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The synthesis and characterization of a novel redox responsive comb-copolymer consisting of

a poly(ferrocenylsilane) backbone and N-dimethylethyl ammonium and N-dimethyldecyl ammonium
substituents are reported. Due to the presence of the side groups featuring cationic amine as well as
decyl hydrocarbon chains the comb copolymer exhibits amphiphilic behaviour and forms micellar
assemblies with typical dimensions of 100 nm. The assemblies display unique, redox induced
morphology change in water, investigated by dynamic light scattering and transmission electron
microscopy. Paclitaxel and Nile Red were encapsulated in the micelles as model guest molecular
payloads. Release of the guests with a high degree of profile control by varying the concentration of

redox agents is presented.

Introduction

Nature provided us with unique, tailored solutions at the nano-
scale for molecular delivery and submicrometre compartmen-
talization. Virus capsids, perfectly crafted for the nucleic acid
delivery, or lysosomes, playing a vital role as intracellular reac-
tors, are just some examples of a wide family of naturally
occurring vehicles,! with sizes of a few dozen nanometres.? Drug
and biomolecular delivery, which is a traditional field for appli-
cation of such devices, is looking for nano-containers with the
ability to release material upon triggered external stimuli.?
Improved delivery control could address fundamental issues of
contemporary medicine like lowering the effective dose, reducing
side effects, as well as providing solutions for an effective way to
deliver biomacromolecules. Applications of amphiphilic block-*
and comb-co-polymers® have attracted considerable attention,
when molecules for construction of micellar compartments are
requested. Their application may become successful for many
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Cyclic

types of encapsulation, spanning from inorganic nanoparticles®
to biologically active organic compounds.’

Redox responsive delivery vehicles could provide a suitable
solution for the release directly into intracellular compartments
with local redox gradient.? They may also serve as materials to
fabricate devices that respond to variations of the electric
potential.® There are various ways to incorporate the redox
trigger into a molecular delivery vehicle. Obviously, it is neces-
sary for part of the constituting molecules to undergo a reversible
or irreversible reduction—oxidation process.® Disulfide bridges!*
and ferrocene derivatives,’* with oxidation potential versus
standard hydrogen electrode of —0.25 V and 0.6 V respectively,
are two particularly favourable solutions investigated.

Poly(ferrocenylsilane) (PFS),* an interesting class of redox
responsive polymers, featuring alternating ferrocene and silicon
units within the polymer backbone, was also explored in the
context of redox responsive release vehicles.’* Layer by layer
(LbL) structures composed of PFS polyions'® with alternating
charges and block-copolymeric micelles'® containing the PFS
unit were assembled for this purpose.

In this contribution the synthesis and application of novel
redox active vehicles, constructed with an amphiphilic PFS comb
co-polymer, are reported. The polymer, when suspended in
water, forms composite micelles with hydrophobic pockets
suitable for molecular delivery purpose. Unlike many redox
active systems reported so far, micellar assemblies do not
decompose upon redox stimuli but display reversible
morphology transformation effectively collapsing and expanding
as a molecular sponge. Due to their suitable size, in the 100 nm
range, and their positive charge, the properties of the materials
are investigated in the context of redox triggered release of drugs
and DNA delivery.
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Experimental
Materials

All reagents were purchased from commercially available sources
and were used without further purification. "H NMR and *C
NMR spectra were obtained with a Bruker spectrometer (DRX
400 MHz). UV-vis absorption and fluorescent spectra were
recorded using a Shimadzu spectrophotometer (UV-1601) and
a Shimadzu spectrofluorometer (RF-5301PC), respectively.
Cyclic voltammetry experiments were obtained using an Autolab
setup. Dynamic light scattering (DLS) measurements were per-
formed with a Brukholder device equipped with a HeNe 633 nm
laser and a scattering angle of 90°. HPLC paclitaxel assay was
performed using a Waters setup equipped with a Waters
Symmetry Shield RP8 column. GPC analysis was performed
using a Waters setup, PLgel 10 pm mixed-B columns and poly
(methyl methacrylate) standards as reference. Transmission
electron microscopy (TEM) micrographs were recorded with
a JEOL 2100 instrument.

Synthesis of polymer 2

Monomer 1 (10.3 g, 33.7 mmol) was dissolved in dry tetrahy-
drofuran (THF) (150 mL) and cooled to —25 °C. Subsequently
chloroplatinic acid (0.4 g, 0.78 mmol), dried overnight under
vacuum, was added and the reaction mixture was stirred for 24 h
in —25 °C. The polymer solution was precipitated with methanol
and centrifuged. After drying 5.1 g of orange polymer flakes were
obtained. Chlorine-functionalized PFS was subsequently dis-
solved in THF and dicyclohexano 18-crown-6 (0.4 g) followed by
addition of potassium iodide (4 g). The mixture was vigorously
stirred for 7 days and precipitated with methanol. The procedure
including dissolution in fresh THF and addition of dicyclohex-
ano 18-crown-6 and potassium iodide was repeated three more
times. Intensity changes of CH, "H NMR signals, next to —Cl and
—I atoms, were used to follow the progress of the reaction. Final
precipitation with methanol and drying resulted in 2 as orange
flakes (6.0 g, 46%). M, = 17.5 kDa, M,, = 21.7, PDI = 1.2. 'H
NMR (CDCly) integrated for a single repeating unit: o: 4.23
(s, 4H); 4.12-3.95 (m, 4H); 3.28-3.15 (m, 2H); 1.96-1.80 (m, 2H);
1.05-0.96 (m, 2H); 0.48 (s, 3H).

Synthesis of polymer 3

Polymer 2 (0.42 g, 1.3 mmol r.u.) was dissolved in dry THF
(10 mL), and a solution of N,N-dimethyldecylamine (0.075 g, 0.4
mmol) was added. The mixture was stirred at RT for 50 h.
Subsequently N,N-dimethylethylamine (0.6 mL, 12.2 mmol) and
10 mL of dry DMSO were added and stirring was continued for
the next 100 h. Volatile solvents were evaporated with a rotary
evaporator and the remaining solution in DMSO was dialyzed
(DI water, 3x with a solution of sodium chloride 0.1 mol L', 3x
with DI water). The concentration and freeze-drying of the
solution afforded polymer 3 in the form of dark orange flakes
(0.39 g, 76%). Calculated M, = 16.2 kDa. '"H NMR integrated
for a single repeating unit: (MeOD) 4: 4.45-4.00 (m, 8H); 3.40—
3.15 (m, 4H); 3.00 (s, 6H); 1.74 (br, 2H); 1.62 (br, 0.45H); 1.22—
1.50 (m, 5.4H); 1.02-0.88 (m, 2.5H); 0.68-0.54 (s, 3H); *C NMR
(MeOD) ¢6: 74.75, 74.64, 72.98, 72.85, 67.3, 60.9, 51.4, 50.6, 33.1,

30.66, 30.63, 30.47, 30.27, 27.44, 23.79, 23.60, 18.6, 14.6, 13.65,
8.5, -3.4.

Redox reversible behaviour of polymeric micelles composed of
polymer 3

Reversible oxidation and reduction were carried out using
chemical agents. Namely, polymer 3 was oxidized using 2 molar
equivalents of iron chloride(tr) and reduced back with 1 equiv-
alent of sodium ascorbate. In sequential experiments (multiple
reduction/oxidation cycles), the amounts of chemical agents were
increased by 5% in every cycle to reassure quantitative trans-
formation. Reversibility of the process was observed with UV-
VIS absorbance experiments and DLS.

Controlled release of Nile Red

Polymer 3 (1.2 mg) and Nile Red (3 x 10~* mg) were dissolved in
ethanol (3 mL) and stirred for 2 hours. After solvent evaporation
at RT in a vacuum oven, and subsequent water addition (3 mL),
the mixture was stirred for 2 hours to yield PFS dye loaded
micelle suspension. To compare the dye release rates, the micelles
were oxidised with iron chloride(ur). Three different amounts of
FeCl; (1 mg, 2 mg, 3.5 mg) were added into micelle solutions
(3 mL) individually. The released dye molecules were monitored
by fluorescence.

Controlled release of paclitaxel

In a typical experiment 12.9 mg of amphiphilic polymer 3 and
4.6 mg of paclitaxel were dissolved in 5 mL of methanol. The
solvent was evaporated and the mixture was resuspended in 5 mL
water. The solution was transferred into dialysis tubes (M, cut-
off 3500 Da) and dialysed against 50 mL water, or 50 mL of
FeCl; solution (0.14 mM or 0.68 mM). The dialyzing solution
was replaced at predetermined time intervals. 5 mL of
dichloromethane (DCM) was used to extract the released pacli-
taxel from water layers. After evaporation of DCM the
remaining solid was dissolved in 1.5 mL of the HPLC mobile
phase. The concentration of paclitaxel was measured using high
performance liquid chromatography (HPLC). HPLC was per-
formed in the isocratic system water/acetonitrile 50 : 50, v/v.

Cell toxicity study

Toxicity tests were performed as described earlier.”” Human
intestinal epithelial Caco-2 cells (ATCC, USA) were cultured in
MEM supplemented with 10% fetal bovine serum, 1% Na
pyruvate, and 50 pg mL~' gentamicin in a humidified incubator
with 5% CO, at 37 °C. When cells reached approximately 80—
90% confluency in the dish, they were subcultured with a 0.05%
trypsin—-EDTA solution. For viability and toxicity tests Caco-2
cells were seeded to 96-well plates at a density of 10* cells per well.
During experiments the cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma) prepared with or
without 5% fetal bovine serum. Polymers 3 and 4 were dissolved
in sterile distilled water at a concentration of 10 mg mL~'. The
following dilutions (treating solutions) were prepared in culture
medium with or without serum for each PFS: 3, 10, 30, 60, 100,
300 and 1000 ng mL~'. Untreated cells (control group) received
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only the appropriate culture medium. Caco-2 cells grown in 96
well plates for 4 days reached confluence and were used for
experiments. For each treatment group 4-8 parallel wells were
used. Living cells convert the yellow 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Sigma) dye to purple
formazan crystals. One hour before ending 24 h treatments Caco-
2 cells cultured in 96-well plates received 0.5 mg mL~' MTT
solution and were further incubated in a CO, incubator for three
hours. The amount of formazan dye was determined by
measuring the absorbance at 595 nm with a microplate reader
(Fluostar Optima, BMG Labtechnologies, Germany). The result
is shown as the percentage of the control group (100% viability).
The release of the cytoplasmic enzyme lactate dehydrogenase
(LDH) from cells is a sign of cell membrane damage and can be
used as an indicator of cell death. LDH from the culture super-
natant was determined by a commercially available cytotoxicity
detection kit measuring LDH release (Roche). After treatments
for 24 h 50 uL samples from culture supernatants were incubated
with equal amounts of reaction mixture for 15 minutes. The
enzyme reaction was stopped by 0.1 M HCI. The absorbance was
measured at a wavelength of 492 nm with a microplate reader
(Fluostar Optima, BMG Labtechnologies, Germany). Cytotox-
icity was calculated as the percentage of the total LDH release
from cells treated by the 1% Triton X-100 detergent.

DNA delivery study

Transfection experiments were performed on a CHO-S (Invi-
trogen) derived, puromyecin resistant ChC3 cell line. 3 x 10° cells
were plated equally in each well of a standard 6-well culturing
plate the day before transfection. Cells were maintained in
DMEM with high glucose (Gibco 52100) containing 10 v/v%
fetal bovine serum (FBS, PAA A15-151), 4 mM stable glutamine
(PAA M11-006), 1x penicillin/streptomycin (PAA P11-010) and
5 pug mL~' puromycin (Sigma). Cell cultures were kept in
a humidified incubator with 5 v/v% CO, at 37 °C during the
whole experiment. Red fluorescent protein expressing plasmid
DNA (pEFlalpha-tdTomato, Clontech 631975) was used for
delivery. Polymers 3 and 4 were previously dissolved in distilled
water and sterile filtered using Millex-GP (Millipore) filter units.
On the day of DNA delivery 400 pL transfection solutions were
prepared the following way: 16 ug polymer or 6 uL Turbofect™
in vitro transfection reagent (Fermentas) and 4 pg plasmid DNA
were mixed in an appropriate volume of DMEM (Gibco 12491).
Control solutions contained only plasmid DNA + DMEM (“no
reagent, DNA”) or DMEM alone (“no reagent, no DNA”).
After 10 minutes of incubation at room temperature transfection
solutions were added to the cells with 3.6 mL of fresh, complete
growth medium. Cell cultures were incubated for 24 hours,
trypsinized, pelleted and resuspended in phosphate buffered
saline (PBS) + 1 v/v% FBS. The red fluorescent signal positivity
of 2000 cells in each suspension was measured at 580 + 20 nm on
a Guava PCA (Millipore) flow cytometry system using the
Guava Express Assay software module.

Results and discussion

Synthesis of the amphiphilic PFS polymer was carried out by the
ring opening polymerization (ROP)® of strained cyclic

ferrocenophane monomer 1' and subsequent exchange of
chlorine atom into iodide.* Tuning of protocols described
previously,*! mainly by lowering the reaction temperature and
drying the catalyst, resulted in oligomeric (average 44 repeating
units) PFS product 2 with a low molecular mass M,, = 21.7 kDa
and polydispersity index (PDI) = 1.2. Polymer 2 was subse-
quently functionalized using dimethylethylamine and dime-
thyldecylamine to form statistical comb-co-polymer 3 bearing
hydrophilic and hydrophobic units. The 'H NMR spectrum in
deuterated methanol shows the structure of polymer 3, with
a percentage of amphiphilic units of 23%, calculated indepen-
dently using integration of three different proton signals versus
cyclopentadienyl (Cp) protons. Polymer 4 was synthesized
following the same protocol, but using N,N-dimethylethylamine
only, and was used as a reference for NMR interpretation, the
cyto-toxicity study and the DNA delivery (Fig. 1).

Amphiphilic PFS comb-co-polymer 3 is soluble in water and
exhibits properties previously reported for the other PFS based
materials.*®> It undergoes a reversible reduction—-oxidation
process when treated with redox agents, which can be carried out
for many cycles as demonstrated by UV absorption spectral
changes (Fig. 2). The oxidation potential of micellar PFS 3
remains in the region characteristic for other PFS derivatives. In
comparison to polymer 4 the typical double oxidation signal is
not visible in cyclic voltammetry experiments (see ESIT).
Oxidation of polymer 3 leads to the abrupt change of the charge
density in the main backbone. Despite the changes of its
hydrophobic character (atom number to charge ratio changing
from 54 to 27, for reduced and oxidized forms, respectively)
polymer 3 remains water suspendable, forming optically trans-
parent solutions in both forms.

Micellar assemblies of polymer 3 do not decompose upon
exposure to redox stimuli but display a reversible morphology
transformation. To gain further insight into the morphology
variation, DLS experiments were performed within several cycles
of chemical oxidation and reduction. In both states clear aggre-
gation was visible (Fig. 3). Despite increase in charge density of
the main backbone, interactions of decyl chains of hydrophobic
subunits were driving aggregation also in the oxidized form. The
average diameter of composite micelles remains in the range of
80-120 nm with a small increase upon oxidation of the material.

2.0 18 1.6 14 [ppm]

Fig. 1 Synthesis of polymer 3 and polymer 4. Indexes based on 'H
NMR: n = 44, 0 = 34, p = 10. Inset: comparison of NMR signals of
polymers 3 and 4 allowing for calculation of the composition of
polymer 4.
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Fig. 2 Absorption of micellar PFS polymer 3 in oxidized and reduced
forms. Inset: variation of the absorbance for reduction—oxidation cycles
of the water suspended polymer 3 micelle. Transformations were
reversibly induced with iron chloride(ir) and sodium ascorbate solutions.

Transmission electron microscopy (TEM) micrographs (Fig. 4)
depict small size differences between oxidized and reduced forms
of polymer 3. The overall cluster diameter of 50-80 nm,
observable by TEM, is however apparently smaller compared to
DLS measurements and could be explained by the dry state of the
micelle. Clearly, the morphology is different for the two forms of
polymer 3 as visible in TEM, with a less compact structure in the
case of the oxidized polymer. Upon five redox cycles a small
overall decrease in size was observed by DLS; this could prob-
ably be associated with increased ionic strength of the solution
upon addition of the redox agents.§

To demonstrate triggered, redox controlled drug release abil-
ities, experiments with two different molecules were carried out.
Model fluorescent dye Nile Red and anticancer drug paclitaxel
were employed. Nile Red is a molecule known for high envi-
ronmental sensitivity.?®* Tt can be applied as a probe to study
processes like transition from a hydrophobic to hydrophilic
environment accompanied by an abrupt change in fluorescent
intensity.

Nile Red was encapsulated into the polymeric PFS micelle of
polymer 3 by dissolution in ethanol and evaporation of the
solvent. Fig. 5 shows the change of the dye emission intensity of
the PFS micelle solution after adding FeCl;. The emission
intensity of the dye molecules decreased with time, indicating the
release of guest molecules and exposure to a water environment.
The higher the concentration of the oxidant, the faster is the drop
of fluorescent intensity associated with the release rate. In the
control experiment, no FeCl; was added and the intensity
remained constant for 9 hours. This result suggests that the
micellar solution was stable without releasing the dye during the
control experiment.

Paclitaxel is an important chemotherapeutic drug,** widely
used for treatment of various types of cancer. The low water

24

§ Analyzing the DLS results, it also should be mentioned that DLS
measurements of the oxidized form of polymer 3 may be covered with
some bias due to the material absorption profile overlapping with the
wavelength of the HeNe laser used in the DLS setup.
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Fig. 3 (a) Average diameter of PFS micelles composed of polymer 3 as
measured by DLS. Data were collected through five consecutive, chem-
ically induced, reduction/oxidation cycles. Error bars represent the
standard deviation from multiple measurements collected at the 4™ redox
cycle; and (b) size distribution of oxidized and reduced forms of micelles
for the 4™ cycle. Average size for the reduced form is 98 nm and is 118 nm
for the oxidized form.

solubility of this molecule makes paclitaxel a good candidate for
micellar delivery.® Encapsulation of this drug into composite
micelles of polymer 3 was achieved by the same way as for Nile
Red. Release was studied based on the HPLC analysis, following
established protocols.?® Two different concentrations of iron
chloride(mr) were investigated with no-oxidant reference sample
(Fig. 6).

As displayed in Fig. 6, the release profile strongly depends on
the concentration of the oxidizing agent at the initial stage of
release. For longer release times release from the micelle remains
at a stable constant rate, comparable to those for the control
sample. Paclitaxel leaches rather slowly and only approximately
20% of the encapsulated drug is released for the higher FeCl;
concentration in 24 h. Paclitaxel is poorly soluble in water and
even after oxidation of micelles and substantial reduction of the
micelle hydrophobic character, most likely still remains partially
encapsulated in the hydrophobic pockets.

To assess if PFS is adequate as a material for medical appli-
cations, toxicity tests on the Caco-2 human intestinal epithelial
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oxidised form

Fig.4 (a) Schematic cycle of micelle transformation upon oxidation and
reduction with hydrophobic pockets represented as grey spots; (b) TEM
micrograph of the reduced form of polymer 3; and (c) TEM micrograph
of the oxidized form of polymer 3.
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Fig. 5 Normalized emission intensity of Nile Red (at 652 nm) encap-
sulated by polymer 3 in the presence of different amounts of FeCls.
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Fig. 6 Release profiles of paclitaxel from polymeric micelle 3 for various
concentrations of FeCls.

cell line were performed.’” The cellular conversion of MTT,
a viability assay, showed that polymer 4 is not toxic to epithelial
cells at 10 pg mL~" dose. In the presence of serum in treatment
medium polymer 4 was non-toxic up to 30 pg mL~". Above 30 ug
mL™" concentration the viability of Caco-2 cells was reduced in
a dose-dependent way (Table 1 and Fig. 7).

Table 1 Toxic concentrations (TC) of polymers 3 and 4 determined by
MTT and LDH release assays on Caco-2 cells. TCy: non-toxic concen-
tration; TCjqo: concentration eliciting cell death similar to 1% Triton X-
100 detergent used as positive control

TCo/pg mL~! TCioo/pg mL~!
Serum free Serum Serum free Serum
Polymer 4 MTT 10 30 60 100
LDH 10 10 60 60
Polymer 3 MTT 3 10 60 60
LDH 3 10 60 60

This journal is © The Royal Society of Chemistry 2012
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Fig.7 MTT viability assays of Caco-2 cells upon exposure to polymers 3
and 4 in (a) serum and (b) serum free culture medium.

Table 2 Efficiency of DNA transfection compared to a commercially
available polymer-based transfection reagent (Turbofect™ in vitro
Transfection Reagent, Fermentas). Expression of the reporter was
measured by flow cytometry in ChC3 cells after 24 h of incubation at 37
°C

% of
TF. reagent positive cells
Polymer 3 (1 mg ml™") 2.6
Polymer 4 (1 mg ml™") 0.3
Turbofect™ 333
No reagent, DNA 0.3
No reagent, no DNA 0.3

No significant cytotoxicity was detected in the case of polymer
3 between 3 and 10 pg mL~" on epithelial cells. The polymer was
clearly toxic at concentrations over 30 ug mL~". The results of the
MTT viability assay were supported by measurement of lactate
dehydrogenase (LDH) release. Both polymers increased LDH
release from Caco-2 cells into the extracellular space in a dose-
dependent way. A maximal LDH release indicating 100%
toxicity was observed for 4 and 3 at 60 ug mL~! dose and above.
Both polymers display similar toxicity, which is lower than that
of typical chemotherapeutic agents.?’

DNA transfection experiments were carried out with both
polymers 3 and 4 to assess their application. Despite identical

charge to molecule ratio, transfection efficiency is interestingly
significantly higher for amphiphilic molecule 3 compared to
polymer 4. Efficiency remains at rather moderate levels
compared to a commercial transfection reagent (Table 2),
however only the standard protocol of Turbofect™ was followed
and reaction conditions for efficient DNA delivery in the case of
polymers 3 and 4 were not optimized.

Conclusions

A novel poly(ferrocenylsilane) amphiphilic oligomer was syn-
thesised by ring opening polymerization of strained ferroceno-
phane and subsequent side chain modification. The polymer
forms small 100 nm assemblies in water, displaying redox acti-
vated, reversible properties and morphology transformation
upon change of the redox state. Low cell toxicity was observed
below the concentration of 10 pg mL~'. The material was
successfully tested as a delivery medium against paclitaxel and
Nile Red showing a high degree of control over release kinetics
upon variation of redox conditions. High increase in DNA
transfection was observed comparing polymers with micellar 3
and not micellar 4 character. This result provides an interesting
hint indicating suitability of this material for the design of novel
DNA transfection vectors. Further application of PFS built
vehicles needs understanding of polymeric chain fate, exposed to
an intracellular chemistry, which will remain a subject of further
evaluation.
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