Biomedicine & Pharmacotherapy 166 (2023) 115402

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

biomsdiigie
journal homepage: www.elsevier.com/locate/biopha

ELSEVIER

Check for

Ferrocene/ p-cyclodextrin based supramolecular nanogels as e
theranostic systems

Khadijeh Soleimani “, Siamak Beyranvand “, Zeinab Souri*, Zaingb Ahmadian ™",
Abdollah Yari®, Abbas Faghani‘, Azim Shams®, Mohsen Adeli ™"

& Department of Chemistry, Lorestan University, Khorramabad 6815144316, Iran
Y Department of Pharmaceutics, School of Pharmacy, Lorestan University of Medical Sciences, Khorramabad, Iran
¢ Institut fiir Chemie und Biochemie, Freie Universitat Berlin, Takustr. 3, 14195 Berlin, Germany

ARTICLE INFO ABSTRACT

Keywords: A supramolecular redox responsive nanogel (NG) with the ability to sense cancer cells and loaded with a
Anticancer releasing therapeutic agent was synthesized using hostguest interactions between polyethylene glycol-grafted-
Redox responsive B-cyclodextrin and ferrocene boronic acid. Cyclic voltammetry matched with other spectroscopy and microscopy
_iiziz?:slt::lar methods provided strong indications regarding host-guest interactions and formation of the NG. Moreover, the
Nanogels biological properties of the NG were evaluated using fluorescence silencing, confocal laser scanning microscopy,

and cell toxicity assays. Nanogel with spherical core-shell architecture and 100-200 nm sized nanoparticles
showed high encapsulation efficiency for doxorubicin (DOX) and luminol (LU) as therapeutic and sensing agents.
High therapeutic and sensing efficiencies were manifested by complete release of DOX and dramatic quenching
of LU fluorescence triggered by 0.05 mM H0- (as an ROS component). The NGs showed high ROS sensitivity.
Taking advantage of a high loading capacity, redox sensitivity, and biocompatibility, the NGs can be used as
strong theranostic systems in inflammation-associated diseases.

1. Introduction

Simultaneous detection and treatment of cancer, as one of the main
causes of death worldwide, remains a challenging issue [1-4]. Thera-
nostic systems, a combination of diagnostic and therapeutic agents
loaded in a nanocarrier, have emerged as an outstanding approach in the
field of cancer therapy [5]. Due to their versatility and biocompatibility,
supramolecular systems including micelles [6], liposomes [7] and
nanocapsules [8] have attracted a great deal of attention for the con-
struction of theranostic systems [9-12]. However, supramolecular sys-
tems dissociate to their building blocks upon administration when they
cross their critical aggregation concentration. This leads to the un-
wanted burst release of encapsulated drugs [13,14]. Supramolecular
polymer nanogels (PNGs), as three-dimensional networks of physically
crosslinked polymer chains, are an alternative to the above-mentioned
traditional carriers [15-21]. The higher stability of supramolecular
PNGs than that of micelles and liposomes results in a longer circulation
time and efficient biodistribution, as well as accumulation of drugs in
tumors [17,22,23]. Furthermore, environmentally responsive PNGs,
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sensitive to external stimuli such as temperature, pH, light, and redox
agents, are useful platforms to construct smart theranostic systems
[24-31]. Smart PNGs improve the therapeutic efficacy of drugs by
preserving their concentration at an effective level, controlling release of
payload in targeted tissue, and reducing drug toxicity [32-35]. Among
different internal stimuliresponsive systems, redox-responsive counter-
parts have gained great attention for cancer therapy due to the higher
concentration of GSH in cancer tissues [36,37]. Different synthetic
pathways have been developed over the years to meet the criteria of
tunable size, morphology, physico-chemical properties, controlled drug
delivery, and selective cellular uptake. Chemical crosslinking methods,
such as polymerization and interfacial reaction, have been increasingly
improved to overcome the shortcomings of available formulations with
particular attention to biocompatibility issues. On the other hand,
physical approaches have been refined to produce NGs showing
responsivity to biochemical stimulus. However, the synthesis of effective
systems with suitable physicochemical properties and biological activ-
ities is a long-standing challenge [38]. Dynamic and reversible
host-guest interactions have been employed to prepare a large number
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of stimuli-responsive supramolecular systems, including nanogels (NGs)
[39]. Cyclodextrins (CDs), with a hydrophobic cavity and hydrophilic
functional groups, have frequently been used as host molecules for the
construction of smart redox-responsive supramolecular systems
[40-46]. Following a report regarding the anticancer activity of ferro-
cene (Fc) by Brynes and co-workers in the late 1970 s, Fc-based com-
pounds have attracted a great deal of attention in the field of cancer
therapy [47]. The redox switchable hydrophobicity of Fc-containing
polymers makes them attractive candidates for the construction of
smart materials, with the ability to release a specific drug at the tumor
site upon host-guest interactions [48,49]. In this work, a redox
stimuli-responsive NG was synthesized by host-guest interactions be-
tween Fc-boronic acid (FcBA) as a guest and polyethylene glyco-
1-grafted-p-cyclodextrin)PEG-g-CD( as a host molecule. FcBA played a
dual role in the formation of NGs, including host-guest interaction and
covalent attachment with the cavity and hydroxyl groups of cyclodex-
trin, respectively. The NG was used as a platform to construct a thera-
nostic system by encapsulating doxurobicin (DOX) and luminol (LU).
DOX as a hydrophilic therapeutic anticancer drug that can decrease or
inhibit tumor growth via blocking the topo isomerase 2 enzyme that is
required for proliferation and growth of cancer cells [50,51]. Further-
more, luminol, as a common chemiluminescent molecule that can be
oxidized by hydrogen peroxide to create an unstable high-energy in-
termediate, can dissipates energy back to the ground state by emitting
photons and thus can be used in direct chemiluminescence for the
purpose of detection of cancer cells [52]. Thus, the main goals of the
present study were the fabrication of modular redox-responsive NGs
through host-guest interaction-directed self-assembly of polymers and
loading of DOX and LU for the simultaneous detection and treatment of
cancer cells.

2. Materials and methods
2.1. Materials

Ferroceneboronic acid (FcBA), B-cyclodextrin (p-CD), p-toluene-
sulfonic anhydride, luminal, and doxorubicin (DOX) were purchased
from Sigma Aldrich (Germany). HCl, HoSO4, H2O5, cyanuric chloride,
polyethylene glycol (PEG), ethylenediamine, CCK-8 solution, sodium
hydroxide, potassium chloride, paraformaldehyde, tetraethyl ammo-
nium tetrafluoroborate, methanol, dichloromethane, diethyl ether,
ethanol, dimethyl sulfoxide (DMSO), RPMI 1640, DPBS, fetal bovine
serum (FBS), and cyanuric chloride (triazine) were purchased from
Merck (Germany). MCF-7 cells were prepared from the Pasteur Institute
(Iran). Dialysis membrane tubing (Biotech Cellulose Ester, width: 31
mm, MWCO: 2 kDa) and deionized water were used for the purification
of the synthesized materials.

3. Instrumental analysis

IR spectra were recorded using a Bruker-Tensor 320 FT-IR spec-
trometer after mixing samples with analytical grade KBr at a weight
ratio of 5/200 mg. The morphology and structure of the NGs were
investigated using an LEO 440i scanning electron microscope (SEM)
under vacuum at an operating voltage of 10 kV after coating the dried
samples with a thin layer of gold by sputtering for 15 s. A Shimadzu
UV-Vis 1650 PC spectrophotometer using a cell with a 1.0 cm path
length was used to record the absorption spectra of the systems in
aqueous solution. The NMR spectra of the synthesized materials were
recorded using a Bruker ECX 400 (400, 101.8, 376 MHz) and Bruker
AVANCE III (700, 176 MHz) at 298 K with the stated solvents. The
chemical shift was given in ppm (reference substance: tetramethylsilane
with 6 = 0.00 ppm) and calibrated using CDCl3 and DMSO-d6. Confocal
laser scanning microscopy (CLSM) was performed using a Leica
DMI6000CSB SP8 inverted confocal laser-scanning microscope (Leica,
Wetzlar, Germany) with a 63x/1.4 HC PL APO CS2 oil immersion
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objective using the manufacture-given LAS X software. Fluorescence
spectra of the samples were obtained using a Varian Cary Eclipse fluo-
rescence spectrophotometer using a cell with a 1.0 cm path length. The
cytotoxicity of the compounds was analyzed using the cell viability assay
Cell Counting Kit 8 (CCK-8) from Sigma-Aldrich Chemie GmbH (Tauf-
kirchen, Germany), according to the manufacturer’s instructions. The
size of the NGs in aqueous solution was measured using a Zetasizer)Nano
ZS( analyzer with an integrated 4 mW He-Ne laser at a wavelength of
633 nm with a backscattering detector angle of 173° (Malvern In-
struments Ltd., Worcestershire WR14 1XZ, United Kingdom) at 25 °C
and Zeta PALSS for the zeta potential test. The concentration of the
samples for the dynamic light scattering (DLS) and zeta potential ex-
periments was 0.05 mg/mL in PBS (pH 7.4) and the samples were
measured at 25 °C. Aqueous solutions were filtered via 0.45 pm poly-
tetrafluoroethylene (PTFE) filters and used for DLS measurements.
Electrochemical analyses were obtained using an Autolab Potentiostate/
Galvanostate model PGSTAT 204 (Eco Chemie, The Netherlands) that
was computer-controlled with NOVA 2.1 software. Electrochemical
impedance measurements were carried out on a frequency response
detector model 1025 interfaced to an EG&G 263 A potentiostate/gal-
vanostate via GPIB on a PC running power suite. EIS spectra were
collected at open circuit potential with 10 mV rms AC amplitude at
scanned frequencies from 100 kHz to 1 Hz. Three electrode systems were
used, including the modified gold electrode, platinum wire, and satu-
rated calomel reference electrode (SCE) as the working, auxiliary, and
reference electrodes, respectively. A Metrohm model 713 pH-meter
(Herisau, Switzerland) was used for pH measurements and an ultra-
sound bath with temperature control (50 Hz Soner 203 H; Rocker;
Taiwan) was used for sonicating the materials.

4. Experimental
4.1. Synthesis of PEG-triazine-CD (PEG-g-CD)

6-0O-Monotosyl-6-deoxy-p-CD (TSO-B-CD) was synthesized using a
reported procedure in the literature. For this purpose, p-CD (5.00 g, 4.5
mmol) and p-toluenesulfonic anhydride (2.10 g, 6.47 mmol) were
dispersed in 45 mL deionized water. The suspension was stirred for 2 h at
room temperature. Then, sodium hydroxide (0.1 mol/L, 25 mL) was
added to the reaction mixture. After 10 min, unreacted p-toluene-
sulfonic anhydride was removed by filtration. The filtrate was neutral-
ized by hydrochloric acid (4 M). 6-OMonotosyl-6-deoxy-p-CD (TSO-
B-CD) (2.50 g, 44%) was collected after cooling the solution overnight to
4 °C. The product was dried under vacuum for 72 h at 4 °C.

Afterwards, TSO-B-CD (1.5 g, 1.17 mmol) was dissolved in ethyl-
enediamine (5 mL, 75.87 mmol) under an argon atmosphere. The
mixture was stirred at 60 °C for 12 h. Then, the obtained mixture was
cooled at room temperature and precipitated in 100 mL ethanol. The
product, 6-O-aminoethylamino-6-desoxy-B-CD  (p-CD-ene), was
collected by filtration and dried at room temperature (77%) (Fig. 1a).

Then, poly (ethylene glycol) 2000 (10 g, 5 mmol) and sodium hy-
droxide (0.2 g, 5 mmol) were dissolved in water (20 mL). The solution
was slowly added to cyanuric chloride (0.92 g, 5 mmol) in 100 mL
dichloromethane at 0 °C. The reaction mixture was stirred for 24 h at
room temperature. Then, it was refluxed for 6 h, filtered, and the solvent
was evaporated. The product was dissolved in 10 mL dichloromethane
and precipitated in diethyl ether to obtain 2-(methoxy-polyethylene-
2000)— 4,6-dichlorotriazine (PEG-DCT) (41%).

Finally, for the synthesis of PEG-triazine-CD (PEG-g-CD), PEG-DCT
(0.51 g, 0.1 mmol) and p-CD-ene (0.57 g, 0.5 mmol) were dispersed in
deionized water (10 mL) at room temperature and stirred for 2.5 h.
Afterwards, the temperature was increased to 60 °C and the reaction
mixture was stirred overnight, then solution was cooled down and dia-
lyzed. The solvent was evaporated and the product was dried (Fig. 1b).
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Fig. 1. Schematic representation of the synthesis of (a) 6-O-aminoethylamino-6-desoxy-p-CD. (b) PEGtriazine-CD (PEG-g-CD). (c) Preparation of NGs upon host-guest
interactions between PEG-g-CD and FcBA. (d) NG was able to be loaded with DOX and LU to obtain the final theranostic system. (i) PBS (pH 8) at room temperature
for 48 h; (ii) water and NaOH for 24 h; (iii) water and NaOH at room temperature for 24 h in the dark.
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4.2. Synthesis of nanogels (NGs)

In order to synthesize the NG, FcBA (0.016 g, 0.07 mmol) and PEG-
triazine-CD (0.446 g, 0.01 mmol) were dissolved in 50 mL of PBS (pH
8). The obtained mixture was stirred at room temperature for 48 h.
Then, the reaction mixture was dialyzed against methanol and deionized
water with a 2 kDa MWCO membrane for 24 and 48 h, respectively. The
yield of the reaction was almost 100% (Fig. 1c).

4.3. Preparation of DOX-Loaded NG (NG/DOX), LU-Loaded NG (NG/
LU), and NG/LU/DOX

NG was loaded with DOX using a solvent evaporation method. The
NG (0.015 g) was dispersed in buffer at pH 7.4 and DOX (0.005 g,
0.9 x10> mmol) was added to methanol (2 mL). These solutions were
mixed and stirred for 24 h. Then, the mixture was centrifuged at
12,000 rpm for 15 min to remove free DOX. Eq. (1) was used to calculate
the encapsulation efficiency (EE) of DOX by the NG [53]:

De
EE(%) = % 100 €h)
where De is the amount of the encapsulated drug into the NG and Dt is
the total amount of the added drug.

LU (0.025 mol/L, 1 mL) was added to the aqueous solution of NG
(5 mL), cooled at room temperature, and stirred for 12 h in darkness.
Then, the obtained solution was centrifuged at 12,000 rpm for 10 min to
remove free LU. The product was then dried under vacuum at 40 °C and
the amount of loaded LU was calculated using the above-mentioned
equation.

DOX/LU/NG was prepared as follows: DOX (0.005 g, 0.9 x 107>
mmol) and LU in aqueous solutions of NaOH (0.025 mol/L, 1 mL) were
incubated with an aqueous solution of NG (5 mL) in darkness for 24 h.
Then, the solution was centrifuged at 12,000 rpm for 10 min to remove
free DOX and LU (Fig. 1d). The amount of loaded DOX was calculated
using the above-mentioned equation.

4.4. Release of DOX from NG

NG/DOX (0.02 g) was dispersed in 3 mL of buffer (pH 7.4) and
placed in a dialysis bag.

(MW 2000) with a controlled temperature at 37 °C. Then, the dial-
ysis bag was placed in 50 mL PBS (pH 7.4). At regular time intervals,
2 mL of outer solution was removed and replaced with fresh PBS to
preserve the sink condition and the absorbance of the released drug was
recorded using UV-Vis spectroscopy at 480 nm. The amount of drug
released was obtained through a calibration curve. The evaluation of
drug release was investigated in two conditions (in the absence and
presence of Hy05). The latter was carried out by adding 0.2 pL of HyO2
(0.88 M) to the PBS (pH 7.4, 50 mL). According to Eq. (2), the effective
release of DOX from the NG was calculated as follows [54]:

D
Drug Release Efficiency (%) = D—; x 100 2)

where Dr is the amount of drug released from the NG and De is the
amount of drug encapsulated into the NG.

4.5. Fluorescence silencing study

Samples, including NG/LU and NG/LU/DOX, were prepared in 0.1%
PBS buffer (pH 8) and mixed with different concentrations of HyOy
diluted with 0.1% PBS buffer (pH 8). The fluorescence emission of
different samples was measured at 37 °C using a Cary Eclipse fluores-
cence spectrophotometer (Varian, Australia). Samples were excited at
wavelengths of 350 nm and 400-600 nm. The slit width was 2.5 nm.
The quantitative calculation of the.
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LOD for the NGs was performed using the calibration curve with the
following equation.
[55]:

3xS)

LOD =
B1

3

where B1 is the slope of the calibration curve line and S is the standard
deviation of the minimum concentration.

4.6. Cyclic voltammogram study

Cyclic voltammetry (CV) with voltage range of — 0.2-0.7 V (SCE)
was performed at various potential scan rates of 100 mVs~'. To obtain
the cyclic voltammograms, PBS solution containing tetra-n-
butylammonium tetrafluoroborate (0.1 M) was used as the supporting
electrolyte and a three-electrode system consisting of a glassy carbon
working electrode, a Pt counter electrode, and an Ag/AgCl reference
electrode were utilized in a singlecomponent electrochemical cell. They
were immersed in 1 M HCI or 1 M HySO4 electrolyte solution. All ex-
periments were performed at room temperature. In this work, we used
tetraethyl ammonium tetrafluoroborate solution (TEATFB, 0.1 M) con-
taining 0.1 M potassium chloride as the supporting electrolyte. For this
purpose, 0.1 g of tetraethyl ammonium tetrafluoroborate was dissolved
in 5mL of DMSO. Then, the TEATFB solution was added to 5 mL
aqueous solution containing potassium chloride (0.1 M) to achieve a 1:1
solution of DMSO/water. Then, a solution of 10 mM polymer (0.1 mL)
was added to the FcBA solution with excess electrolyte and the cyclic
voltammogram (CV) peak was recorded several times. To avoid the
dilution effect in all electrochemical experiments, polymer stock solu-
tions containing FcBA (1 mM) were added to the solution of FcBA
(1 mM).

4.7. Cytotoxicity study

The cytotoxicity of the NGs against MCF-7 cells was studied using the
CCK-8 assay. Cells were seeded onto a 96-well plate at a density of
1 x 10* cells per well in 100 pL of RPMI 1640 medium containing FBS
(10%) and penicillin-streptomycin (1%) and incubated for 24 h at 37 °C
in a CO, (5%) atmosphere. Afterwards, the stale medium was removed
and replenished with 90 pL of fresh medium. Then, 10 pL of NG sample
at different concentrations in DPBS was added to each sample well.
Then, the plate was incubated for 24 h at 37 °C in a CO» (5%) atmo-
sphere. A 10 pL aliquot of CCK-8 solution was added to each well and the
plate was incubated for 3 h. Ultimately, the percentage of cell viability
was calculated after recording the absorbance of the samples at 450 nm
using a microplate reader (Infinite 200 Pro plate reader; Tecan Group
Ltd., Mannedorf, Switzerland) using the following equation [56]:

(As — Ab)

m* 100 (€))]

Cell viability <%> =
where As, Ab and Ac are the absorbances of the sample, blank, and
control, respectively.

The reference wavelength was 620 nm.

4.8. Confocal study

Uptake of the NG by MCF-7 cells was evaluated by confocal laser
scanning microscopy (CLSM). MCF-7 cells were seeded onto a 8-well
plate at a density of 1 x 10* cells per well in 300 pL. medium and
cultured for 24 h at 37 °C in a 5% CO; atmosphere. Then, 10 pL of NG
solution with a concentration of 3 mg/mL was added to the medium and
cultured for another 6 h at 37 °C in a 5% CO- atmosphere. Afterwards,
the samples were washed once with the cell culture medium and twice
with PBS (pH 7.4), followed by fixing with paraformaldehyde (4%) at
room temperature for 15 min. Then, the samples were washed 3 times
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with cold PBS and incubated in darkness for another 15 min in a solution
of DAPI (1:4000). Finally, the samples were washed twice with PBS and
imaged by a confocal microscope connected to VivaScan computer
software (Version 11.0.1140).

5. Results and discussion
5.1. NG synthesis and characterization

Theranostics combining the treatment and diagnosis of cancer cells
have attracted a great deal of attention in cancer therapy. Nanoparticles,
due to their excellent physicochemical and biological properties, are
useful platforms to construct theranostic systems [69]. Owing to their
high stability and biocompatibility, supramolecular PNGs are excellent
candidates for this purpose, among the different types of nanoparticles
[15,70]. NGs are often composed of bio- or synthetic polymers that are
physically or chemically crosslinked to make a network [71-74]. By
binding a “host” reversibly to a “guest” molecule, hostguest interactions
can form highly complex and ordered structures as well as polymeric
networks [75-77]. Fc, as the most common electroactive guest, inserts in
CD cavities and forms host-guest complexes [78]. Accordingly, in the
present study, a series of NGs was prepared using host-guest interactions
between the PEG-g-CD molecule as the host and FcBA as the guest
molecule, which were loaded with DOX and LU for the simultaneous
detection and treatment of cancer cells. FcBA plays several roles,
including physical crosslinking by host-guest interactions, boronate
ester formation, as well as interaction with cancer cells via cis-diol
configuration of overexpressed polysaccharides [79].

Successful NG synthesis and drug loading were confirmed through
FTIR, UV-Vis, and 'HNMR spectroscopy. As shown in the IR spectrum of
FcBA (Fig. 2Aa), the absorption bands at 1500 and 1045 cm ™! were
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attributed to the stretching vibrations of the ferrocenyl ring. Further-
more, bands at 1345 and 1375 cm ™! were attributed to the B-O vibration
and bands at 3360 and 3650 cm ™! demonstrated the presence of hy-
droxyl groups. In IR spectrum of PEG-g-CD, the absorption bands in the
regions of 1458 cm™! and 1271 cm™! were related to the stretching vi-
brations of C=N and C-N in triazine, respectively (Fig. 2 Ab). In the IR
spectrum of the NGs (Fig. 2 Ac), the presence of absorption bands of
FcBA and PEG-gCD with small displacements represented their supra-
molecular assemblies in the form of nanoparticles. There were absorp-
tion bands at 3200, 3600, and 1400-1750 cm ™' for NG/DOX (Fig. 2 Ad),
corresponding to the OH, N-H, C=0, and C—C stretching vibrations,
respectively.

The UV-Vis spectra of the NG, NG/LU, NG/LU/DOX, and LU are
shown in Fig. 2B. The UV-Vis spectrum of LU showed two absorption
peaks at 293 and 340 nm [57]. Nevertheless, two red-shifted absorption
peaks were obtained for NG/LU/DOX compared with LU, and the in-
tensity of the absorption peak was significantly increased, indicating the
successful loading of LU into NG/LU/DOX. Additionally, in the UV-Vis
spectrum of NG/LU/DOX, a new absorption peak at 500 nm corre-
sponded to DOX [58]. This peak was another indication of the attach-
ment of DOX on the NG.

NMR spectroscopy was used to further evaluate the structure of
prepared nanoparticles. Protons related to p-cyclodextrin in f-CD-OTS
was appeared between 3.5 and 5.8 ppm (aliphatic protons H-1
(4.9 ppm), H-3, H-5 (3.5 ppm), and H-6 (3.6 ppm) and hydroxyl groups
(OH-2, OH-3 (5.7 ppm), and OH-6 (4.5 ppm)). Also 'HNMR spectrum of
the p-CD-OTS indicated two peaks between 7 and 8 ppm which related
to -OTS groups. The decrease in peak intensity in 7-8 ppm of -CD-ene
indicates the binding of ethylenediamine to cyclodextrin of g-CD-OTS.
The protons of the methoxy polyethylene glycol group was appeared in
the region of 2.37 ppm. The methylene groups of polyethylene glycol
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Fig. 2. (A) The IR spectra of (a) FcBA, (b) PEG—g—CD, (c) NG, and (d) NG/DOX. (B) UV—Vis spectra of (a) LU, (b) NG, (c) NG/LU, (d) DOX and (e) NG/LU/DOX. (C)
1 H NMR spectrum of (a) PEG-triazine-p-CD and (b) NG. (D) Images of (a) NG, (b) NG/DOX, (c) NG/LU, and (d) NG/LU/DOX.
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have appeared in the region of 3.6-3.7 ppm that showed chemical shift
in the final product. Due to the large number of protons related to PEG
segments compared to the $-CD, f-CD’s peaks did not appear well in
PEG-g-CD spectrum. Generally, the hydrogens of hydroxyl groups of BA
appear in the range of 8-9.7 ppm [59], but they disappear upon ester-
ification. Disappearing peaks of these protons in the spectra of the NGs
indicated conjugation of Fc to CD by boronate ester bonds. Additionally,
signals at 4.2— 4.8 and 3.7 ppm corresponded to Fc and PEG segments,
respectfully. Protons of the CD segment appeared at 5.7-5.9 ppm. In the
presence of the Fc ligand, the CD protons were shifted to the lower field,
which was the result of host-guest interactions between Fc and $-CD
(Fig. 2 C). In addition, digital images of NG, NG/DOX, NG/LU, and
NG/LU/DOX are shown in Fig. 2D, displaying the color change in the NG
after DOX and LU loading.

5.2. Fluorescence silencing

The results showed that incubation of NG/LU and NG/LU/DOX with
different levels of Hy09, as the main ROS component in cancerous tis-
sues and blood, led to a dramatic quenching of the fluorescence emission
of LU. As expected, by increasing the HoO, concentration, the fluores-
cence of NG/LU significantly decreased which confirmed the oxidation
of LU by H30,. Changes in the fluorescence intensity of NG/LU/DOX
upon increasing HyO, concentration were also investigated. The
observed results were similar to those of NG/LU (Fig. 3 A(a,b)). As
shown in Fig. 3B, Hy0 oxidized Fc and LU to ferrocenium and 3-amino-
fetalate, respectively. The produced ferrocenium ion, as an electron

A
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acceptor, quenched the excited state of LU, as an electron donor (3-
aminophtalat intermediate), through the electron transfer mechanism
(PET) [60-64].

To describe the quenching mechanism of LU, the fluorescence data
were analyzed using the Stern-Volmer Equation [65,66]:
% =1+Ksv[Q] 6)
where F and FO refer to the intensity of the fluorescence detector peaks
in the presence and absence of the quenching agent, respectively; Ksv is
the Stern-Volmer constant; and [Q] is the quenching concentration
(Fig. 4B). The quenching constant of NG/LU was larger than that of NG/
LU/ DOX, indicating the great potential of the NG loaded with LU for the
detection of cancer cells using the fluorescence signal.

5.3. DLS, SEM and TEM analysis

The hydrodynamic dimensions of the NG and NG/DOX were inves-
tigated by DLS measurements (Fig. 4 C). The results indicated an in-
crease in the hydrodynamic diameter of the NG after loading with DOX
from 280 to 460 nm confirming successful drug loading. This result
indicated that DOX molecules interfered with the host-guest interactions
between FcBA and CDs and enlarged the system with dissociation of
some of these interactions. This was consistent with similar systems in
the literature, where co-loading of laparib and doxorubicin in disulfide
bond-crosslinked polypeptide NGs efficiently increased their size [80].
The DOX encapsulation efficiency was calculated to be 45.65%. The

Fig. 3. (A) Fluorescence quenching at 428 nm
for (a) NG/LU and (b) NG/LU/DOX by adding

different concentrations of H,O, at 37 °C and
pH 8. The concentration of H,O, was increased
as follows: (1) 5.8 x 10 5, (2) 16 x 10 ~°, (3)
32 x 10 %, (4) 45 x 10 ~°, and (5) 64 x 10 ~°
M. The fluorescence intensity of NG/LU and
NG/LU/DOX decreased upon increasing H,O»
concentration. The results indicated the oxida-
tion of LU by H202. (B) Schematic representa-
tion of the mechanism of fluorescence
quenching of LU by ferrocene.
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Fig. 4. (A) Comparison of the fluorescence intensity of buffer, NG/LU, and NG/LU/DOX. Buffer (as control) did not show significant fluorescence intensity compared
to NG/LU and NG/LU/DOX. (B) SternVolmer plots for LU quenching at 25 °C with different concentrations of H,O», demonstrating the higher quenching constant of
NG/LU compared with that of NG/LU/ DOX. (C) SEM images of NG (a,b), and NG/DOX (c,d) at magnitudes of 1 ym and 500 nm (D) TEM images of the NG showing
the core-shell structure. While the darker part is estimated to be mainly composed of ferrocene segments, the brighter shell consists of polymer.

surface charge of the NG and NG/DOX was investigated using zeta po-
tential analysis. As shown in Table S1, the surface charge of the NG was
— 15 + 3 mV. This value was — 11 + 2 mV for NG/DOX, demonstrating
loading of DOX molecules by the NG and decreasing the negative charge
of the NG. The surface charge of NG/LU was — 23 &+ 3 mV. Based on
these results, the increased concentration of oxidized LU led to an in-
crease in the negative surface charge of the NG. In the case of
NG/LU/DOX, DOX loading led to a reduction in the negative surface
charge compared to NG/LU. DOX loading, because of the amino func-
tional groups of this drug, decreased the negative charge of the nanogel
from — 15 mV to — 11 mV. This has been observed in similar studies,
where DOX loading dramatically changed the zeta ({) potential of the
original NG[81]. LU loading, due to the oxidation of some of the LU
molecules and formation of carboxylic groups, increased the negative
charge of the NG from — 15mV to — 23 mV. The negative surface
charge of the NG was related to the presence of free hydroxyl groups on
the outer surface of CDs.

The morphology of the NG and NG/DOX was evaluated using FE-
SEM. As shown in Fig. 4 D, the NG demonstrated a core-shell spherical
structure with a size of 100-200 nm. Accumulation of FcBA in the center
of the assembly led to a dark core and polymer in the outer part created a

more transparent shell. According to Fig. 4D (c,d), NG loaded with DOX
displayed larger dimensions (250-350 nm) compared with the unloaded
NG. The TEM images also showed spherical nanoparticles with an
average size of approximately 80 nm and with a core-shell structure
(Fig. 4E). The dark and bright core and shell consisted of ferrocene and
polymer, respectively. According to the TEM images, the size of DOX-
loaded NG was ~267 nm, which was larger than the unloaded NG
(~120 nm). This result confirmed partial dissociation of the NG upon
loading of DOX molecules inside CD cavities. The difference between the
sizes of the NG in solution and dry corresponded to their supramolecular
and dynamic structures.

5.4. Cyclic Voltammetry (CV) study

To confirm the formation of host-guest interactions, cyclic voltam-
metry (CV) was performed and alterations in anodic and cathodic flows
(the cause of interaction) were evaluated. Cyclic voltammetry (CV)
confirmed the inclusion of FcBA as a guest in the CD cavity as a host
molecule. The results demonstrating a decrease in peak flow of CV of the
guest sample (FcBA) at each step of host (polymer) addition. When the
electrode level was corrected, peak flow increased substantially,
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indicating an improvement in electron transfer by the NG. As shown in
Fig. 5Aa, the electrochemical behavior of the Fc/p-CD complex was
similar to that of Fc, but the peak potentials were displaced to more
positive values, which was dependent on the concentration of p-CD.
Decreases in both anodic and cathodic peaks were observed with
increased concentration of p-CD, which represented the process of
reversible electron transfer. Oxidation and reduction of the NG were
more difficult than those of its ligands, which was due to the blockage of
the B-CD ring that led to the displacement of peak potentials [67].

5.5. Release study

The release of a therapeutic agent from the NG was evaluated. The
loaded drug was significantly sensitive to a low concentration of HoO2
(0.05 mM) and demonstrated higher release in the presence of HyO; at
37 °C. This result indicated the redox stimuli-responsivity of the NG. It
was found that more than 90% DOX was released in three hours upon
the addition of 0.05 mM H505 (Fig. 5 Ab). The concentration of reactive
oxygen species (ROS), including HoO,, superoxide anions, and hydroxyl
radicals, in tumor microenvironments is higher than that in healthy
systems [82]. For example, the concentration of HyO5, as a main ROS
component, is approximately 100 mM in malignant tumor cells, whereas
this value in normal cells is less than 20 nM [83]. The higher concen-
tration of ROS in cancerous tissues compared with that in healthy
counterparts has been used as a stimuli factor to trigger the release of
therapeutic and sensing agents for the efficient treatment and detection
of cancer cells. The sensitivity of release of the loaded drug to a low
concentration of HoO- (0.05 mM) at 37 °C demonstrated the redox
stimuli-responsivity of the NG. The oxidation of iron by hydrogen
peroxide increased the hydrophilicity of Fc and decreased its affinity for
the CD cavity. Therefore, the NG was dissociated by excluding Fc from
CD and the cargo was quickly released in a controlled manner. In other
studies, Fc-based nanoparticles displayed redox-responsive behavior
and the release of DOX from these nanoparticles was efficiently
increased in the presence of HyO» (0.4 M) [84]. However, premature
release was detected at physiological pH (~60% in 1 h), which may
have been due to the nature of the supramolecule or physical adsorption
of the drug on the NG. This can adversely affect the therapeutic

)
=
n
o
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efficiency of the system but can be improved by partial covalent
crosslinking.

5.6. Cytotoxicity and CLSM analysis

To evaluate the biocompatibility of the NG, the in vitro cytotoxicity
of the prepared NGs was investigated using a standard counting CCK-8
assay on MCF-7 cells. As shown in.

Fig. 5B, NG at concentrations up to 1000 pg/mL displayed no sig-
nificant cytotoxicity against MCF-7 cells, indicating the high biocom-
patibility of the NG and demonstrating its suitability for in vivo
applications.

The intracellular distribution of NG and NG/LU/ DOX was investi-
gated by incubating the NG with MCF-7 cells, followed by imaging with
a CL-SEM microscope. The images demonstrated the uptake of NG by
cells and their localization in the cytoplasm near the cell nucleus
(Fig. 5C). The observed green signals in the nucleus of the cells were
probably due to the entrance of small pieces of polymer or released FITC
[68]. In order to investigate the ability of the NG to transport drugs into
the cells, the release of DOX inside the cells was evaluated via CLSM
microscopy. The results indicated the transport of DOX by the NG across
the cell membranes and localization of this agent around the nucleus
using Hoechst staining (Fig. 5C). Overall, CLSM analysis demonstrated
uptake of NG by cells and its localization in the cytoplasm near the cell
nucleus.

5.7. Conclusions

In this work, a new supramolecular redox-responsive system was
developed through hostguest interactions between PEG-g-CD and FcBA
and co-loaded with DOX and LU simultaneously. The obtained system
demonstrated redox responsiveness. Owing to its high loading capacity,
biocompatibility, and fast response to HoO2, the produced supramolec-
ular redox-responsive system can be used as a smart theranostic agent
for future biomedical applications.

Fig. 5. (A) (a) Cyclic voltammogram of 0.1 mM

FcBA in the absence of -CD polymer (1), in the

. - 1001 presence of 0.2 mL of B-CD polymer (10 mM)
l X (2), 0.4mL of NG (10 mM) (3), 0.6 mL NG
4 % (10 mM), and (4) in DMSO/H,0 solvents con-
- % taining 0.1 M TEATFB. (b) Release profile of
3 0.0+ . loaded DOX from NG in PBS at pH 7.4 with and
2 40 M PBS, H;0; without incubation with Hy0, (0.05 mM). (B)
% Cytotoxicity of NG against MCF-7 cells
@ PBS . . .
g 204 following 24 h incubation. All data are pre-
o sented as the average +SD (N=4). (C)
-1.0 4+ . r . (o] ! Confocal laser scanning microscopy (CLSM)
-0.2 0.0 0.3 0.6 0 50 100 150 200 250 300 images of NG loaded with FITC (upper row) and
E/V Time (min) NG/ LU/ DOX (lower row), incubated with
B (o MCF-7 cells at 37 °C for 6 h.
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