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Reactive oxygen species (ROS)-responsive
ferrocene-polymer-based nanoparticles
for controlled release of drugs†

Yoonhee Na,ab Jin Sil Lee,ac Jiseob Woo,ab Sukyung Ahn,d Eunhye Lee,d

Won Il Choi *a and Daekyung Sung *a

Ferrocene-containing nanoparticles show reversible redox activity that could trigger drug release mediated by

reactive oxygen species (ROS). In this study, four ferrocene-containing polymers, comprising ferrocenylmethyl

methacrylate (FMMA)–methacrylic acid (MA) random copolymers, i.e., poly(FMMA-r-MA), were synthesized via

radical polymerization, resulting in self-assembled ferrocene nanoparticles (FNPs) with outstanding

performance in environments in which ROS are present. These spherical FNPs have tunable diameters

ranging from 270 nm to 180 nm and surface charges from �20 mV to �50 mV. Importantly, the diameters

and surface charges of the FNPs changed dramatically after 2 h of post-treatment using 0.4 M hydrogen

peroxide (H2O2) as the oxidant, indicating that the FNPs were highly ROS-sensitive. Furthermore, the

controlled release of a model drug from the FNPs, reflected in the release profiles, indicates that these novel

FNPs could be potentially used as drug carriers for the effective therapy of ROS-related diseases such as

cancer and inflammation.

Introduction

Stimuli-responsive polymeric nanoparticles have attracted signi-
ficant attention in the biomedical field for efficient drug delivery
into target sites.1 The physicochemical properties of polymeric
nanoparticles could be dramatically changed by various stimuli
such as pH,2,3 light,4–6 temperature,7,8 ultrasound,9 enzymes,10,11

electricity,12 solvents,13 CO2,14 and redox reactions,15–18 followed
by controlled drug release under specific conditions. Among
them, nanoparticles responsive to reactive oxygen species (ROS)
as a result of redox stimuli are an ideal carrier because they could
be used for the timely release of drugs in specific physiological
environments. Endogenous ROS including hydrogen peroxide
(H2O2), superoxide (O2

�), hydroxyl radicals (�OH) or hypochlorite
ions (OCl�) perform important functions in intercellular sig-
naling and biological metabolism.19–21 In the case of a normal

metabolism, the endogenous levels of ROS are low (B20� 10�9 M)
but the level dramatically increases up to 100 � 10�6 M for an
abnormal metabolism, including that associated with various
diseases such as cancer and inflammation.21–23 Therefore,
increased levels of ROS in pathological regions could enable
the controlled release of a drug at the target site using ROS-
responsive polymeric nanoparticles.

ROS-responsive nanoparticles have been developed using
various materials including thioethers, selenium/tellurium,
thioketals, boronic esters, sulfides, and ferrocene groups.24 Among
them, ferrocene, an organometallic compound, has many advan-
tages including uniquely reversible redox activity, stability, and
a convenient synthesis process.25–27 In addition, the hydrophobic
neutral ferrocene molecule can be changed to the hydrophilic
ferrocenium cation after oxidation without any change to
its molecular structure and trigger ROS-mediated drug release
via a hydrophobic-to-hydrophilic transition.19 Thus, ferrocene-
containing polymer nanoparticles could be potential carriers for
effective ROS-responsive drug delivery.28–30 Recently, Zhang et al.
reported that redox-responsive ferrocene-containing amphiphilic
PEG-b-PMAEFc block copolymers synthesized via atom transfer
radical polymerization could self-assemble into nanoparticles for
controlled release of rhodamine B in the presence of an oxidant.16

Crespy et al. also developed functional nanocapsules composed
of a PVFc-b-PMMA block copolymer for the efficient redox-
responsive release of a hydrophobic drug via oxidation
stimulation.31 However, the aforementioned ferrocene-containing
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polymers and nanoparticles have various disadvantages that limit
their application in drug delivery.32,33 The polymer is obtained
in low yields because the synthesis procedure consists of multistep
processes, the ferrocene-containing nanoparticles are poorly
soluble and have poor stability, and the size and surface charges
of these nanoparticles are uncontrollable. Moreover, the develop-
ment of ROS-sensitive nanoparticles from these ferrocene-
containing polymers for efficient drug delivery has not yet been
reported.

This prompted us to synthesize four ferrocene-containing
polymers in the form of ferrocenylmethyl methacrylate (FMMA)–
methacrylic acid (MA) random copolymers, i.e., (poly(FMMA-r-MA)).
The polymers were prepared by using simple radical polymeriza-
tion by varying the molar ratios of FMMA and MA in a one-step
synthesis with a favorable yield. In addition, novel ferrocene
nanoparticles (FNPs), characterized by improved stability and
high ROS sensitivity, were simply prepared using the different
poly(FMMA-r-MA) copolymers via nanoprecipitation and opti-
mized for stable drug delivery. The purity and molecular weight
of the synthesized ferrocene-containing polymers were deter-
mined by proton nuclear magnetic resonance (1H NMR) spectro-
scopy and gel permeation chromatography (GPC), respectively.
The physicochemical properties of the FNPs were characterized
by dynamic light scattering (DLS) and transmission electron
microscopy (TEM). The stability of the FNPs was evaluated in
biological buffers and during resuspension after freeze-drying
without using any cryoprotectants, by monitoring the changes in
the appearance and diameter of the nanoparticles. Furthermore,
the ROS-responsive properties of the FNPs were analyzed using
hydrogen peroxide (H2O2) as the oxidant, and finally, controlled
drug release was assessed upon application of ROS stimuli.

Materials and methods
Materials

FMMA (95%), MA (99%), tetrahydrofuran (THF, anhydrous,
99.9%) and an inhibitor-removal column were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 2,2-Azobisisobutyronitrile
(AIBN, 99%) was obtained from Daejung (Seoul, Korea). Deionized
(DI) water and phosphate buffered saline (PBS, pH 7.4)
were purchased from HyClone (Logan, UT, USA). Hydrogen
peroxide (H2O2, 30%) was obtained from Junsei Chemical Co.
(Tokyo, Japan). Nile red was purchased from Sigma-Aldrich
(St. Louis, MO, USA). For in vitro cell culture, Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
and antibiotic–antimycotic (AA) solution were obtained from
Gibco (Grand Island, NY, USA). Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo Laboratories (Kumamoto,
Japan). All solvents were used as received without any further
purification.

Synthesis of ferrocene-containing polymers (poly(FMMA-r-MA))

The ferrocene-containing polymers were simply synthesized
via radical polymerization, as previously reported.34,35 Prior to
polymerization, MA was passed through the inhibitor-removal

column for 2 h to remove inhibitors that could result in poor
polymerization. FMMA (0.4 mmol) and MA (0.5 mmol) were
dissolved in 2 mL of anhydrous THF and then AIBN (0.12 mmol)
was added as the radical initiator, followed by degassing (Ar gas
bubbling for 5 min), after which the reaction mixture was
sealed with a Teflon film. Next, the polymerization reaction
was carried out at 70 1C for 24 h while stirring and the final
product was cooled to below 25 1C and finally stored at 4 1C
before use. Four ferrocene-containing polymers including Poly
C0.5 [0.4 : 0.5], Poly C1 [0.4 : 1], Poly C2 [0.4 : 2], and Poly C3
[0.4 : 3] were easily prepared by varying the initial molar ratios
of the FMMA and MA monomers. The purities of these
ferrocene-containing polymers were analyzed via 1H NMR
(400 MHz, JEOL JNM-ECZ400S/L1). The polymers were dis-
solved in deuterochloroform (CDCl3) at 25 1C and identified as
poly(FMMA-r-MA) with d = 4.8 (br, 2H, CO2–CH2 of FMMA),
4.4–4.1 (br, 9H of FMMA), 3.7–3.3 (br, 20H), 2.7–2.5 (br, 18H),
2.0–1.7 (br, 15H), and 1.1–0.8 (br, 17H) ppm. In addition, the
molecular weight (Mw) and polydispersity index (PDI = Mw/Mn)
of the polymers were measured using GPC (Agilent 1200S/
miniDAWN TREOS) with THF as the eluent at a flow rate of
1.0 mL min�1 at 35 1C.

Preparation of the FNPs

The FNPs were prepared by employing a simple nanoprecipita-
tion method with additional modification, as previously
reported.36 First, the ferrocene-containing polymers (5 mg)
were dissolved in 1 mL of THF at room temperature (25 1C).
Next, the solution containing the polymer was added dropwise
to 5 mL of de-ionized water while stirring gently using a syringe
pump (LEGATO100, Kd Scientific, Korea) with a flow rate of
0.075 mL s�1. Subsequently, the mixture was stirred for 5 min
at 25 1C to stabilize the newly formed nanoparticles and the
THF solvent was completely removed by vacuum drying for 2 h.
The physicochemical properties, i.e., the size, dispersity, and
surface charge, of the FNPs were analyzed by using DLS on a
Zetasizer instrument (ZEN3600, Malvern, Worcestershire, UK).
In addition, the morphologies of the FNPs were obtained at 25 1C
by employing TEM (JEM-2100PlusHR, JEOL, Tokyo, Japan).
TEM observations were performed by dropping the nanoparticle
solution onto a carbon-coated copper grid without using staining
and then drying for 3 d at room temperature.

Stability analysis of the FNPs

The stability of the FNPs was analyzed as a function of time
under three different conditions. The appearance and hydro-
dynamic diameters of the FNPs (1 mg mL�1) were measured
using DLS at each time point for four weeks in an aqueous
solution (de-ionized water, 1st condition) and at selected time
points (1, 3, 5, and 7 d) in biological buffer (PBS, 2nd condition)
using a shaking incubator at 100 rpm and 37 1C. Finally, the
re-dispersity of the freeze-dried FNPs was assessed without
using any cryoprotectants such as trehalose, sucrose, or glucose
after resuspension in biological buffer at a concentration of
1 mg mL�1 (3rd condition).
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Characterization of the ROS-responsive properties of the FNPs

To analyze the ROS-sensitive behavior of the FNPs, 0.4 M
of hydrogen peroxide (H2O2) as the oxidizing agent was added
to an aqueous solution containing FNPs (1 mg mL�1) while
stirring gently. Then, the changes in the size and surface
charges of the nanoparticles due to oxidation were monitored
at each time point (0 h, 1 h, 2 h, 4 h, and 24 h) using the
Zetasizer instrument. Furthermore, the morphological changes
and appearance of the oxidized FNPs were analyzed at selected
time points (0 h, 2 h, and 4 h) using TEM and a digital camera,
respectively.

ROS-responsive release profiles of drugs from the FNPs

The ROS-responsive patterns of drugs released from the FNPs
were evaluated by utilizing a lipophilic fluorescent probe
(Nile red) as the model drug. Nile red (100 mg mL�1 in THF)
was mixed with 5 mg of the ferrocene-containing polymer and
the reaction was allowed to proceed under rotary shaking for
1 h at room temperature. Next, the mixture was added dropwise
to 5 mL de-ionized water under gentle stirring using a syringe
pump, following which the THF solvent was removed by
vacuum drying, as described above. Finally, the Nile red not
loaded into FNP(C2) was removed by ultrafiltration using
Amicon Ultra-15 centrifugal filters (a molecular weight cut-off
(MWCO) of 100 kDa) at 3000 rpm for 5 min. The loading
content (LC) and loading efficiency (LE) of the drug into the
FNPs were determined by measuring the unloaded Nile red
using a microplate reader (TECAN, Männedorf, Switzerland) at
an excitation wavelength of 530 nm and emission wavelength of
570 nm. The values of the LC and LE were calculated using the
following equations, as previously reported.37–39

LC ¼ weight of fed drugs� weight of unloaded drugs

weight of FNP
� 100

LE ¼ weight of fed drugs� weight of unloaded drugs

weight of fed drugs
� 100

The solution of FNP(C2) loaded with Nile red (1 mg mL�1)
was fed into a Float-A-Lyzer G2 dialysis device with an MWCO
of 100 kDa (Spectra/Pro Dialysis membrane, Repligen,
Massachusetts, USA). Then, the release device was immersed
in 10 mL of PBS containing 0.4 M H2O2 in a shaking incubator
at 100 rpm and 37 1C. The released medium was collected
at selected time points for 72 h and measured using the
microplate reader (ex. 530 nm/em. 570 nm).

In vitro cytotoxicity of the FNPs

The cytotoxicity of the FNPs was determined by using the CCK-8
assay. Mouse fibroblast cells (NIH 3T3, from ATCC) were
seeded into a 96-well cell culture plate with 10 000 cells per
well and incubated overnight at 37 1C under a 5% CO2 atmo-
sphere. Then, the cells were treated with various concentrations
(10, 20, 50, and 100 mg mL�1) of the FNP(C2) and further
incubated for 24 h. Finally, the CCK-8 kit solution, diluted
10 times, was added to each well and the cell medium was
detected after 1 h post-treatment at 37 1C using the microplate

reader at a wavelength of 450 nm, as previously reported.40,41

All the experiments were performed in triplicate.

Results and discussion
Synthesis and characterization of the ferrocene-containing
polymers (poly(FMMA-r-MA))

Among the various organometallic polymers, ferrocene-containing
polymers are highly promising materials for drug delivery carriers
owing to their high redox characteristics, excellent structural
stability, and low biotoxicity.42 However, as the ferrocene group
is poorly soluble in aqueous solutions, the copolymerization of
hydrophilic moieties such as carboxylic acids, amines, and PEG
with ferrocene units is necessary to form self-assembled nano-
structures. In this study, we developed a facile method, based
on radical polymerization using AIBN as the radical initiator, to
synthesize ROS-responsive, amphiphilic ferrocene polymers
(poly(FMMA-r-MA)). The polymers are composed of an FMMA
monomer with a hydrophobic ferrocene moiety and an MA
monomer with a hydrophilic COOH group. As shown in Fig. 1a,
the density of the hydrophobic ferrocene and hydrophilic
COOH residues in the ferrocene-containing polymers can be
controlled by simply changing the initial molar ratios of FMMA
and MA. Using this approach, we successfully synthesized four
ferrocene-containing polymers (Poly C0.5, C1, C2, and C3).

The purity of the synthesized ferrocene-containing polymers
was determined by analyzing the typical peaks of the metha-
crylate protons of the FMMA and MA monomers at 5.58 and
6.15 ppm in the 1H NMR spectrum. After polymerization, the
peaks of the monomeric precursors of all the polymeric groups
in the ferrocene-containing polymers completely disappeared

Fig. 1 Schematics showing (a) synthesis of ferrocene-containing
polymers (poly(FMMA-r-MA)), referred to as Poly C0.5, Poly C1, Poly C2,
and Poly C3, formed by varying the molar ratios of FMMA and MA
monomers and (b) preparation of ferrocene-containing nanoparticles
(FNPs) for the ROS-responsive release of a model drug.
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and the broad peaks of the alkyl chains of the polymers became
clearly visible, indicating that the four ferrocene-containing
polymers were successfully synthesized without any impurity
(Fig. 2). Interestingly, the intensity of the new peak in the range
4.1 to 4.8 ppm, which corresponds to the protons of the
ferrocene unit in the ferrocene-containing polymers, gradually
decreased as the ratio of MA increased from Poly C0.5 to
Poly C3. This implies that the compositions of the ferrocene-
containing polymers were such that the initial molar ratios of
the monomers were nearly maintained. In addition, the mole-
cular weight and PDI of the ferrocene-containing polymers were
evaluated via GPC, and the results are presented in Table 1 and
Fig. S1 (ESI†). The molecular weights of the ferrocene polymers
ranging from 4 kDa to 10 kDa showed an increasing trend as
the proportion of MA increased from Poly C0.5 to Poly C3.
The fact that the PDI was less than 2 indicated that the
molecular weight distribution was acceptable. This suggested
that the polymerization step led to the successful synthesis of
monodisperse ferrocene-containing polymers. The yields of the
ferrocene-containing polymers were 97.3% (Poly C0.5), 95.1%
(Poly C1), 99.7% (Poly C2), and 98.1% (Poly C3) (Table S1, ESI†).

Preparation and characterization of FNPs

FNPs, designated as FNP(C0.5), FNP(C1), FNP(C2), and FNP(C3),
were spontaneously prepared using the synthesized ferrocene-
containing polymers, which could self-assemble into stable
nanoaggregates in aqueous solutions with a hydrophobic core

comprising ferrocene and a hydrophilic shell comprising the
carboxyl groups. As shown in Fig. 3, the hydrodynamic dia-
meter, PDI, and surface charges of the FNPs could be controlled
by varying the ratio of FMMA to MA in the ferrocene-containing
polymers. The size of the FNPs decreased from 273 nm to
174 nm as the number of hydrophilic carboxyl groups increased
from FNP(C0.5) to FNP(C3). Likewise, the surface charges of
the FNPs became highly negative, ranging from �21 to �49 mV
upon increasing the number of carboxyl groups. In addition,
the particle size distribution of the FNPs was acceptable at
a PDI below 0.2, indicating that the FNPs could effectively
undergo self-assembly owing to the proper hydrophilic/hydro-
phobic balance in the amphiphilic ferrocene-containing
polymers. Furthermore, morphological studies of all the FNPs
indicated spherical shapes and the diameters of the FNPs
observed via TEM (FNP(0.5) – 250 nm, FNP(C1) – 208 nm,
FNP(C2) – 164 nm, and FNP(C3) – 111 nm) were slightly smaller
than those measured via DLS (Table S2, ESI†).

This is because the FNPs observed using TEM could have
shrunk and become dehydrated during the freeze-drying
process (Fig. 3d).

Stability analysis of the FNPs

The stability of nanoparticles is an important factor for their
potential use in various biomedical applications. The stability
of the FNPs was assessed by using DLS to monitor the changes
in their diameter and appearance under three different condi-
tions (Fig. 4). In aqueous solution, the hydrodynamic diameters
of the FNPs were analyzed in de-ionized water for four weeks at
37 1C and 100 rpm. No obvious variation in size was observed
for FNP(C1), FNP(C2), and FNP(C3) during this time; however,
the size of FNP(C0.5) rapidly increased, producing partial
aggregation in a week, indicating the instability of these
nanoparticles. Next, the stability of the FNPs was monitored in
biological buffer (PBS). FNP(C2) and FNP(C3) did not aggregate
even after a week, whereas FNP(C1) showed signs of aggregation,
suggesting that FNP(C2) and FNP(C3) have high stability owing to
their highly negative charges.43 More importantly, the stability of

Fig. 2 1H NMR spectra of the ferrocene-containing polymers (Poly C0.5,
Poly C1, Poly C2, and Poly C3) exhibiting the ferrocene peaks. This enables
the actual ferrocene content of the different polymers to be compared.

Table 1 GPC results of the synthesized ferrocene-containing polymers
(poly(FMMA-r-MA): Poly C0.5, Poly C1, Poly C2, and Poly C3). The
molecular weights (Mw) and polydispersity index (PDI) of the polymers
were analyzed using a standard polystyrene sample

Polymer groups Mn (g mol�1) Mw (g mol�1) PDI

Poly C0.5 2376 4419 1.860
Poly C1 3905 5942 1.521
Poly C2 4027 8020 1.991
Poly C3 4821 10 493 2.177

Fig. 3 (a) Hydrodynamic diameters, (b) polydispersity index (PDI), (c) sur-
face charges and (d) TEM images of the ferrocene-containing nano-
particles (A: FNP(C0.5), B: FNP(C1), C: FNP(C2), and D: FNP(C3), scale
bar: 500 nm).
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the FNPs was assessed during resuspension without adding any
cryoprotectants such as trehalose, sucrose, or glucose. Freeze-
dried FNP(C2) and FNP(C3) were readily re-dispersed in the
biological buffer without any critical diameter changes, implying
that FNP(C2) and FNP(C3) have excellent stability and could serve
as potential platforms for effective in vivo drug delivery.

ROS-responsiveness of the FNPs

The ROS sensitivity of the FNPs including FNP(C1), FNP(C2),
and FNP(C3) was analyzed in terms of the changes in their size,
surface charge, and morphology using 0.4 M H2O2 as a water-
soluble oxidant (Fig. 5). After treatment with the oxidant, the
diameters of the FNPs in all groups dramatically increased with
increasing incubation time because H2O2 can rapidly diffuse
across the carboxyl shell of the nanoparticles and oxidize the
groups attached to the ferrocene core.16,44,45 In particular,
FNP(C1) and FNP(C2) showed much higher ROS-responsiveness
by increasing their size to above 1000 nm even during the 2 h
post-treatment compared to FNP(C3), indicating that the nano-
particles with relatively fewer carboxyl groups could be more
sensitive in ROS environments. In addition, the surface charge
of FNP(C1) and FNP(C2) significantly decreased compared to
that of FNP(C3), suggesting that the formation of positively
charged ferrocenium ions (Fe3+) from the ferrocene groups in

the FNPs could reduce the negative surface charges of the
nanoparticles.

TEM was used to visualize the redox-sensitive behavior of
the FNPs before and after oxidation of the nanoparticles.
Among the FNPs, FNP(C2), characterized by high stability and
good ROS-responsiveness, was further analyzed. The size of
these FNPs increased from approximately 920 nm in 2 h to
approximately 2900 nm in 4 h and they disintegrated into
fragments after 4 h of treatment with H2O2. These results
indicate that these novel FNPs could be used as smart ROS-
sensitive carriers for efficient drug delivery into target sites.

In vitro drug release and cytotoxicity of ROS-sensitive FNPs

To verify the ROS-responsive release profile of the FNPs, Nile
red was specifically chosen as the hydrophobic model drug and
loaded into FNP(C2) because it does not experience any fluores-
cence quenching in H2O2 for 72 h.46,47 The FNPs showed an LC
of 1.9 wt% and LE of 99% and their physicochemical characteri-
stics (size, PDI, and surface charge) remained unmodified after
the hydrophobic drug was loaded (Fig. S2, ESI†). As shown in
Fig. 6, the pattern followed when Nile red was released from
FNP(C2) significantly differed in the presence and absence of
the oxidant (0.4 M H2O2). In the absence of the oxidant, the
amount of Nile red released from the nanoparticles was
approximately 8% at 8 h owing to only the effect of diffusion
from the stable nanoparticles without H2O2.16,18 In contrast,
the amount of drug released from the nanoparticles in the
presence of 0.4 M H2O2 dramatically increased to approxi-
mately 25% (three times higher) at 8 h, indicating that the
release rate of the model drug could be clearly controlled by the
FNPs under ROS conditions. The FNPs might be swollen and
even broken by the immediate disappearance of the p–p stacking
effect because of the electrostatic repulsion between the ferro-
cinium (Fe3+) ions in the oxidized ferrocene core.18,31,48,49 There-
fore, a larger diffusion space and channel in the swollen FNPs
could cause rapid release of the encapsulated Nile red.16,18,48

Fig. 4 Stability analysis of the ferrocene-containing nanoparticles in (a)
aqueous solution and (b) biological buffer at 100 rpm and 37 1C. (c) Size
change of the ferrocene-containing nanoparticles re-dispersed in PBS
(pH 7.4) after lyophilization without any cryoprotectants. In the case
of FNP(C0.5), the symbol (m) denotes partial aggregation of the
nanoparticles.

Fig. 5 Characterization of the ROS-responsive properties of the
ferrocene-containing nanoparticles: (a) hydrodynamic diameters, (b) surface
charges, and (c) TEM images of the FNPs after oxidation using 0.4 M H2O2.
(A: FNP(C2) before oxidation, B: FNP(C2) 2 h post-oxidation, and C: FNP(C2)
4 h post-oxidation).

Fig. 6 Release profiles of Nile red from ferrocene-containing nano-
particles (FNP (C2)) in PBS (pH 7.4) containing 0.4 M H2O2 at 100 rpm
and 37 1C. The fluorescence intensity of the oxidized nanoparticles
increased with time, measured by a microplate reader in fluorescence
detection mode (ex. 520 nm/em. 575 nm).

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 0
1 

fe
bb

ra
io

 2
02

0.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

08
:5

0:
59

. 
View Article Online

https://doi.org/10.1039/c9tb02533b


This journal is©The Royal Society of Chemistry 2020 J. Mater. Chem. B, 2020, 8, 1906--1913 | 1911

In addition, the cytotoxicity of FNP(C2) was assessed using
NIH 3T3 fibroblast cells to verify the biocompatibility of the
nanoparticles for various biomedical applications. As shown in
Fig. 7, a cell viability in excess of 95% was measured in
nanoparticle concentrations ranging from 0 to 100 mg mL�1,
implying that the ROS-responsive FNP(C2) with favorable bio-
compatibility could be suitable for targeted and controlled drug
release for treating ROS-related diseases.

Conclusion

Novel amphiphilic ferrocene-containing polymers, poly(FMMA-
r-MA) random copolymers, were successfully synthesized via
simple radical polymerization. This approach has the following
advantages: a simple one-step synthesis process with high yield
together with increased stability, and, furthermore, the FNPs
fabricated by using this method are highly sensitive to ROS.
The physicochemical properties of the FNPs were optimized
by using poly(FMMA-r-MA) random copolymers with different
monomer ratios under mild nanoprecipitation conditions.
Among the FNPs, FNP(C2) and FNP(C3) showed high stability
in aqueous solutions and biological buffer and even during
resuspension after lyophilization without using any cryo-
protectants. In addition, the ROS-responsiveness of the FNPs
resulted in the controlled release of a model hydrophobic drug
upon oxidation with H2O2; this property of the FNPs may play
a more important role in the specific physiological environ-
ment of a disease than in normal tissues. These results
indicated that the stability, ROS-responsiveness, and biocom-
patibility of these FNPs make them suitable for use in various
biomedical applications, especially for cancer and inflamma-
tion treatment.
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