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Abstract: A novel bioinspired strategy for protein nanoparticle
(NP) synthesis to achieve pH-responsive drug release exploits
the pH-dependent changes in the coordination stoichiometry of
iron(III)–3,4-dihydroxyphenylalanine (DOPA) complexes,
which play a major cross-linking role in mussel byssal threads.
Doxorubicin-loaded polymeric NPs that are based on FeIII–
DOPA complexation were thus synthesized with a DOPA-
modified recombinant mussel adhesive protein through a co-
electrospraying process. The release of doxorubicin was found
to be predominantly governed by a change in the structure of
the FeIII–DOPA complexes induced by an acidic pH value. It
was also demonstrated that the fabricated NPs exhibited
effective cytotoxicity towards cancer cells through efficient
cellular uptake and cytosolic release. Therefore, it is anticipated
that FeIII–DOPA complexation can be successfully utilized as
a new design principle for pH-responsive NPs for diverse
controlled drug-delivery applications.

In recent decades, nanoparticles (NPs) with multiple func-
tionalities, such as sustained release, molecular targeting, and
environmental responsiveness, have been developed.[1] In
particular, responsive behaviors against various types of
physical and chemical signals have been introduced into
NPs as a design strategy for causing them to release drugs
when exposed to particular external stimuli.[2] Among several
possible environmental stimuli, the pH value has been widely
exploited as an important chemical cue for the design of
responsive NPs.[3] The most widely applicable target of such
pH-responsive NPs at the cellular level is the intracellular
delivery of anti-cancer drugs through acidified endosomal
compartments, where the pH value rapidly drops below 6.[4]

As overcoming endosomal acidification has come to be
regarded as a major hurdle for the highly concentrated
delivery of many types of anti-cancer drugs to the cytosol of

cancer cells,[2a, 5] the ability of NPs to deliver drugs in a pH-
responsive fashion may be a considerable advantage for
applications in cancer therapy.

In the proteinaceous cuticles that cover mussel byssal
threads, metal catechol coordination complexes between FeIII

and 3,4-dihydroxyphenylalanine (DOPA) were discovered,
and these complexes were found to serve as key cross-linking
mediators for the materialÏs outstanding mechanical proper-
ties.[6] Moreover, the binding in these FeIII–DOPA complexes
is known to be reversible and nearly as strong as covalent
bonds, and the stoichiometry of the bidentate ligand/metal
binding can be altered by the environmental pH value to form
one, two, or three FeIII–DOPA cross-links.[7] Using these
characteristics, many researchers developed mussel-inspired
biomaterials containing FeIII–DOPA complexes with high
mechanical performance and self-healing properties for
biomedical applications.[8]

In particular, FeIII–DOPA complexes have been applied in
the field of NPs. However, most previous studies have focused
on exploiting FeIII–DOPA complexes for the surface modifi-
cation of metal oxide NPs, introducing stabilizing polymers
such as poly(ethylene glycol) and altering the magnetic
properties of iron oxide NPs.[9] However, to the best of our
knowledge, the pH-responsive properties of the FeIII–DOPA
complexes themselves have never been directly exploited for
controlled drug delivery.

Herein, we report a novel strategy for the synthesis of
polymeric NPs that is based on mussel adhesive proteins
(MAPs) to achieve pH-induced drug release by changes in the
pH-responsive FeIII–DOPA coordination stoichiometry
(Scheme 1). We exploited recombinantly produced DOPA-
containing MAPs, which have been introduced in previous
studies,[10] to fabricate protein NPs through a co-electro-
spraying process with an anti-cancer drug. As a proof of
concept, we successfully demonstrated that these MAP-based
FeIII–DOPA NPs exhibited pH-responsive drug-release pro-
files and cytotoxic effects on cancer cells by effective cellular
uptake and cytosolic release in vitro.

To synthesize NPs that contain FeIII–DOPA complexes,
we employed twelve tandem-repeat decapeptides
(AKPSYPPTYK) of Mytilus mussel foot protein type 1 (fp-
1). This protein can be successfully produced using a recombi-
nant bacterial expression system with DOPA residues in the
position of the tyrosine residues according to an in vitro
enzymatic modification procedure using mushroom tyrosi-
nase, as previously reported.[8c,d] By amino acid composition
analysis, we found that approximately 7 mol% of DOPA (ca.
30% of the total tyrosine residues) had been introduced into
the recombinant fp-1 proteins (Supporting Information, Fig-
ure S1).
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Electrospraying has been found to be one of the most
efficient methods of preparing polymeric NPs for drug-
delivery systems because of its ability to produce particles of
a small and uniform size, its rapid and simple procedures, its
high reproducibility and scale-up productivity, and its effec-
tive drug-encapsulation capability.[11] Many types of com-
monly used synthetic and natural biopolymers have been used
for this purpose, and many types of drugs have also been
loaded into electrosprayed polymeric NPs through co-elec-
trospraying and coaxial electrospraying methods.[12] There-
fore, we applied the electrospraying method to synthesize
NPs based on the DOPA-modified recombinant fp-1 (mfp-1)
proteins. As the electrospraying of an mfp-1 solution had
previously never been attempted, we first optimized several
processing conditions. A water-based solvent was chosen
instead of an organic solvent to exclude the possibly toxic
effect of any remaining solvent after the electrospraying
process; we ultimately used distilled water with 70 % ethanol
to enhance the degree of evaporation. We considered that the
protein concentration and the applied voltage might be key
factors in the optimization. After electrospraying mfp-1 onto
aluminum foil, we found that a high voltage of 6–14 kV,
suitable for the stable ejection of the protein solution, was
required for the preparation of the NPs, and an mfp-1 protein
concentration of 1.5% seemed to be optimal because a fibrous
structure began to appear at concentrations of greater than
3% (Figure 1a and Figure S2).

In fact, we found that the electrosprayed mfp-1 NPs that
were prepared in this manner were not suitable for further
analysis because of a loss in particle morphology that
occurred upon dissolution in aqueous solution. We surmised
that the introduction of FeIII–DOPA complexes into the
mfp-1 NPs might not only prevent them from dissolving, but
also render them pH-responsive. Therefore, we induced the
formation of tris-coordinated FeIII–DOPA cross-links by
adding FeIII ions into the mfp-1 solution to achieve a molar
ratio of FeIII/DOPA = 1:3 before the electrospraying process.
The formation of the desired complexes was confirmed by an

immediate color change to purple.[8c]

Afterwards, we attained simultane-
ous FeIII–DOPA cross-links within
the mfp-1 nanoparticles by electro-
spraying the complexes directly into
a buffer solution of pH 7.4. We also
observed that the color of the elec-
trosprayed solution became slightly
pink, indicating the presence of FeIII

complexes with two or three DOPA
ligands, which were spectroscopi-
cally identified by UV/Vis spectro-
photometric analysis (data not
shown). Typical absorbance peaks
near 500 nm (pink) and 560 nm
(purple) indicated the formation of
FeIII complexes with two or three
DOPA ligands, respectively.[13]

Next, drug loading into the
mfp-1 NPs that contained the

FeIII–DOPA complexes was attempted using the co-electro-
spraying process. The co-electrospraying process is a method
of generating nanoparticulate droplets using simple mixed
solutions of polymers and drugs. Doxorubicin (DOX) was
used as a model drug in our study. DOX is one of the most
widely used commercial anti-breast-cancer drugs, but con-
trolled drug-delivery approaches using polymeric nanoconju-
gates are required because of its cytotoxicity to normal tissues
and the induction of acute cardiotoxicity.[14] In our experi-
ments, DOX-loaded mfp-1 NPs were successfully synthesized
by co-electrospraying a mixture of DOX and mfp-1 solutions
that contained FeIII–DOPA complexes. Through direct elec-

Scheme 1. Synthesis of polymeric NPs based on FeIII–DOPA complexation with recombinant DOPA-
containing MAP using an electrospraying process to achieve pH-responsive drug release.

Figure 1. a) Scanning electron microscopy (SEM) and b) transmission
electron microscopy (TEM) morphological characterizations of the
electrosprayed DOX-loaded mfp-1 NPs. c) Particle size distribution of
the DOX-loaded mfp-1 NPs as determined by DLS. d) Merged fluores-
cence microscopy images of electrosprayed DOX-loaded FITC-conju-
gated fp-1 NPs.
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trospraying, the DOX-loaded NPs were dispersed in a phys-
iological buffer solution after the unloaded DOX molecules
were removed from the same solution through dialysis.
Electron microscopy analyses revealed that the morphology
of the DOX-loaded mfp-1 NPs was spherical (Figure 1a, b),
and the DOX-loaded mfp-1 NPs were determined to be
approximately 80–130 nm in size by dynamic light scattering
(DLS) measurements (Figure 1c). The drug loading effi-
ciency was calculated to be approximately 50–75%
(Table S1), and we found that the loading efficiency could
be altered by modifying the molar mixing ratio between mfp-
1 and DOX. Considering the amounts of unloaded DOX that
was obtained during electrospraying, DOX-loaded mfp-1 NPs
that were synthesized using a 1:1 molar ratio of mfp-1/DOX
were selected for all further studies. Using the fluorescence
detection characteristics of DOX and fluorescein isothiocya-
nate (FITC) conjugated fp-1, we clearly observed the co-
localization of the NPs and DOX by fluorescence microscopy
(Figure 1d and Figure S3).

To evaluate whether these DOX-loaded mfp-1 NPs had
the ability to release DOX in a pH-responsive manner, we
investigated the in vitro DOX release profiles by monitoring
the released DOX passing through a dialysis membrane as
a function of incubation time in different pH environments.
We observed significantly increased DOX release in a pH 6
buffer compared with other buffers of higher pH values
(Figure 2a), thus indicating that DOX release is indeed pH-
dependent. Furthermore, the approximately four-fold en-
hancement in DOX release under acidic conditions that was
detected during the first three hours of incubation accen-
tuates the pH-responsive release behavior of the mfp-1 NPs.
Furthermore, we observed a gradual disappearance of the
initial purple/pink color as well as a decrease in the
spectroscopic absorptions at approximately 500 and 540 nm
upon incubation in more acidic buffers (Figure S4), indicating
that the number of coordination bonds between FeIII and
DOPA was gradually reduced. These results are in good
agreement with the results of our previous studies regarding
hydrogel and nanofiber systems based on FeIII–DOPA com-
plexation.[8c,d]

The induction of drug release using pH-labile cross-
linkers is one of the most effective strategies for pH-
dependent release systems. Many types of conjugation
reactions that feature various cleavage sites have been
utilized by means of pH-accelerated hydrolysis to synthesize
polymeric NPs.[3a] Consistent with these studies, our drug-
release system that is based on pH-dependent FeIII–DOPA
complexes may also rely on a similar mechanism, that is, drugs
in tightly packed polymers may be able to diffuse through the
pH-induced loosening of the cross-linked networks. Impor-
tantly, the enhanced drug-release properties in acidic con-
ditions clearly support the hypothesis that the mfp-1 NPs
containing FeIII–DOPA complexes act in a pH-responsive
way.

To confirm the cytotoxic effects of the DOX-loaded
mfp-1 NPs on cancer cells, we examined the cell viabilities
before and after simple treatments involving the introduction
of the original mfp-1 NPs, DOX-loaded mfp-1 NPs, and free
DOX into the culture media using the HeLa cell line, which is
known to be derived from cervical cancer tissues. At certain
concentrations (1–10 mgmL¢1), DOX has been reported to
reduce the cell viabilities of several cell lines, including in
HeLa cells.[15] We found that the original mfp-1 NPs without
DOX had no cytotoxic effect on the cells (Figure 2b).
However, the mfp-1 NPs that contained DOX exhibited
significant cytotoxicity against the cancer cells, and the half-
maximal inhibitory concentration (IC50) value was deter-
mined to be approximately 2 mgmL¢1. This value is twice as
high as that of free DOX (ca. 1 mgmL¢1), which served as
a positive control (Figure 2b). The relatively high sensitivity
of the cell viability towards free DOX is reasonable because
of the characteristics of free DOX, which can easily permeate
into the cytosol without encountering any endosomal barrier.
Importantly, given the effective cytotoxicity of the DOX-
loaded mfp-1 NPs, we confirmed that the acidic environment
of the endosomes actually promotes the release of DOX
inside the mfp-1 NPs into the cytosol.

Fluorescence microscopy images that show the cellular
uptake behavior of DOX-loaded mfp-1 NPs support the
hypothesis that the release of DOX into the cytosol is a major

factor contributing to the cytotoxic effect of
these NPs towards the cancer cells (Figure 3).
We clearly observed that one hour after treat-
ment, the DOX was localized near the cell
membrane, and it took approximately three
hours for the DOX to spread through the
cytosol, including to the cell nucleus (Fig-
ure 3a). In contrast, we could detect the spread
of DOX throughout the entire cell area after
treatment with free DOX for one hour (Fig-
ure S5). We also measured the DOX uptake at
the single-cell level by fluorescence detection
using flow cytometry. In consistency with the
imaging analysis results, a strong fluorescence
signal was measured for the cells treated with
DOX-loaded mfp-1 NPs, and the intensity
gradually increased with increasing incubation
time (Figure 3b). The intensity of the fluores-
cence was higher in cells treated with free

Figure 2. a) In vitro DOX release profiles of the DOX-loaded mfp-1 NPs at different
pH values. Values and error bars represent the means of triplicate samples and
standard deviations with statistical significance (* p<0.05). b) Relative HeLa cell
viability with DOX-loaded mfp-1 NPs at different DOX concentrations. A DOX concen-
tration of zero corresponds to the cell viability after treatment with the original
mfp-1 NPs without DOX. Values and error bars represent the means of triplicate
samples and standard deviations.
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DOX than in cells treated with DOX-loaded mfp-1 NPs.
Typically, with the exception of extremely small NPs
(< 50 nm), NPs that are smaller than 500 nm are believed to
be internalized into cells through endocytosis, which is known
to be a highly energy-dependent process that is mediated by
diverse molecular factors.[16] Several of our results, such as the
retarded cellular uptake relative to that of free DOX, the pH-
responsive release properties, and the appropriate particle
size (80–100 nm) of the DOX-loaded mfp-1 NPs, collectively
suggest that an endocytosis process followed by endosomal
escape may be the mechanism through which the mfp-1 NPs
induce cytosolic DOX release and the resulting cytotoxicity.

The preparation of novel mfp-1 NPs and the achievement
of pH-responsive drug release by FeIII–DOPA complexation
in this study not only raise several scientific questions and
provide some corresponding answers but also offer the
opportunity to proceed with further research towards poten-
tial future applications. First, even though we have suggested
that the intracellular delivery of mfp-1 NPs may occur
through an endocytosis process, a more precise study of the
mechanism is necessary. To that end, an investigation of the
possible endosomal escape processes of mfp-1 itself would be
a good starting point because of several pieces of evidence,
including the “proton sponge effect” of NPs based on various
types of basic polymers (e.g., histone, polyethylenimine, and
chitosan)[17] as well as the previously reported gene-delivery
function of MAP and DNA polyplexes.[18] Second, it is
expected that FeIII–DOPA complexes could be readily
applied to other polymer systems to achieve pH-responsive
drug delivery because there have been many studies that
employed catechol groups as pendants on diverse polymer
backbones by chemical conjugation strategies.[8b, 19] In combi-
nation with these efforts, our new delivery strategy using
FeIII–DOPA complexation can become a versatile chemical
method for pH-responsive drug release for many other
biomaterials. Lastly, it may be possible to utilize our

adhesive-protein-based NPs as local drug-delivery agents by
exploiting the adhesion properties on wet tissue surfaces
(Figure S6), which may significantly reduce diffusive losses of
the locally injected NPs. Furthermore, our mfp-1 NPs based
on FeIII–DOPA complexation could be candidates for system-
atic cancer therapy and gene-delivery applications. However,
a stricter regulation of the drug release that occurs under
physiological conditions would be required, and efforts to
increase the stability of these NPs in body fluid for efficient
delivery in actual tissues should be pursued.

In summary, novel drug-loaded NPs based on mussel-
derived adhesive proteins were fabricated in a co-electro-
spraying process, and the formation of stable cross-links and
pH-responsive drug release were achieved in these NPs by
stoichiometric FeIII–DOPA complexation. We found that NPs
containing FeIII–DOPA complexes have a cytotoxic effect on
a cancer cell line as a result of efficient cellular uptake and
cytosolic release. We strongly anticipate that these MAP-
based FeIII–DOPA NPs could be useful as delivery platforms
for drug and gene therapies.
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