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A new class of mechanized silica nanoparticles, which ex-
ploits the stability of the inclusion complexes formed be-
tween ferrocenedicarboxylic acid and both cucurbit[7]uril
(CB?) and B-cyclodextrin (B-CD), are described. Mesoporous
silica nanoparticles, capable of storing a payload of small
molecules and releasing it following particular activation
processes, have been designed and decorated with ferro-
cenecarboxylic acid stalks. The storage and release of the
payload is controlled by the host-guest interaction between
the ferrocene moiety (guest) and the ring moiety (CB7 or B-

CD). Ferrocene-based Mechanized NanoParticles (FMNPs)
were efficiently prepared, loaded with Rhodamine dye, and
then tested under different activation procedures. The sys-
tems operated successfully under redox control (oxidation of
ferrocenedicarboxylic acid) in the presence of B-CD and un-
der pH control (deprotonation of ferrocenedicarboxylic acid
pH > 4) in the presence of CB7.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The ability to control the release of molecules from
mesoporous silica nanoparticles promises to have far-reach-
ing consequences for drug-delivery applications.l' Both mo-
lecular and supramolecular nanovalves, which regulate the
release of guest molecules from the nanopores of meso-
structured silica nanoparticles, and operate under a range
of stimuli, including pH,*>* competitive binding,™ light,
and redox control,! have been designed and their success-
ful operations demonstrated.[®) These systems are based on
the switching of components that have been tethered to
nanoparticle surfaces, such that access to the entrances of
the nanopores can be opened and closed on demand. Meso-
porous silica nanoparticles functionalized with molecular
switches,”! with a moving component able to block or ex-
pose the entrance to a pore orifice, and which operate to
regulate the release of encapsulated molecules in a con-
trolled manner, are promising vehicles for drug delivery be-
cause they are biologically compatible and are capable of
storing and releasing molecules on demand. Although
ferrocene switches have been widely reported in the litera-
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ture,® no mechanized application has been reported.
Herein, we describe Ferrocene-based Mechanized Nano-
Particles (FMNPs) that operate in water under redox or pH
control, depending on the ring component blocking the
pore, B-cyclodextrin (B-CD) for redox control or cucurbit-
[7Turil (CB7) for pH control.

Ferrocene (Fc) has captured the interest of chemists,
leading to the formation of countless derivatives with appli-
cations in areas as diverse as catalysis,'”) nonlinear optics,!'"]
electrochemistry,!''] medicine and biology.['”] Recently, mac-
romolecular derivatives with luminescent properties have
been produced, with promising applications in the biosci-
ences.['¥ Polymers and dendrimers containing ferrocene
units, either on their side chains or in their main chains,
have also attracted increasing attention as they may feature
new electrical, optical, or even magnetic properties.[!#l
Moreover, hydroxyferrocifen compounds, analogues to the
anticancer drug Tamoxifen®, are a promising class of ferro-
cifen-type breast-cancer drug candidates, as they possess
both endocrine-modulating properties and cytotoxic ac-
tivity.[']

Cyclodextrins (CDs) are amongst the most important
and widely studied examples['® of host molecules capable
of forming inclusion complexes with a variety of guests —
by incorporating them within the relatively nonpolar cavi-
ties of these cyclic oligosaccharides. Previous studies!!¢c]
have emphasized the effect of cyclodextrins on the oxi-
dation/reduction reactions of guest molecules and their use
as modifiers of organic electrode reactions. The binding in-
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teractions between B-CD and ferrocene derivatives!'” — in-
cluding a ferrocenylalkyl disulfide!!'%2] and 7-ferrocenyl-
2,4,6-heptatrienall!®®] — have been investigated extensively.
In general, ferrocene residues are complexed to B-CD,
whereas the oxidized, positively charged ferrocenium ions
do not form stable complexes.['”?] The family of cucur-
biturils?? is also well known for its host—guest interactions.
In particular, CB7 forms stable inclusion complexes with
both oxidation states of ferrocene, although the oxidized
ferrocenium form is more strongly bound than the neutral
form.[158-211 Stable inclusion complexes with CB7 have bind-
ing constants in the 10°~10'3 range for neutral and cationic
ferrocene guests. The anionic ferrocenecarboxylates, how-
ever, are not bound at all by CB7. Whereas the inclusion
complexation of the surveyed guests inside 3-CD seems to
be controlled by the hydrophobic character of the ferrocene
residue, their interactions with CB7 are pH-related.?>23!

Results and Discussion

Mesoporous silica nanoparticles were prepared and
treated with (3-aminopropyl)triethoxysilane (3-APTES) in
order to achieve an amine-modified surface according to a
published protocol.[’’! Ferrocenedicarboxylic acid was cou-
pled with the amino-functionalized nanoparticles in DMF
and then stirred at room temperature overnight. Water was

M 3“;
4 |

added to quench the reaction, followed by an aqueous solu-
tion of Rhodamine dye. The nanoparticles were then stirred
in an aqueous solution of Rhodamine B (RhB) dye for 48 h
to allow the maximum amount of dye particles to diffuse
into the silica pores. An excess of B-CD in H,O was then
added to the reaction mixture, which was left standing for
2 d to ensure the capping or proper binding of B-CD to
ferrocene (Figure 1). The nanoparticles were then filtered
and washed extensively with H,O and MeOH to afford B-
CD-capped MNPs. Substituting CB7 for B-CD in the last
step, followed by repeated washing with an acidic aqueous
MeOH solution, afforded CB7-capped MNPs (Figure 1).
The ferrocene systems were characterized (see Supporting
Information) by IR spectroscopy and SEM.

The interactions between B-CD and ferrocene complexes
are very well established in the literature.[16¢.10m.16n,16517] By
contrast, the interaction of CB7 and ferrocene compounds
under different pH conditions has been studied in less de-
tail. Thus, the dependence on pH of CB7 binding towards
ferrocenedicarboxylic acid was investigated (Figure 2) by
'"H NMR spectroscopy. At pH = 2, CB7 binds the proton-
ated neutral ferrocenedicarboxylic acid as illustrated by an
upfield shift of the resonances for the ferrocene protons.
The resonances associated with CB7 remain relatively un-
changed with respect to their chemical shifts upon complex-
ation with ferrocenedicarboxylic acid. The static nature of

Electrochemical
Oxidation

Figure 1. Design and preparation of FMNPs, which operate under redox or pH control according to the nature of the ring (-CD in the

top route and CB7 in the bottom route) capping the pores.
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bound CB7 is consistent with recent literature precedent.??!

Increasing the pH to 10 yields the ferrocene dianion, which
does not bind to the electron-rich interior of CB7. The ap-
pearance of free Fc peaks at 6 = 4.80 and 4.56 ppm and the
complete disappearance of the complexed ferrocene peaks
at 0 = 4.64 and 4.29 ppm show the complete dissociation
from CB7.
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Figure 2. "H NMR spectra of ferrocenedicarboxylic acid (Fc) and
cucurbit[7]uril (CB7) in D,0 solution (10 mMm phosphate, 20% [D,]-
DMF). At pH = 2, the resonances associated with Fc exhibit up-
field shifts characteristic®? of bound CB7 guests. At pH = 10, the
Fc? resonances remain in their original downfield positions, indi-
cating no significant interactions with CB7.

The host-guest interactions between the ferrocene unit
and the two ring types (B-CD and CB7) used in our investi-
gations were also examined by cyclic voltammetry (see Sup-
porting Information). The voltammetric behavior of the fer-
rocene thread was characterized by a reversible oxidation
of its ferrocene unit. The effect of B-CD and CB7 on the
cyclic voltammetric behavior of ferrocene was recorded and
is shown in Figures S5, S6, and S7. The presence of 1 equiv.
of B-CD resulted in an anodic shift (ca. 50 mV) in the posi-
tion of the E;,, value for the oxidation of the ferrocene resi-
due (Figure S5). This shift is characteristic of the formation
of a stable inclusion complex between the B-CD and the
ferrocene unit. Moreover, the presence of 1 equiv. of CB7
induces a more pronounced anodic shift (ca. 100 mV) in the
position of the E,,, value for the oxidation of the carboxylic
ferrocene residue, reflecting (Figure S6) a high binding be-
tween the ferrocene residue and the CB7. In strong contrast
with the results recorded with the carboxylic ferrocene, the
presence of CB7 has no effect on the voltammetric response
of the anionic derivative of the ferrocene residue. The lack
of host—guest interactions between CB7 and ferrocenecar-
boxylate can be attributed to the strong electrostatic repul-
sions between the carboxylate anion of the guest and the
carbonyl oxygen atoms on the host portal.
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The redox- and pH-triggered release of cargo molecules
were monitored by using luminescence spectroscopy (see
Supporting Information for experimental details). In both
cases, the dye-loaded, B-CD- and CB7-capped nanopar-
ticles (5 mg/mL) were placed in the corner of a cuvette be-
fore changing the pH of the solution or applying a voltage.
In order to open the B-CD-capped nanoparticles, electro-
chemistry was coupled to luminescence spectroscopy. The
oxidation of the ferrocence unit in H>O (0.1 M NaCl used
as supporting electrolyte) was performed electrochemically
(see Supporting Information) by applying a voltage (1 V).
The experiment was carried out in a custom-built optically
transparent electrochemical cell by using a platinum (Pt)
grid as the working electrode, a Pt wire as the counter elec-
trode and an Ag wire as pseudo-reference electrode. To en-
sure the maximum contact of the nanoparticles with the Pt
grid, the solution was stirred slowly.?¥ Oxidation of the
ferrocene unit initiates the dissociation of the inclusion
complex FcCB-CD and leads to the release of the dye par-
ticles from the pores. The fluorescence emission of the Rho-
damine B was measured®¥ by using a 530 nm excitation
wavelength both before (V' = 0 V) and after oxidation (V' =
1 V) of the ferrocene unit (Figure 3). For the CB7-capped
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Figure 3. Emission spectrum showing the controlled release of
Rhodamine B under redox conditions, in aqueous solution (0.1 m
NaCl) at room temperature and by using a 530 nm excitation wave-
length. The black spectrum (# = 0 min) was recorded at =0V,
and the red spectrum was recorded after applying 1 V for 400 min.

particles, the release of the trapped Rhodamine B molecules
occurs under pH control. Deprotonation of the terminal
carboxylic group induces strong electrostatic repulsions be-
tween the carboxylate group of the guest and the carbonyl
oxygen atoms surrounding the host portals, and militates
against any host-guest interactions between CB7 and the
ferrocenecarboxylate unit. The dye-loaded, CB7-capped
MNPs (10 mg) were placed in a corner of a cuvette before
carefully adding a trifluoroacetic acid (TFA) solution (pH
=~ 3). The emission of RhB in the solution above the par-
ticles was measured as a function of time by using a 514 nm
probe beam (25 mW) to excite the dye molecules as they
1671
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are released from the nanoparticles, both before and after
the addition of 1~ NaOH. The RhB emission spectrum
was recorded as a function of time at 1 s intervals. The re-
lease profile (Figure 4) was obtained by plotting the lumi-
nescence intensities of RhB at the emission maxima (578-
582 nm) as a function of time. Prior to the addition of 1 N
NaOH solution, the CB7-capped system was left in a pH =
3 TFA solution, and luminescence intensities of RhB were
monitored. The system exhibited limited leakage, as indi-
cated by the modest slope in the luminescence intensity. Af-
ter changing the pH to 10, the emission intensity asymptoti-
cally approaches its maximum with a half-life value of
about 100 min. The MNPs were further tested by measur-
ing the emission of Rhodamine B in the solution above the
nanoparticles using a 530 nm excitation wavelength (Fig-
ure S8 in the Supporting Information) before and after ad-
dition of NaOH. The emission intensity begins to increase
almost immediately following the addition of NaOH. Prior
to ferrocene oxidation or the addition of NaOH, the emis-
sion intensity of Rhodamine B was constant overnight, in-
dicating that the dye remains trapped in the pores of the
silica particles. In contrast to the CB7 system, deproton-
ation of the terminal carboxylic group by adding NaOH to
a solution containing the dye-loaded B-CD-capped nano-
particles has a minimal effect on the host-guest interaction
between B-CD and the ferrocenecarboxylate unit, leading
to a smaller increase in the intensity of the emission of the
Rhodamine B.
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Figure 4. Release profile of Rhodamine B (RhB) from inside the
nanopores of cucurbit[7]uril-capped MNPs. The emission of RhB
in a pH = 3 aqueous TFA solution was monitored for 200 min
prior to adjusting to pH = 10 by adding 1 N NaOH solution. After
the addition, the emission intensities increase rapidly and then as-
ymptotically approach their maximum with a time-to-half maxi-
mum release of around 100 min.

Conclusions

A new class of mechanized nanoparticles has been pre-
pared and characterized. These mechanized nanoparticles
operate under redox or pH control, depending on the na-
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ture of the ring capping the nanopores (B-CD in the first
case and CB7 in the latter). These observations merely serve
to underline just how broadly in terms of structure and
mechanism the concept of mechanized nanoparticles, based
on mesoporous silica, can be explored and exploited with
equanimity in aqueous solutions, as well as in organic sol-
vents.

Supporting Information (see footnote on the first page of this arti-
cle): Synthesis, assembly, and characterization data of the B-CD-
and CB7-capped ferrocene nanoparticles.
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