analysis also confirms this reversible change. As
shown in Fig. 5i, the recovered micelles exhibit an average hydro-
dynamic diameter of 186 nm and narrow size distribution indicated by
the low PDI of 0.109. These data are consistent with the original value.
In a word, according to the results of SEM and DLS, it is clear that the
self-assembly process for 11 exhibits reversibility in aqueous solution.

3.4. Substrate loading and oxidation-controlled release from micelles of 11

RhB, a fluorescent molecule, is chosen as model drug to explore the
encapsulating ability of micelles formed by Janus molecules 11. The
substrate-encapsulated micelles are prepared by dropwise injecting
deionized water into the mixed THF solution of 11 and RhB. After that,
the obtained mixture are vigorously agitated at r. t. for 12 h, followed
by the dialysis treatment against distilled water to get rid of un-
encapsulated RhB molecules and remaining THF solvent. The successful
encapsulation of RhB by micelles of 11 is demonstrated by the UV–vis.
spectrum shown in Fig. S19a. As expected, a new peak attributed to the
RhB molecules is observed at 563 nm. The standard profile of RhB (Fig.
S19b) is then applied to measure the amount of RhB loaded. The de-
termined values are 0.04% for the loading content and 0.068% for the
encapsulation efficiency, respectively.

As shown in Fig. 6a, micelles still exhibit the nearly spherical shape
after the encapsulation of RhB. The average diameter evidenced by SEM
is 77 ± 30 nm (Fig. 6b), and this value is a little larger than that of
pure micelles (Fig. 5b). Moreover, a size of 217 nm is measured by using
the DLS profile (Fig. 6c), and the corresponding PDI is 0.245.

The dialysis method was adopted to determine the in vitro release
behavior of RhB from micelles of 11. Concretely, the RhB-loaded mi-
cellar solution is dialyzed against the aqueous solution of FeCl3 at
1.0 mg ml−1. At various intervals, a small amount of dialysate is taken
out and analyzed using UV–vis. spectroscopy, and the released RhB is
calculated using its standard curve [68,76,77]. Fig. 7 shows the release
curve of RhB. As expected, the release of RhB from the micelles of 11 is
trigged by the addition of FeCl3 at 1.0 mg ml−1. After 20 h of oxidation
with FeCl3, the total amount released is 78% or so, and hereafter no
further release is observed even after 28 h. During the dialysis treat-
ment by FeCl3, the Fc groups of Janus 11 are converted into cationic
Fc+ structures, and this transformation results in the improvement of
coulombic repulsion in the cores of micelles [16]. Thus, the loaded RhB
slip out from the enlarged cores of micelles.

3.5. Formation of the supramolecular Janus compound β-CD@11

It is well known that macrocyclic β-CD, as host molecule, has a
specific structure with a hydrophilic exterior surface and hydrophobic
interior cavity and thus accommodates hydrophobic small molecules
such as adamantane, azobenzene and Fc via dynamic non-covalent

host-guest interactions [40–42,44,76]. Based on this, herein, we further
prepare the supramolecular Janus complex β-CD@11 using the com-
pound 11 and β-CD as the starting materials (Fig. 1). The formation of
this supramolecular substrate is confirmed by the results of one- and
two-dimensional 1H NMR analysis. Fig. 8 provides the 1H NMR spectra
of 11, β-CD and β-CD@11, and their comparison indicates the host-
guest interaction between β-CD and Fc units in 11. As expected, several
obvious shift changes are found for the characteristic peaks of β-CD and
Fc moieties (Table 2). The peaks at 3.623 and 3.604 ppm are attributed
to H-3 and H-5 protons of the β-CD hydrophobic cavity. After mixing β-
CD with 11, the two peaks are found at 3.653 and 3.634 ppm, respec-
tively. Namely, the complexation-induced shift change (Δδ) is
0.030 ppm for both cases. These changes are taken into account by the
anisotropic shielding effect [31,78]. For the peaks of the Cp protons in
Fc groups, similar shift changes are observed. The corresponding peaks
are shifted from 4.328, 4.175 and 4.165 ppm to 4.341, 4.197 and
4.176 ppm, respectively, and the Δδ values are 0.013, 0.022 and
0.011 ppm. These changes indicate that the complexation between β-
CD and the Fc units in 11 is successfully achieved.

Nevertheless, for purpose of further confirmation of the well-off
construction of β-CD@11 by supramolecular complexation, 2D-NOESY
is chosen for the research of the complex formation. Protons with close
proximity in two dimensions exhibit enhanced Nuclear Overhauser
Effect (NOE) [31], which typically occurs at distances of 4 Å and lower
[31,75,76]. As for the inclusion complexes, the peaks of the host and
guest protons are usually found extremely close to present correlation
through the NOE [31,78,79]. As shown in Fig. 9, the cross-peaking,
protruded by using black squares, are found at the intersection of
3.32–3.67 and 4.10–4.35 ppm, which is attributed to the close ad-
joining of the Fc moieties and the H3 and H5 protons in the cavities of
β-CD, respectively. The appearance of these cross-peaking confirms the

Fig. 6. RhB-loaded 11 micelles: (a) SEM image, (b) histogram of size distribution and (c) DLS curve (PDI = 0.245).

Fig. 7. In vitro release curve of RhB from the micelles of 11 using FeCl3 as
oxidant at 0 and 1.0 mg ml−1.
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successful formation of the inclusion complex β-CD@11.

3.6. Redox-reversible self-assembly of β-CD@11 in aqueous solution

The pyrene fluorescence probe technique [68,77] is also employed
to determine the CMC value of the supramolecular Janus ensemble β-
CD@11, and the calculated value is 0.661 mg ml−1 (Fig. S21). The
resulting CMC of β-CD@11 is higher than that of Janus 11 as a result of

its better hydrophilcity than the original Janus molecule 11 [68,77]. On
this basis, the concentration of 4.0 mg ml−1, above the CMC of β-CD@
11, is chosen to investigate its self-assembly behavior.

Like the case of micelles of 11, the micelles of β-CD@11 are fab-
ricated using the dialysis method. Concretely, the β-CD@11 micelles
are prepared by slowly injecting deionized water into the DMSO solu-
tion of β-CD@11. After that, the obtained mixture is vigorously agi-
tated at 30 °C for 24 h, then the excess DMSO solvent is eliminated by
the 72 h dialysis against distilled water. The morphology and size of the
obtained micelles are well characterized by SEM and DLS. The spherical
morphology of β-CD@11 micelles is confirmed by the SEM image
(Fig. 10a), and the corresponding statistic analysis provides an average
diameter of 75 ± 20 nm or so (Fig. 10b). As expected, this value is
obviously smaller than the size of 450 nm obtained by DLS curve
(Fig. 10c), which is attributed to their different testing conditions. The
size of β-CD@11 micelles is moderately larger than that of the corre-
sponding pure micelles of 11, which is taken into account by the bulky

Fig. 8. 1H NMR spectra in DMSO‑d6 of 11, β-CD and β-CD@11.

Table 2
Chemical shifts of β-CD and Fc groups before and after complexation (ppm).

Proton H-3 H-5 15 16 17

11 – – 4.328 4.175 4.165
β-CD 3.623 3.604 – – –
β-CD@11 3.653 3.634 4.341 4.197 4.176
△δ 0.030 0.030 0.013 0.022 0.011

Fig. 9. 2D NOESY NMR spectrum of β-CD@11 in DMSO‑d6.
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inclusion complex of β-CD with Fc units.
Because of the presence of Fc groups, the amphiphilic supramole-

cular Janus ensemble β-CD@11 should be redox switchable. Thus, it is
interesting to probe the redox-responsive self-assembly behavior of β-
CD@11 through chemical methods. Herein, FeCl3 and ascorbic acid are
used as oxidizing and reducing agents, respectively, to carry out the
redox reactions [80], and the change of micelles during this process is
detected using SEM and DLS techniques. The aggregates β-CD@11 in
the oxidation state still keep the near-spherical morphology, which is
evidenced by the SEM image in Fig. 10d. The corresponding statistical
analysis yields an average diameter of 101 ± 40 nm or so (Fig. 10e).
The hydrodynamic diameter distributions determined by DLS is about
486 nm with PDI = 0.640 (Fig. 10f). Compared to the micelles in ori-
ginal state, these oxidized micelles exhibit an increased size. Appar-
ently, this increase is attributed to the oxidation of Fc into Fc+. Con-
ceivably, along the oxidation process, the dissociation of the inclusion
complexes (β-CD: Fc = 1:1) occurs, and the strong electrostatic repul-
sion among the Fc+ fragments further leads to swelling of the micelles
(Fig. 1).

The micelle solutions are then reduced by injecting ascorbic acid to
test the reversibility of this change. As anticipated, the addition of as-
corbic acid results in size decrease of the obtained micelles. As shown in
Fig. 10g, the spherical silhouette is still observed for these re-formed
micelles, and the average size is reduced to 90 ± 30 nm (Fig. 10h).
There is a slight size distinction between the reduced micelles and the
original ones before oxidation treatment (Fig. 10a) that is attributable
to the presence of residual oxidized micelles. Perhaps, prolonged
equilibration treatment leads to inclusion complex re-formation.
Therefore, it may be that this process is not perfectly reversible. Fur-
thermore, DLS analysis also indicates the recovery. As shown in
Fig. 10i, these recovered micelles exhibit an average hydrodynamic
diameter of 467 nm (PDI = 0.603), and this value is almost equal to the
original value before oxidation. In short, both SEM and DLS measure-
ments confirm the reversible self-assembly behavior of the supramole-
cular Janus ensemble β-CD@11 in water, and this change is

successfully fulfilled by redox reactions.

3.7. Substrate-loading and oxidation-triggered release from micelles of β-
CD@11

As a model fluorescent molecule, RhB is further employed to study
the substrate-loading property of the micelles formed by the supramo-
lecular Janus ensemble β-CD@11. The RhB-loaded micelles of β-CD@
11 are prepared by injecting slowly deionized water into the DMSO
solution of β-CD@11 and RhB, then the obtained mixture is vigorously
agitated at r. t. for 12 h. The dialysis treatment is then carried out
against deionized water to get rid of the remaining DMSO solvent and
excess RhB molecules. The successful formation of RhB-loaded micelles
of β-CD@11 is confirmed by UV–vis. spectroscopy. As shown in Fig.
S23, the appearance of the characteristic absorption peak at 560 nm
indicates the existence of RhB in the obtained micelles. The amount of
loaded-RhB is then determined using the standard profile of RhB (Fig.
S18b). The obtained values are 1.38% for the loading content and 1.8%
for the encapsulation efficiency, respectively. These values are much
larger than those obtained for micelles of 11, indicating the better
cargo-loading property of the supramolecular micelles of β-CD@11.

The SEM micrograph (Fig. 11a) shows the nearly spherical shape of
RhB-encapsulated micelles of β-CD@11, and the corresponding statis-
tical analysis provides the average diameter of 110 ± 20 nm
(Fig. 11b), which is a little larger than that of empty pure micelles
(Fig. 10a). As shown in Fig. 11c, the average hydrodynamic diameter of
500 nm is observed through the DLS analysis, and the corresponding
PDI is only 0.143, indicating that these micelles in aqueous system have
very narrow size distribution.

The dialysis method is adopted to determine the in vitro release
behavior of RhB-containing micelles of β-CD@11. Concretely, the RhB-
loaded micelle β-CD@11 is dialyzed against the aqueous solution of
FeCl3 at 1.0 mg ml−1. At various intervals, a small amount of dialysate
is taken out and analyzed using UV–vis. spectroscopy, and the amount
of released RhB is determined using its standard curve [68,76,77]. As

Fig. 10. SEM image (a) and statistical dia-
meter distribution (b) of β-CD@11 micelles
and their size distribution by DLS (c). SEM
image (d) and statistical diameter distribu-
tion (e) of the oxidized β-CD@11 micelles
and their size distribution by DLS (f); SEM
image (g) and statistical diameter distribu-
tion (h) of the reduced β-CD@11 micelles
and their size distribution by DLS (i).
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shown in Fig. 12, the release of RhB from micelles of β-CD@11 is in-
itiated by treatment with FeCl3 at 1.0 mg ml−1. The total release
amount of RhB reaches 55% after 25 h of dialysis treatment with FeCl3,
and hereafter no further release is observed even after 55 h. During the
dialysis treatment by FeCl3, the Fc groups of Janus 11 are oxidized to
cationic Fc+ structures, and this transformation results in the weak-
ening of the binding between β-CD and 11. Thereby, their inclusion
complexes are disintegrated and the micelle expanded due to the en-
hancement of the coulombic repulsion force in the cores [16]. Thus, the
loaded RhB runs away from the enlarged cores of micelles. Based on the
above release feature, this supramolecular micellar ensemble is antici-
pated to have potential applications in the fields of sustained drug de-
livery systems [44,81].

4. Conclusion

The design and facile synthesis of a new supramolecular Janus
system with a redox response based on the inclusion complexation of Fc
groups into β-CD is reported here. A typical chemo selective coupling
method is successfully used for the efficient synthesis of a new bis-Fc-
terminated Janus molecule containing three hydrophilic triethylene
glycol branches. The new bimetallic Janus molecule is then employed
as a building block to fabricate a supramolecular Janus device through
the strong host-guest interaction between Fc group and β-CD at 1:1 M
ratio. The successful fabrication of this supramolecular device is con-
firmed using one-dimensional 1H NMR and two-dimensional nuclear
Overhauser enhancement spectroscopy. The supramolecular Janus en-
semble self-assembles into nearly spherical micelles on nanoscale in the
aqueous system. The reversible expansion and contraction of these su-
pramolecular micelles, as indicated by SEM and DLS, are initiated by
the oxidation and reduction of Fc moieties that control the host-guest

interaction of Fc with β-CD. The redox-responsive supramolecular
Janus system is successfully applied to the encapsulation of model RhB
cargo, and the loaded molecules slips out from the micelles upon adding
the oxidant FeCl3. This work provides a good example of rational design
of supramolecular Janus molecules by host–guest inclusion between β-
CD and Fc groups, and the present supramolecular micelles have the
potential of inducing progress in the field of redox-responsive cargo
delivery systems.
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β-CD β-cyclodextrin
Fc ferrocene
PDMA poly(N,N-dimethylacrylamide)
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PAMAM poly(amidoamine)
Ad adamantane
Fc+ ferricinium
ROS reactive oxygen species
GSH glutathione
TEG triethylene glycol
NOSEY Nuclear Overhauser Enhancement Spectroscopy
SEM scanning electron microscopy
DLS dynamic light scattering
RhB Rhodamine B
MWCO molecular weight cutoff
LC loading content
EE encapsulation efficiency
CuAAC copper(I)-catalyzed azide alkyne cycloaddition
Cp cyclopentadienyl
DMSO dimethyl sulfoxide
CMC critical micelle concentration
PDI polydispersity index
Δδ shift change
NOE Nuclear Overhauser Effect
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Fig. 11. RhB-loaded micelles β-CD@11: (a) SEM image, (b) histogram of size distribution and (c) DLS curve.

Fig. 12. In vitro release profile of RhB from micelles β-CD@11 using FeCl3 as
oxidant at 0 and 1.0 mg ml−1.
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