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ABSTRACT: Protein particles are promising candidates for therapeutic delivery. In
this study, we report a generalizable strategy to assemble a series of proteins into pH-
cleavable protein particles that recover protein functionality after disassembly. Our
strategy uses an acid-labile reversible cross-linker based on maleic anhydride
chemistry, which allows the cross-linking of proteins and releases unmodified
proteins upon cleavage, causing minimal loss of protein functionality. The protein
particles can be rapidly disassembled at a mildly acidic pH (<6.5) and inside cells
with negligible cytotoxicity. Furthermore, cleavage of the cross-linker led to above
97% recovery of enzymatic activity, as evidenced by using glucose oxidase. This facile
and robust strategy to engineer pH-cleavable protein particles may provide a new
platform for therapeutic protein delivery as well as for small molecule drug and
nucleic acid delivery.

Proteins are one of the main components of living
organisms, which are sophisticated structures that have

specific functions, such as signaling, transportation of biological
molecules, and catalysis.1 The highly developed functionality of
proteins has attracted intense interest to exploit them as
building blocks for drug carriers as well as therapeutic drugs.2−6

In this context, various approaches for the fabrication of protein
particles have been developed; these include emulsion
formation,7,8 precipitation,9 coacervation,10,11 spray drying,12

and template-directed assembly.13−15 This versatile toolbox has
allowed the fine-tuning of the properties of protein particles
(e.g., size, shape, and surface chemistry), depending on the
desired application. However, existing studies on protein
particles are mainly focused on relatively robust proteins with
limited functionality. The development of a general strategy for
the preparation of functional protein particles would expand
their future applications.
The formation of protein particles commonly involves cross-

linking, as pure protein particles are often unstable and thus
quickly dissolve back into the constituent proteins. However,
the majority of currently available cross-linking agents is based
on N -hydroxy succinimide (NHS), 1-ethyl -3-(3-
(dimethylamino)propyl) carbodiimide (EDC), maleimide, or
glutaraldehyde chemistry, which all result in permanent
modification of the amine or sulfhydryl groups of proteins.16−18

These modifications of proteins usually result in a reduction in
protein activity.19−21 In addition, the permanent pendant
groups may alter the native structure of proteins, thus causing
them to appear as foreign substances, possibly resulting in the
stimulation of undesired immune responses against the
modified proteins.5,18,22 Thus, a reversible cross-linking
approach, which cleaves and regenerates the unmodified

proteins upon a certain stimulus, is highly desirable.6 In this
regard, mildly acidic pH is an attractive physiological trigger, as
it is relevant, for example, in intracellular endosomes/
lysosomes,23 skin,24 and tumor tissues.25 The integration of a
pH-triggered disassembly mechanism into protein particles can
lead to further enhancement in therapeutic efficiency, as it
allows the target-specific release of cargos. Furthermore, the
disassembly of protein particles into the constituent proteins
will help the excretion of protein particles from the body,
thereby minimizing the risk of cumulative toxicity.
Herein, we describe a robust strategy to integrate the

mechanism of pH-triggered disassembly into protein particles
while retaining their enzymatic activity after cleavage using a
pH-responsive cross-linker based on maleic anhydride chem-
istry (Figure 1). The maleic acid amide (MAA) linkage, which
is formed from maleic anhydride derivatives and amine groups,
is relatively stable above neutral pH but cleavable in mildly
acidic environments (Figure 1c).26−31 The responsiveness to
acidic pH can be controlled by substitution around the carbon
double bond of maleic anhydride derivatives, potentially
allowing for further tuning of the pH sensitivity.26 In addition,
MAA leaves no trace upon cleavage and fully regenerates the
pristine amine groups of proteins and therefore their enzymatic
activity. In this report, a series of proteins was first immobilized
onto calcium carbonate (CaCO3) particles via a coprecipitation
method and subsequently cross-linked with the pH-sensitive
MAA-based cross-linker. The coprecipitation method allows
the preparation of CaCO3/protein hybrid particles with high
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protein loadings, where sizes from a few micrometers to as low
as 100 nm have been reported.32−34 Furthermore, the CaCO3
template particles can be readily removed by mild treatment
with ethylenediamine tetraacetic acid (EDTA), rendering this
method advantageous to incorporate functional proteins.32,33

Dissolving the CaCO3 template particles yield protein particle
replicas (Figure 1b). These protein particles are able to
disassemble in mildly acidic environments and inside cultured
cells. Furthermore, the MAA-based cross-linking has a
negligible influence on enzymatic activity after cleavage.
The acid-labile cross-linker was synthesized from 8-arm-

PEG-amine (10 kDa) and carboxy dimethylmaleic anhydride
(CDM), yielding an 8-arm-PEG with terminal methylmaleic
anhydride (MMA) moieties on each arm (Supporting
Information, Figure S1). 1H NMR measurements revealed the
quantitative conversion of terminal amine groups to MMAs
(Supporting Information, Figure S2). CDM was selected as a
model maleic anhydride derivative because the MAA linkage
from disubstituted maleic anhydride derivatives was reported to
show immediate sensitivity to an acidic pH.26−31 Additionally,
the backbone is composed of PEG with a molecular weight of
10 kDa, which is known to be highly biocompatible and likely
to be excreted by the kidneys.35

Human serum albumin (HSA) was coprecipitated together
with calcium chloride and sodium bicarbonate to obtain
protein-loaded CaCO3 particles. HSA was selected as a
model protein because of its abundance and potential use as
a therapeutic carrier, as demonstrated for the delivery of
anticancer drugs and imaging agents.36 The immobilized HSA
was cross-linked in aqueous solution via the addition of 8-arm-
PEG-MMA. Subsequently, CaCO3 template particles were
removed with EDTA (100 mM, pH 7.4) (Figure 1). The
preparation of HSA particles was confirmed by fluorescence
and differential interference microscopy (Figure 2a,b). The

fluorescence distribution within each particle suggested the
entrapment of proteins in the particles (Figure 2a). However,
sectioning of the protein particles revealed a slightly stronger
fluorescence at the periphery of the particles (Supporting
Information, Figure S3), suggesting that the cross-linking is
more efficient on the periphery of the particles, as the cross-
linker might diffuse slowly into the inorganic CaCO3 template
particles. Transmission electron microscopy (TEM) micro-
graphs further underlined the formation of spherical particles
with denser protein networks around the surface (Figure 2c,d),
which is consistent with the observation by deconvolution
microscopy (Supporting Information, Figure S3). With amine
groups consumed by cross-linking with MMA moieties, the zeta
potential of HSA particles was −37 ± 3.5 mV (10 mM
phosphate buffer, pH 7.4). Furthermore, the HSA content in
each particle was determined to be 2.1 ± 0.6 pg, based on the
number of HSA particles counted by flow cytometry and the
concentration of HSA measured from the fluorescence intensity
in solution after disassembly of the HSA particles under acidic
conditions. (AF488 fluorescence was not affected by the acid
treatmentdata not shown.)
To examine the versatility of this method to generate

particles of proteins, a series of functional proteins, including
glucose oxidase (GOD), ovalbumin (OVA), catalase (CAT),
and β-galactosidase (β-GAL), was used. All of these proteins
were assembled into spherical protein particles that showed
morphologies similar to the HSA particles (Figure 2e−h).
Tuning of the size of protein particles may be required for

Figure 1. (a) Chemical structure of the acid-labile cross-linker, 8-arm-
PEG-methylmaleic anhydride (8-arm-PEG-MMA). (b) Preparation of
protein particles via coprecipitation of calcium carbonate and protein,
followed by cross-linking with 8-arm-PEG-MMA and core removal by
EDTA. (c) pH-responsive degradation of the protein particles.

Figure 2. (a) Fluorescence microscopy image, (b) differential
interference contrast (DIC) image, (c) TEM micrograph, and (d)
magnified TEM image of HSA particles. (e−h) Fluorescence
microscopy images of protein particles prepared from a series of
proteins: (e) glucose oxidase, (f) ovalbumin, (g) catalase, and (h) β-
galactosidase. Proteins were labeled with either Alexa Fluor 488
(AF488, green) or Alexa Fluor 555 (AF555, red) prior to particle
formation.
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different applications, from depot formulation to immuno-
logical application and targeting of different organs.37−41 In this
regard, the diameter of HSA particles can be readily adjusted
using micrometer to submicrometer-sized CaCO3 templates
(Supporting Information, Figures S4 and S5). These various
protein particles highlight the modular approach of producing
protein particles using 8-arm-PEG-MMA as a cross-linker.
To assess the pH-triggered disassembly of the HSA particles

based on the cleavage of the MAA linkages, AF488-labeled
HSA particles were incubated at different pH conditions, and
changes in the number of the HSA particles were monitored by
flow cytometry (Figure 3a,b,c). Notably, the HSA particles

showed rapid disassembly at the mildly acidic pH of 6.5. More
rapid disassembly was observed at pH 5.5, resulting in almost
complete disassembly after 60 min of incubation. In contrast,
the HSA particles were relatively stable at the physiological pH
of 7.4 for the same time period. The HSA particles cross-linked
by the nonacid-labile 8-arm-PEG-NHS cross-linker (Supporting
Information, Figure S6) showed no changes in the number of
particles at both neutral and acidic pH (Figure 3a,b,c). These
results highlight the pH-triggered destabilization and dis-
assembly of the HSA particles, which is due to cleavage of
the MAA linkages in response to acidic pH. The disassembly of
the HSA particles is slightly quicker than the reported results
for the cleavage of MAA linkages formed from dimethylmaleic
anhydride derivatives.26−31

Next, the intracellular disassembly profile of the HSA
particles was examined by deconvolution microscopy, with
nonacid-labile HSA particles cross-linked with 8-arm-PEG-
NHS as a control. To examine the intracellular disassembly of
the protein particles, two types of model cell lines were
selected: i.e., human lung adenocarcinoma cell (A549), which

has potential application in cancer treatment, and bone marrow
derived murine dendritic cell (JAWS II), which has potential
application in vaccination and immunotherapy.40,41 Deconvo-
lution microscopy revealed almost no association and internal-
ization of HSA particles with A549 cells (data not shown). The
low cellular association is possibly due to the cross-linker, 8-
arm-PEG-MMA, which might contribute to the surface
properties of the HSA particles and hence reduce interaction
with nonphagocytic cells, such as A549 cells. Next, JAWS II
cells were used for the investigation of intracellular behavior of
HSA particles. JAWS II cells were incubated with AF555-
labeled HSA particles at a particle-to-cell ratio of approximately
10. After incubation, the time-dependent intracellular dis-
assembly was followed using deconvolution microscopy at
different time points. Representative images of cells incubated
with the acid-labile or nonacid-labile HSA particles are shown
in Figure 3d and 3e, respectively. For acid-labile HSA particles,
particles were still observed after 2 h. After 4 h, the red
fluorescence spread inside the cells, suggesting that some of the
HSA particles had disassembled. After 6 h, almost all of the red
fluorescence spread inside the cells. This observation strongly
suggests that the HSA particles cross-linked with 8-arm-PEG-
MMA were able to disassemble intracellularly, using the
acidification in the endosome/lysosome as a trigger.23 Although
the disassembly of the HSA particles may assist the leakage of
HSA to the cytoplasm, as suggested by the intracellular-diffused
fluorescence, the translocation from endosome/lysosome
components to the cytoplasm may still be limited as the
particles are composed only of nonendosomolytic materials
(i.e., HSA and PEG). In contrast, HSA particles cross-linked
with 8-arm-PEG-NHS showed that most of the red
fluorescence was still observed as micrometer-sized round
spots inside the cells, even after 6 h. The remaining integrity of
the HSA particles highlights the essential role of MAA linkages
for the intracellular disassembly of the HSA particles. It is noted
that the HSA particles showed negligible cytotoxicity against
JAWS II cells for all tested conditions, including that used for
the intracellular disassembly study, as evidenced by XTT assays
(Supporting Information, Figure S7).
Modification of protein amine groups often reduces the

enzymatic activity of the proteins; hence the regeneration of
intact proteins with recovered enzymatic activity would be
advantageous. The effect of modification by 8-arm-PEG-MMA
on the enzymatic activity was investigated using a model
protein, GOD. First, GOD was modified with either an acid-
labile 8-arm-PEG-MMA or the same amount of 8-arm-PEG-
NHS as a nonacid-labile control. The enzymatic activity of
GOD was evaluated by monitoring the production of oxidized
compounds of o-dianisidine as a result of a coupled reaction in
a solution containing glucose and horseradish peroxidase.42 The
modification with 8-arm-PEG-MMA led to approximately a
25% reduction of the enzymatic activity of GOD at pH 7.4
(Figure 4a), which is consistent with previously reported results
that showed the reduction of GOD activity after the
conjugation of PEG via amide bonds.20 A similar level of
reduction of enzymatic activity was also observed when GOD
was modified with 8-arm-PEG-NHS. The decreased enzymatic
activity of GOD is probably due to the modification of the
amine groups at catalytic sites, resulting in the lower affinity to
substrate molecules.20 The enzymatic activity of GOD modified
with 8-arm-PEG-MMA became comparable to unmodified
GOD after incubation at acidic pH (5.1) (Figure 4b). This is in
contrast to the GOD modified with 8-arm-PEG-NHS, which

Figure 3. (a−c) Disassembly kinetics of HSA particles as a function of
time via incubation of HSA particles cross-linked with 8-arm-PEG-
MMA or 8-arm-PEG-NHS in (a) pH 7.4, (b) 6.5, or (c) 5.5 buffered
solution. The results are shown as the mean and standard error
obtained from five measurements. (d,e) Representative deconvolution
microscopy images of the intracellular disassembly of HSA particles
cross-linked with (d) 8-arm-PEG-MMA or (e) 8-arm-PEG-NHS.
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retained a lowered enzymatic activity after incubation at pH 5.1.
This indicates that the cleavage of MAA linkages in acidic
conditions led to almost complete recovery of the enzymatic
activity, which can be attributed to the regeneration of
unmodified proteins. Furthermore, the recovery of enzymatic
activity after incubation at a mildly acidic pH was also observed
with other enzymes (i.e., β-GAL and trypsin) that were
modified with 8-arm-PEG-MMA (Supporting Information,
Figures S8 and S9), highlighting the versatility of this approach.
Next, the enzymatic activity of GOD released from the GOD
particles and GOD-loaded CaCO3 template particles were
compared. Both particles were degraded, and free GOD was
purified before the enzymatic activity measurements. Notably,
the enzymatic activity of GOD released from the GOD particles
was comparable to the GOD activity directly collected from the
CaCO3 templates before cross-linking (Figure 4c), indicating
the recovery of the enzymatic activity after release from the
GOD particles. Finally, the recovery of enzymatic activity inside
cells was examined using β-GAL as a model enzyme and
fluorescein di(β-D-galactopyranoside) (FDG) as a substrate.
JAWS II cells were incubated with β-GAL particles cross-linked
with either 8-arm-PEG-MMA or 8-arm-PEG-NHS, followed by
the addition of FDG for enzymatic processing inside cells. The
fluorescence from processed FDG was 80% stronger in cells
treated with 8-arm-PEG-MMA cross-linked β-GAL particles
compared with the cells treated with 8-arm-PEG-NHS cross-
linked β-GAL particles (Figure 4d). There was also no
significant difference in cellular interaction between the two

types of particles (Supporting Information, Figure S10). The
enhanced enzymatic activity can be ascribed to the intracellular
cleavage of the MAA linkages in response to acidic endosomal/
lysosomal pH, resulting in the release of unmodified β-GAL
and more efficient enzymatic reaction.
In summary, pH-cleavable protein particles were prepared by

cross-linking with an acid-labile cross-linker (8-arm-PEG-
MMA). The use of 8-arm-PEG-MMA allowed the preparation
of protein particles from a series of proteins, which are sensitive
to pH changes and which disassemble at a mildly acidic pH.
The protein particles also disassemble inside cells. A major
feature of 8-arm-PEG-MMA is the reversible modification of
proteins. The model study using GOD indicated that the
enzymatic activity was recovered (∼97%) after cleavage of the
MAA linkages at a mildly acidic pH, which is attributed to the
regeneration of unmodified proteins. This facile and versatile
cross-linking strategy provides a novel approach to prepare
protein particles, endowing them with a pH-triggered
disassembly mechanism that does not affect protein function-
ality. This approach may also be applied to enhance the delivery
efficiency of various cargos, such as anticancer drugs, nucleic
acids, vaccines, and therapeutic proteins.
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