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ARTICLE INFO ABSTRACT

Keywords: Ferrocene-based nanoparticles have garnered interest as reactive oxygen species (ROS)-responsive nanocarriers
Ferrocene polymer of anticancer drugs and imaging agents. However, their biomedical applications remain limited due to their poor
PEGylation ) physiological stability. PEGylation of nanocarriers improves their stability and biocompatibility. In this study, we
Nanotherapeutic

aimed to develop novel PEG-ferrocene nanoparticles (PFNPs) with enhanced stability and ROS responsiveness for
the delivery of paclitaxel (PTX) and imaging agents. PEGylation improved the stability of ferrocene nano-
particles, inhibiting their ROS-responsive destruction. Several PEG-ferrocene polymers containing different
molar ratios of methacrylic acid and poly (ethylene glycol) methyl ether methacrylate was designed for opti-
mization. ROS-responsive polymers with optimal monomer ratios were self-assembled into PFNPs with enhanced
stability. The PFNPs distended, effectively releasing encapsulated PTX and imaging agents within 8 h in the
presence of ROS. Furthermore, they remained stable, with no changes in their hydrodynamic diameters or
polydispersity indexes after storage in an aqueous solution and biological buffer. The accumulation of PFNPs in a
tumor model in vivo was 15-fold higher than a free dye. PTX-loaded PFNPs showed a substantial tumor-
suppression effect, reducing tumor size to approximately 18% of that in the corresponding control group.
These findings suggest a promising application of ROS-responsive PFNPs in tumor treatment as biocompatible
nanocarriers of anticancer drugs and imaging agents.

ROS-responsive
Cancer therapy
Imaging

1. Introduction

Cancer has attracted considerable research interest as one of the
leading causes of death [1]. Researchers have explored various treat-
ment methods to cure this life-threatening disease. Chemotherapy is a
general strategy for cancer treatment, but its application remains limited
due to the inherent limitations of anticancer drugs [2]. Drug delivery to
target sites must be controlled to ensure therapeutic efficacy and prevent
adverse effects on cells near tumor sites [3]. Nanotechnology for cancer
therapy and diagnosis has achieved great development over the past few
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decades along with a growing market of nanomedicines, and it is ex-
pected to be more personalized with an application of artificial intelli-
gence [4]. Accordingly, different forms of nanocarriers have been
developed for therapeutic and diagnostic delivery, including liposomes,
dendritic polymer, micelles, inorganic nanoparticles, and quantum dots
[ [5-71]. Polymeric nanocarriers are simple, easy to prepare, biocom-
patible, and beneficial for drug solubilization [8]. They can also accu-
mulate passively at tumor sites due to their enhanced permeability and
retention (EPR) effect [9]. Furthermore, stimulus-responsive polymers
sensitive to the tumor microenvironment have been designed to stop

E-mail addresses: dksung@kicet.re.kr (D. Sung), hbkoo@catholic.ac.kr (H. Koo), choi830509@kicet.re.kr (W.I. Choi), gytae@gist.ac.kr (G. Tae).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.mtbio.2023.100774

Received 21 May 2023; Received in revised form 27 July 2023; Accepted 15 August 2023

Available online 18 August 2023

2590-0064/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:dksung@kicet.re.kr
mailto:hbkoo@catholic.ac.kr
mailto:choi830509@kicet.re.kr
mailto:gytae@gist.ac.kr
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2023.100774
https://doi.org/10.1016/j.mtbio.2023.100774
https://doi.org/10.1016/j.mtbio.2023.100774
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2023.100774&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Oh et al.

uncontrolled drug release during blood circulation and prevent toxicity
against healthy cells [10]. A stimuli-responsive branched polymeric
prodrug with imaging agents and a therapeutic agent have been devel-
oped for efficient imaging-guided antitumor therapy [11]. Selective
drug release in the tumor cells achieved targeted elimination of 4T1
murine breast cancer in vivo, while healthy tissues remain safe.

Stimulus-responsive polymeric nanocarriers target unique tumor
features, which normal tissues lack, including acidic pH, enzymes,
proteins, and excessive reactive oxygen species (ROS) [12,13]. ROS are
highly oxidative species derived from aerobic metabolism and include
superoxide (O3), hydroxyl radicals (-OH), hydrogen peroxide (H305),
and singlet oxygen (103) [14]. The amount of ROS generated in in-
flammatory and tumor sites is approximately 100-fold higher than in
normal tissues [15]. Therefore, elevated ROS levels in tumors are a good
indicator of tumor-targeted drug delivery sites. As ROS homeostasis in
tumor tissues is imbalanced and highly susceptible to overexpression,
ROS-responsive drug delivery and ROS upregulation have been dis-
cussed for enhanced cancer therapy [16]. Functional groups such as
boron, chalcogen, selenium, thioether, and ferrocene are important for
the development of ROS-responsive nanocarriers [17,18]. The
H20,-responsive drug delivery and targeted anticancer efficacy have
been achieved by polymers containing thioether moieties that switch
from hydrophobic to hydrophilic states via oxidation [19]. Zhang et al.
designed a phenylboronic ester-linked PEG-lipid conjugate for
H0,-responsive drug delivery [20]. Poly (propylene sulfide)-containing
block copolymers were self-assembled into a ROS-responsive nano-
carrier based on the hydrophobic-to-hydrophilic transition of the thio-
ether groups [21].

Ferrocene is a useful ROS-responsive moiety with reversible redox
activity and stability. Copolymerization of hydrophobic ferrocene with
hydrophilic monomers generates amphiphilic block copolymers. The
polymers can self-assemble into nanocarriers and disassemble upon
oxidation following conversion from a hydrophobic state to a hydro-
philic state. ROS-responsive nanocarriers containing hydrophobic
ferrocene blocks and hydrophilic carboxyl groups have been developed
for the controlled release of loaded drugs [22]. However, limitations
such as low polymer yield, poor aqueous solubility, and uncontrollable
physicochemical properties must be addressed to improve drug loading
and enhance therapeutic activity. The advantage of block copolymers is
the ease with which the properties of nanoparticles can be optimized by
controlling the block composition and length [23]. In this study, ferro-
cene polymers were copolymerized with poly (ethylene glycol) (PEG)
groups. PEG can provide stealth properties to nanoparticles due to its
biocompatible and flexible nature [24]. Wang et al. discovered that the
length of the PEG surface is an important factor that determines the
properties of PEG-block-poly (e-caprolactone) copolymers [25]. The
circulatory time in the blood, uptake by tumor cells, and anticancer
activity of the nanoparticles depend on the polymer length and density.
However, enhanced stability can delay drug release; therefore, it is
necessary to strike a compromise between stability and ROS respon-
siveness when developing nanoparticles [26].

In this study, we developed novel ROS-responsive PEG-ferrocene
nanoparticles (PFNPs) using a series of amphiphilic PEGylated ferrocene
polymers to control the stability and ROS-responsiveness of ferrocene.
Their ROS responsiveness and dispersion stability were compared to
determine the most appropriate nanocarriers for loading paclitaxel
(PTX) and imaging agents. Drug release profiles were obtained based on
their ROS sensitivity. Furthermore, the anticancer activities of free and
encapsulated PTX were evaluated in murine normal fibroblast (NIH
3T3) and squamous cell carcinoma-7 (SCC7) cells. Finally, an in vivo
study was performed to analyze the imaging effect and therapeutic ef-
ficacy of drug loaded PFNPs for cancer treatment.
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2. Experimental section/methods
2.1. Reagents

Ferrocenylmethyl methacrylate (FMMA; 95%), methacrylic acid
(MA; 99%), PEG methyl ether methacrylate (PEGMA; M;,, = 500 g/mol),
Nile Red (NR), tetrahydrofuran (THF, anhydrous, 99.9%), and N-acetyl-
L-cysteine (NAC) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Hydrogen peroxide (30%) and 2,2-azobisisobutyronitrile (AIBN,
99%) were obtained from Junsei Chemical Co. (Tokyo, Japan) and
Daejung (Seoul, Korea), respectively. PTX was obtained from the
loading control (LC) Laboratories (Woburn, MA, USA). deionized water
(DIW) and phosphate-buffered saline (PBS) were obtained from HyClone
(Logan, UT, USA). Acetonitrile (ACN, High Performance Liquid Chro-
matography (HPLC) grade) was obtained from Honeywell (Charlotte,
NC, USA). The fluorescent ROS indicator 2,7-dichlorodihydro-
fluorescein diacetate (H,DCFDA) was obtained from Invitrogen (Carls-
bad, CA, USA). Solid DiIC;g (5) (DiD) and Hoechst 33342 were obtained
from Thermo Fisher Scientific (Waltham, MA, USA). Paraformaldehyde
(4%) and formalin (10%) were obtained from Biosesang (Seongnam,
Gyeonggi-do, Korea). The optimal cutting temperature (OCT) compound
was obtained from Scigen Scientific Inc. (Gardena, CA, USA).

2.2. Synthesis and characterization of PEG-ferrocene polymers

Radical polymerization has been used to synthesize PEG-ferrocene
polymers [22]. Before polymerization, MA and PEGMA monomers
were passed over an inhibitor-removal column for 1 h. FMMA, MA, and
PEGMA were dissolved in 2 mL of THF. Although the molar concen-
tration of FMMA was fixed at 0.4 mM, that of MA and PEGMA varied
from 0 to 2 mM. After the addition of AIBN (0.12 mM) as a radical
initiator, the mixture was degassed by bubbling Ar gas for 5 min and
then sealed. The polymerization reaction was conducted for 24 h at
70 °C with continuous stirring. Furthermore, the resulting product was
cooled to 25 °C, purified via precipitation in hexane, dried, and then
stored at 4 °C until use. The resulting PEG-ferrocene polymers were
denoted as Poly-PC-1, Poly-PC-2, Poly-PC-3, and Poly-PC-4 based on the
initial molar ratios of MA and PEGMA (MA:PEGMA = 2:0, 1.5:0.5, 1:1,
and 0:2). Their physicochemical properties of polymers were analyzed
at 25 °C using Y nuclear magnetic resonance (1H NMR) (400 MHz,
JNM-ECZ400S/L1, JEOL, Tokyo, Japan), with dimethyl sulfoxide
(DMSO-dg) as the deuterated solvent. The weight average molecular
mass (My; g/mol) and the molecular polydispersity index (PDI)
(My/My) of the copolymers were analyzed using gel permeation chro-
matography (GPC) (1200S/miniDAWN TREOS, Agilent, CA, USA) in
THF (flow rate of 1 mL/min, 35 °C).

2.3. Preparation and characterization of PEG-ferrocene nanoparticles

A simple nanoprecipitation method was used to prepare PFNPs, as
previously reported [27]. Briefly, the PEG-ferrocene polymer solution
(5 mg/mL) was added dropwise to 5 mL of DIW using a 30-G syringe.
After 5 min of magnetic stirring at 530 rpm, the mixture was vacuum
dried for 2 h to remove the organic solvent THF. The developed PFNPs
were denoted as PFNP1, PFNP2, PFNP3, and PFNP4, based on the
PEG-ferrocene polymers used for the preparation. Their hydrodynamic
diameter, PDI, and zeta potential were analyzed using DLS (Zetasizer,
ELSZ-2000 series; Otsuka Electronics Co., Ltd., Osaka, Japan).

Fifty microliters of HyO4 (0.4 M) were added to 1 mL of PFNP so-
lution (1 mg/mL) to determine the ROS-responsiveness of PFNPs. After
over 24 h of reaction with an oxidizing agent, changes in hydrodynamic
diameter, PDI, and zeta potential of PFNPs were monitored at different
time points (0, 2, 4, 8, and 24 h) using DLS analysis. The stability of each
PFNP was evaluated under different conditions. First, the PENP solutions
were lyophilized for 3 days and then dispersed into DIW and PBS. The
size and PDI of the PFNPs before and after lyophilization were analyzed
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using DLS. The PFNPs were then stored at 37 °C and 100 rpm for 4
weeks, 5 days, and 72 h in DIW, PBS, and serum-containing PBS,
respectively. Changes in these characteristics and the appearance of
partial aggregation were monitored at each predetermined time point.

2.4. Preparation and characterization of PTX- and NR-loaded PFNP3

Amphiphilic polymers can load hydrophobic cargos when they self-
assemble into micelles including an internal hydrophobic core and an
external hydrophilic shell, above a certain concentration, called critical
micelle concentration (CMC). The CMC of Poly-PC-3 was determined
prior to PTX and NR loading using DLS (ZEN3600, Malvern Instruments,
Malvern, UK) as previously described [28]. Initially, a series of diluted
polymer solutions ranging from 4.5 x 1071% to 2.7 x 10~ mol/L was
prepared in an aqueous solution. Then, DLS analysis was carried out in a
polystyrene cell at 25 °C. The intensity of scattered light was detected at
an optimized angle of 173° for high sensitivity and quality of detection.
PTX was encapsulated in PFNP3 using the nanoprecipitation method.
Briefly, different quantities of PTX (0, 100, 250, and 500 pg) were
reacted with 1 mL of Poly-PC-3 (5 mg/mL) for 1 h under rotatory
shaking. The mixture was then slowly added to 5 mL of DIW and stirred
at 530 rpm for 5 min. After removing THF via vacuum drying, the
PTX-loaded PFNP3 (PTX@PFNPs) was lyophilized for 3 days and stored
at 4 °C before use. Although the theoretical loading contents of PTX were
0, 2, 5, and 10 wt%, DLS analysis was performed to determine the LC of
PFNP3 with no changes in its characteristics.

Given that 2 wt% PTX is the optimal loading content of PFNP, PTX
(LC = 2 wt%) and NR (LC = 0.1 wt%) were loaded into PFNPs using the
abovementioned nanoprecipitation method. The as-prepared PTX- and
NR-loaded PFNP3 (PTX/NR@PFNPs) were purified via spin-filtration
for 10 min under 2000 rpm using the Amicon Ultra-15 centrifugal fil-
ter (molecular weight cutoff, 100 kDa; Merck Millipore, Billerica, MA,
USA). The filtrate containing unloaded PTX and NR was analyzed using
HPLC (Waters 2695; Waters Corp., Milford, MO, USA) and a microplate
reader (SpectraMax iD3; Molecular Devices, CA, USA) to determine the
LC and loading efficiency (LE) of PTX/NR@PFNPs. A C18 column HPLC
(5 pm, 4.6 mm x 150 mm; SunFire® C18 column; Waters, MO, USA) was
performed to measure the quantity of unloaded PTX in 10 pL of filtrate
using the mobile phase of 70% ACN for 20 min at a flow rate of 1 mL/
min. PTX was detected at a wavelength of 228 nm. The volume of
unloaded NR was measured using a microplate reader at excitation and
emission wavelengths of 530 and 635 nm, respectively. Equations (1)
and (2) were used to calculate LC and LE of PTX/NR@PFNPs, as
described previously [29].

_ weight of fed drug — weight of unloaded drug o

L
(%) weight of PFNP

100 (€D)

_ weight of fed drug — weight of unloaded drug o

100 2
weight of fed drug 2

LE (%)

The morphology of PTX/NR@PFNPs was observed using trans-
mission electron microscopy (TEM) (JEM-2100Plus HR; JEOL, Tokyo,
Japan) at an acceleration voltage of 200 kV. The copper grid for the
analysis was prepared by adding two drops of 10 pL of NP solution (1
mg/mL) and drying at 25 °C for 3 days. The size distribution, ROS
responsiveness and stability of PTX/NR@PFNP were evaluated using
DLS analysis as described above. Stability was analyzed in serum-
containing PBS for 7 days at 37 °C. To further investigate the ROS-
responsive behavior of PTX/NR@PFNP, changes in its morphology
were observed using TEM after 8 h and 24 h of H,0, treatment.

2.5. ROS-responsive PTX release from PTX/NR@PFNPs

To evaluate the ROS-responsive release of PTX from PFNPs, a Float-
A-Lyzer G2 dialysis device (MWCO = 100 kDa, Spectrapro/Pro dialysis
membrane; Repligen, MA, USA) containing nanoparticles (2.5 mg/mL)
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was incubated in 10 mL of PBS with or without 0.05, 0.1, 0.2, 0.4 M
H30, at 37 °C for 24 h at 100 rpm. The release buffer was collected and
replaced with a fresh medium at predetermined time points (20 min and
2, 4, 6, 8, and 24 h). A cumulative PTX-release profile was generated by
measuring PTX concentrations using HPLC following the protocol
described above.

2.6. Cell culture

NIH 3T3 and SCC7 cells from the Korean Cell Line Bank (Seoul,
Korea) were cultured in Dulbecco’s modified Eagle medium (DMEM)
and Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco,
Grand Island, NY, USA), respectively. Both cell culture media were
supplemented with fetal bovine serum (FBS; Gibco) and an antibiotic-
antimycotic mixture (AA; Thermo Fisher Scientific, Waltham, MA,
USA). Cells were incubated under humidified conditions in a 5% CO,
atmosphere at 37 °C.

2.7. Invitro cytotoxicity and anticancer activity of PTX/NR@PFNPs

NIH 3T3 cells were seeded in a 96-well plate (10,000 cells/well) to
evaluate the cytotoxicity of PENP3. Cell viability was measured using
Cell Counting Kit-8 (CCK-8) solution (Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instructions following treatment
with 0-200 pg/mL PFNP3 for 1 day. Cell viability was calculated using
equation (3).

3

Cell viability (%) = (M> 100

AAyso of control

SCC7 cancer cells were cultured in a 96-well plate at a density of
5000 cells/well. Cell viability was analyzed using the CCK-8 assay
following treatment with bare PFNPs, PTX, and PTX/NR@PFNPs to
evaluate their anticancer activity. The anticancer activity of these
compounds was also evaluated in NIH 3T3 cells for comparison. Dif-
ferences in ROS levels were determined using HoDCFDA (10 pM), which
changes to a green fluorophore, DCF, in the presence of ROS. The
fluorescence intensity was measured using a microplate reader, with
excitation and emission wavelengths of 485 and 535 nm, respectively.
Furthermore, SCC7 cells were treated with exogenous HyO2 (10 pM) or
an ROS inhibitor, NAC, to determine the ROS-responsive cytotoxicity of
PTX/NR@PFNPs [30].

2.8. Invitro cellular uptake of PTX/NR@PFNPs

SCC7 tumor cells were seeded in a confocal dish at a density of 7 x
10° cells/dish. After incubation at 37 °C for 40 h, the cells were treated
with NR@PFNPs (NR concentration = 2.5 pg/mL) and incubated for 1,
3, or 6 h. The cells were then counterstained with 10 pg/mL Hoechst
33342 for 15 min, washed several times with Dulbecco’s PBS (DPBS),
fixed with 4% paraformaldehyde at 25 °C, and washed again. Finally,
images of NR and 4',6-diamidino-2-phenylindole (DAPI) fluorescence
were obtained using a confocal laser scanning microscope (LSM800,
Carl Zeiss). ImageJ software was used to quantify the fluorescence
signals.

2.9. Animal and tumor model

All mouse experiments in this study were performed following the
Laboratory Animal Care guidelines approved by an appropriate ethics
committee (approval no. 2020-0359-05). SCC7 cells (2 x 10°) were
subcutaneously injected around the left femoral region of 6-week-old
male C3H/HeN mice (Orient Bio, Inc., Republic of Korea) to establish
a tumor mouse model.
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2.10. In vivo and ex vivo imaging of PTX/DiD@PFNPs

When the tumors reached a size of approximately 250 mm?, free DiD
or DiD@PFNP solution (2 mg/kg DiD in 100 pL saline) was injected via
the tail vein. Mice were anesthetized via inhalation of isoflurane 1, 3, 6,
12, or 24 h after injection. Whole-body and blood images were captured
using an optical in vivo Imaging System-IVIS Lumina XRMS (IVIS, Per-
kinElmer, Norwalk, CT, USA) with a DiD filter (Ex/Em = 660/710 nm)
at each time point. The mice were euthanized after 24 h of observation,
and the tumors and major organs (heart, lungs, liver, spleen, and kid-
neys) were excised. IVIS was used to obtain ex vivo fluorescence images.
The excised tumors were fixed with 4% paraformaldehyde solution and
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then frozen at —80 °C in a cryo-mold containing OCT compound.
Furthermore, samples were cut into 10-pm-thick slices using a Cryocut
Microtome (CM1850, Leica, Wetzlar, Germany) and stained for 10 min
with Hoechst 33342. The fluorescence of the sliced tissues was observed
using a Cy5.5 filter on an Olympus IX71 fluorescence inverted micro-
scope (Olympus, Tokyo, Japan).

2.11. Invivo anticancer activity of PTX/DiD@PFNPs

The animal model was prepared as described in the imaging exper-

iments. When the tumor reached a size of approximately 50-100 mm?,

the mice were divided into three groups and treated with saline, free
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Fig. 1. (a) Schema of the preparation of PFNPs with PEG-ferrocene polymers (Poly-PC-1, Poly-PC-2, Poly-PC-3, and Poly-PC-4) composed of different molar ratios of
MA and PEGMA. (b) 'H NMR spectra of PEG-ferrocene polymers. The peaks of ferrocene, MA, and PEG represent their actual quantities in PEG-ferrocene polymers.
PEG, poly (ethylene glycol); PFNP, PEG-ferrocene nanoparticle; MA, methacrylic acid; PEGMA, poly(ethylene glycol) methyl ether methacrylate.



H. Oh et al.

PTX, or PTX/DiD@PFNP (n = 5, PTX dosage of 2 mg/kg). All treatment
agents were injected intravenously through the tail vein every 2 days
(three times). Body weight and tumor size were measured every two
days during the experimental period. Tumor volume was calculated
using equation (4).

(longest tumor length) x (shortest tumor length)’
2

Tumor volume =

4

Mice were sacrificed 2 weeks after the initial injection. For histo-
logical analysis, the major organs and tumors were dissected and fixed in
10% formalin solution. They were then sectioned in paraffin, stained
with Hematoxylin and eosin (H&E), and examined under an Axio Imager
Al optical microscope (Zeiss, Jena, Germany). Blood samples (500 pL)
were collected from the abdominal vena cava at 24 h after intravenous
injection of NP. Plasma was isolated from the blood samples to evaluate
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hepatotoxicity and nephrotoxicity, which were estimated by measuring
alanine transaminase (ALT), aspartate transaminase (AST), alkaline
phosphatase (ALP), blood urea nitrogen (BUN), and creatinine (CRE)
using DRI-CHEM NX 500 (Fujifilm Corporation, Tokyo, Japan).

2.12. Statistical analysis

Each experiment was repeated three times (n = 3). The results are
presented as mean + standard deviation. Differences between groups
were analyzed using Student’s t-test and one-way analysis of variance.
Statistical significance was established at P < 0.05.
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Fig. 2. Characterization of PFNPs. (a) Hydrodynamic diameter, (b) PDI, and (c) zeta potential of PENPs. ROS responsiveness of PFNPs. (d) Hydrodynamic diameter,
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analysis. n = 3. PENP, PEG-ferrocene nanoparticle; ROS, reactive oxygen species; PDI, polydispersity index; PBS, phosphate-buffered saline.
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3. Results and discussion
3.1. Synthesis and characterization of PEG-ferrocene polymers

Ferrocene-conjugated block copolymers have been receiving
increasing attention for biomedical applications due to their advantages
in ROS-responsive drug delivery. Optimizing their structure and relative
block lengths facilitates the construction of nanoparticles with desirable
properties [31]. We synthesized four PEG-ferrocene polymers with
different monomer ratios through random radical copolymerization
(Fig. 1a). The 'H NMR spectra indicated the conversion of the monomers
MA and PEGMA to the designated polymer (Fig. 1b). Although the in-
tensities of the monomer peaks at 5.38 and 6.21 ppm were negligible,
the polymer peaks representing the protons of the MA, FMMA, and
PEGMA blocks were observable at 12.3, 4.1, and 3.5 ppm, respectively,
as previously reported [32,33]. Based on the initial molar ratios of the
monomers, the NMR signals at the FMMA peak were similar in all
spectra. The peak intensity of MA was the highest in Poly-PC-1 and
gradually decreased in Poly-PC-2 and Poly-PC-3. In contrast, the peak
intensity of PEGMA was the highest in Poly-PC-4 and decreased in
Poly-PC-3 and Poly-PC-2, indicating that the initial monomer concen-
tration determines the composition of PEG-ferrocene polymers. The
molecular weight distribution of as-synthesized polymers was analyzed
using GPC, as summarized in Table S1. The values of both M, and M,,
increased as the molar ratio of long-chain PEG increased. The ratio of
M,, to My, (PDI) of the polymers was approximately 2, indicating that the
molecular weight distribution was acceptable.

3.2. Preparation and characterization of PFNPs

Amphiphilic PFNPs containing a hydrophobic ferrocene core and
hydrophilic PEG shell were prepared by facile nanoprecipitation with
four PEG-ferrocene polymers. When a polymeric solution in acetone was
slowly dropped into an aqueous solution, polymer precipitates were
formed in the form of nanoparticles as hydrophobic ferrocene tries to
avoid water molecules [34]. The nanoparticles retained their stability,
even after the removal of the organic phase, owing to their hydrophilic
PEG chains. The average hydrodynamic diameter of the PFNPs was
approximately 150 nm (Fig. 2a). Their uniform size distribution was
confirmed using PDI to be below 0.3 (Fig. 2b). Nanoparticles with higher
PEG ratios had higher PDI values due to the influence of PEG flexibility
and folding on PDI of nanoparticles, as explained by Cruz et al. [35]
Furthermore, their zeta potential became less negative due to the
decreased number of MA segments with carboxyl groups (Fig. 2¢). This
finding indicates that the characteristics of PFNPs depend on the
PEG-ferrocene polymers and their composition.

The ROS responsiveness and stability of the PFNPs were compared to
optimize the nanoparticle for further experiments. In the presence of
H,0,, the hydrophobic-to-hydrophilic transition of ferrocene triggered
the destruction and subsequent partial aggregation of the ROS-
responsive PFNPs, denoted by the symbol a. As shown in Fig. 2d and
e, the size and PDI of PFNPs increased following treatment with HzO,
followed by non-detectable results in DLS (N/D). PENP1 and PFNP2
were disassembled in 2 h, whereas the destruction of PENPs with higher
PEG ratios took longer time. Similarly, the decrease in surface charges to
a neutral charge occurred faster in PFNPs with lower PEG ratios due to
the transition of ferrocene transition to hydrophilic ferrocenium ions
(Fe®"), suggesting that the PEG moieties make PFNPs less sensitive to
ROS (Fig. 2f). In contrast, the stability of PFNPs was enhanced by
PEGylation under various conditions (Fig. 2g—21 and Fig. S1). First,
PFNPs containing PEGMA could be stored in a powder form and readily
dispersed in both DIW and PBS without a change in their physical
properties, including hydrodynamic diameter and PDI. As expected,
PFNP3 and PFNP4 were more stable than those with lower PEG ratios,
thus maintaining their characteristics with negligible changes in both
size and PDI. Therefore, PENP3 was identified as a potent candidate for
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tumor-targeted delivery of anticancer drugs and imaging agents due to
its considerable ROS responsiveness and excellent stability.

3.3. Drug loading and release profile of PTX/NR@PFNPs

The intensity of scattered light was measured as a function of the
concentration of polymers to determine the CMC of Poly-PC-3 polymers
(Fig. S2). At polymer concentrations below the CMC, the light intensity
was almost constant. However, it began to increase when the polymer
concentration approached the CMC, indicating that the number of mi-
celles in the solution is considerably high. Therefore, the CMC of Poly-
PC-3 was determined to be 0.063 x 107% mol/L. These values are
crucial for determining the concentration of block copolymers for the
preparation of polymeric nanoparticles. Accordingly, the micelle sizes of
polymer were measurable at concentrations above their CMC. PTX and
NR were selected as hydrophobic model drugs and imaging agents,
respectively. PFNP3 was used to encapsulate different quantities of PTX
to determine its LC without considerable changes in its characteristics
after drug loading. As shown in Fig. 3a and b, both diameter and PDI of
PFNP3 increased significantly after loading 10 wt% PTX. The zeta po-
tential of PFNP3 was not affected by PTX loading (Fig. 3c). Furthermore,
PFNP3 containing over 5 wt% PTX presented poor lyophilization sta-
bility (Fig. 3d and e), indicating that PENP3 could carry up to 2 wt% PTX
without considerable changes in its properties. Therefore, PENP3 con-
taining 2 wt% PTX and 0.1 wt% NR was used for tumor chemotherapy
and imaging. Based on HPLC results, the actual quantities of PTX and NR
loaded into PFNP3 were 1.8 wt% and 0.09 wt%, respectively. This
finding indicates that PFNP3 is a good nanocarrier, with a high LE of
92%. The average size of the as-developed PTX/NR@PFNPs was 116
nm, with a small size distribution (Fig. 3f). The TEM images in Fig. 3f
show uniformly sized spherical nanoparticles. Similarly, to bare PFNPs,
the drug-loaded nanoparticles were stable under normal physiological
conditions and collapsed upon Hy0, treatment. The diameter and zeta
potential of PTX/NR@PFNPs increased noticeably within 8 h of HyO2
treatment (Fig. 3g), indicating its ROS-responsive properties. Accord-
ingly, destruction of nanoparticles was observed by TEM after 8 h and
24 h of Hy0, treatment as shown in Fig. S3. In contrast, the nano-
particles remained stable in the absence of HyO9. Therefore, the diam-
eter and PDI remained constant during 7 days of storage in a biological
buffer (Fig. 3h). As PFNP3 responded to ROS faster than PFNP4, their
PTX-release profiles were compared (Fig. 3i). PFNP3 and PFNP4
released only 30% and 25% of PTX, respectively, in PBS without HyO2
within 24 h. However, a 2.5-fold higher release of PTX was observed
with PFNP3 under ROS conditions. This result can be explained by the
loss of n-m stacking interactions between ferrocenes, which results in a
larger diffusion space in the nanoparticles and the release of encapsu-
lated drugs [36,37]. PFNP4 treated with HyO5 also released a higher
quantity of PTX than PFNP4 not treated with HyOg, although the dif-
ference between them was smaller than that observed for PFNP3 due to
its weaker ROS responsiveness. This finding suggests that PFNP3 is more
appropriate for drug delivery, particularly to ROS-rich tumor sites. To
further investigate the ROS-responsive releases behavior of PENP3, the
drug release study was carried out at 3 different concentrations of HyO5.
As expected, PTX release was faster in a biological buffer with a higher
concentration of HoO5 (Fig. S4). While only 31.6% of PTX was released
from PFNP3 in the absence of HpO; within 24 h, respectively 42.3%,
48.3%, and 63.3% of PTX was released in a biological buffer with 0.05,
0.1, and 0.2 M H0,. These findings correlate with previous results that
drug release is dependent on ROS-responsive behavior of PFNP3.

3.4. Invitro cytotoxicity, anticancer efficacy, and intracellular uptake in
SCC7 cells

The stability of the nanoparticles in a serum-containing culture
medium was analyzed prior to in vitro assays. As shown in Fig. S5, we
determined that PTX/NR@PFNP is stable for up to 7 days in a serum-
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containing culture medium without any change in their sizes and
polydispersity indexes. The biosafety of PFNP3 was determined by
analyzing the viability of NIH 3T3 cells. As shown in Fig. 4a, over 99% of
cells remained viable after treatment with 10-200 pg/mL PFNP3 (P >
0.05). This finding suggests that PFNP3 does not have considerable
cytotoxicity when used as a nanocarrier for anticancer drugs or imaging
agents. PFNP3 did not show anticancer activity in SCC7 cells (Fig. 4b).
Free PTX killed approximately 30% of cells, regardless of the cell type.
When the same amount of PTX was loaded into PFNP3, it exhibited
greater anticancer activity (70%) in SCC7 cells due to efficient cellular
uptake of nanoparticles (P < 0.01). This result is consistent with the
finding of Xu et al., who reported that drug-loaded nanoparticles had
stronger anticancer activity than free drugs [38]. ROS levels in SCC7
cells were higher than in NIH 3T3 cells (Fig. S6). Considering that
normal cells have relatively lower ROS levels [39], a higher number of
NIH 3T3 cells were viable after treatment with PTX/NR@PFNPs (P <
0.05), indicating the ROS-responsive anticancer effect of the nano-
particles. Next, oxidative stress was induced by exogenous Hy0, to
further explore the ROS-responsive anticancer activity of
PTX/NR@PFNPs (Fig. S7). While PTX exhibited similar anticancer ac-
tivity regardless of HyO9 treatment, the ROS-responsive PTX/NR@PFNP
decreased the tumor cell survival rate more in presence of HyO5 (P <
0.001). This indicates a synergistic anticancer activity of
PTX/NR@PFNP and exogenous H,0,. NAC was used as an ROS inhibitor
in SCC7 cells to further investigate the influence of ROS on the

anticancer activity of PTX/NR@PFNPs (Fig. 4c). PTX/NR@PFNPs
lacking NAC exhibited strong anticancer activity (67%) under
ROS-abundant conditions. In contrast, NAC-containing nanoparticles
had anticancer activity similar to that of free PTX, demonstrating that
PTX in PFNPs has a higher cytotoxicity due to ROS-responsive delivery
to cancer cells. We also examined the cellular uptake of PFNPs. SCC7
cells were treated with NR@PFNPs and incubated at 37 °C. The fluo-
rescence intensity gradually increased until 6 h (Fig. 4d and e). The
fluorescence signal was barely observed at 4 °C, indicating that PFNP
uptake occurred primarily by endocytosis, which requires energy.
Cellular uptake of PFNP was also concentration-dependent (Fig. 4f and
g).

3.5. In vivo biodistribution of DiD@PFNP in SCC7 tumor-bearing mice

Before the in vivo study, it was determined that DiD loading did not
affect any of the characteristics of PFNP3 (Fig. S8). To investigate the
biodistribution of PFNP, free DiD or DiD@PFNPs were injected intra-
venously into subcutaneously transplanted SCC7-tumor models. The
whole-body fluorescence of DiD was observed under the near-infrared
(NIR) wavelength using the IVIS Lumina XRMS system (Fig. 5a). The
intensity of NIR fluorescence in tumor regions increased over time, and
the accumulation of DIiD@PFNPs was approximately 15-fold higher than
free DiD 24 h post-injection. This difference can be attributed to the
effect of EPR based on the nanoscale size of the PFNPs and the controlled
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drug release at the target site in response to increased ROS levels in the
tumor region (Fig. 5b). Blood samples were collected at predetermined
time points to analyze residual PFNPs. PFNPs showed over 6-fold higher
fluorescence signal than free DiD in the blood at all time points,
demonstrating stable blood circulation (Fig. 5c and d). Mice were

@

sacrificed 24 h after injection, and ex vivo imaging was used to assess the
distribution of DiD@PFNPs and DiD in the major organs (heart, lungs,
liver, spleen, and kidneys) and tumors. The fluorescence signal associ-
ated with DID@PFNPs in tumor tissue was approximately 14-fold higher
than free DiD (Fig. 5e and f). The overall lower fluorescence signal of
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free DiD was due to its rapid clearance. Furthermore, we observed sig-
nificant differences in fluorescence signals between the DiD@PFNP and
free DiD groups in sliced tumor tissues (Fig. 5g). Fluorescence-based
biodistribution studies do not yield quantitative measurements due to
scattering and absorption caused by tissue heterogeneities [40]. The
number of nanoparticles present in vivo does not exactly correlate with
the fluorescence intensity detected. However, fluorescence imaging is a
practical method to determine the whole-body distribution of nano-
particles in the early stage of research. Therefore, the findings of our
fluorescence-based biodistribution study emphasize the potential of
PENPs as effective diagnostics in tumors.

3.6. In vivo therapy using PTX@PFNPs in SCC7 tumor-bearing mice

The therapeutic potential of PTX-loaded PFNPs was evaluated in

SCC7 tumor-bearing mice. When the tumor reached 50-100 mm?, the
mice were randomly assigned to three groups: saline, free PTX, and
PTX@PFNPs. The samples (2 mg/kg PTX) were administered through
the tail vein on days 0, 2, and 4. Tumor volume and body weight were
monitored every 2 days for 14 days. Fig. 6a shows the tumor-inhibition
profile based on tumor volume. Tumors in the saline group grew rapidly
during the experiment, with a tumor volume of approximately 1800
mm? on the last day of observation. The best tumor-inhibition effect was
achieved using PTX@PFNPs, with a mean tumor volume of approxi-
mately 300 mm?, which is significantly lower than that obtained using
PTX alone (~800 mm?). The mice were sacrificed 10 days after the final
injection, and tumor tissues were excised and weighed. Tumors were
most effectively suppressed in the PTX@PFNP group (Fig. 6b). Mice in
the PTX@PFNP group also presented the lowest tumor weight, indi-
cating the superior therapeutic efficacy of PTX@PFNPs (Fig. 6¢). H&E
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staining analysis revealed that PTX@PFNP treatment damaged the
tumor tissue (Fig. 6d). The body weight of the mice in the different
groups is shown in Fig. 6e. No significant differences were observed
among the groups, indicating that there were no severe adverse effects.
Similarly, H&E staining analysis of the major organs (heart, lungs, liver,
spleen, and kidneys) did not show abnormalities after PTX@PFNP
treatment, similar to those of the saline group (Fig. 6f). To assess the
biosafety of PTX@PFNP, we tested the biochemical indicators in blood
samples after intravenous injection of PTX@PFNP into mice. We
observed no significant differences in ALT, AST, ALP, BUN, and CRE
between the saline and NP groups (Table S2). These compound datasets
demonstrated PFNPs have good biocompatibility for in vivo application
and effectively suppress tumor growth as an efficient drug carrier.

4. Conclusions

Efficient ROS-responsive delivery of the anticancer drug and imaging
agents was achieved with the developed PFNPs. The properties of the
nanoparticles depended on the initial molar ratios of MA and PEGMA
moieties in the PEG-ferrocene polymers. The higher the PEG ratio, the
better the stability of the PFNPs, but the lower the ROS responsiveness.
PFNP3 was selected and optimized as the best compromise between the
stability and ROS responsiveness of the nanoparticles. The optimized
ferrocene nanoparticle successfully entered cancer cells and released the
drug upon oxidation, resulting in the accumulation of fluorescent
nanoparticles in the cells. It also exhibited excellent therapeutic efficacy
in terms of tumor inhibition, both in vitro and in vivo. These findings
demonstrate the promising application of PFNPs as a nano-platform for
facilitating efficient ROS-responsive delivery of anticancer drugs and
imaging agents during cancer therapy.
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