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Abstract
Despite the numerous vital functions of proteins in the cytosolic compartment, less attention has
been paid to the delivery of protein drugs to the cytosol than to the plasma membrane. To address
this issue and effectively deliver charged proteins into the cytoplasm, we used endosomolytic,
thiol-triggered degradable polyelectrolytes as carriers. The cationic, reducible polyelectrolyte
RPC-bPEI0.8kDa2 was synthesized by the oxidative polymerization of thiolated branched
polyethyleneimine (bPEI). The polymer was converted to the anionic, reducible polyelectrolyte
RPA-bPEI0.8kDa2 by introducing carboxylic acids. The two reducible polyelectrolytes (RPC-
bPEI0.8kDa2 and RPA-bPEI0.8kDa2) were complexed with counter-charged model proteins (bovine
serum albumin (BSA) and lysozyme (LYZ)), forming polyelectrolyte/protein complexes of less
than 200 nm in size at weight ratios (WR) of ≥ 1. The resultant complexes maintained a proton
buffering capacity nearly equivalent to that of the polyelectrolytes in the absence of protein
complexation and were cytocompatible with MCF7 human breast carcinoma cells. Under cytosol-
mimicking thiol-rich conditions, RPC-bPEI0.8kDa2/BSA and RPA-bPEI0.8kDa2/LYZ complexes
increased significantly in size and released the loaded protein, unlike the protein complexes with
non-reducible polyelectrolytes (bPEI25kDa and bPEI25kDaCOOH). The polyelectrolyte/protein
complexes showed similar cellular uptake to the corresponding proteins alone, but the former
allowed more protein to escape into the cytosol from endolysosomes than the latter as a result of
the endosomolytic function of the polyelectrolytes. In addition, the proteins in the polyelectrolyte/
protein complexes kept their intrinsic secondary structures. In conclusion, the results show the
potential of the designed endosomolytic, reducible polyelectrolytes for the delivery of proteins to
the cytosol.
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INTRODUCTION
Proteins are the final product of the central dogma in biology1 and perform almost all of the
biological functions in the body.2,3 Disorders or diseases often develop when proteins are
mislocated and/or changes in concentration occur in extracellular environments,4,5 on the
cell membrane,6 and/or in intracellular compartments. For example, in the cytoplasm, the
levels of caspases and bcl-2 proteins, among others, are strongly associated with
chemoresistance, cell viability, and apoptosis.7–10 Thus, delivery of proteins into the cell can
remedy pathological problems.11

Exogenous proteins encounter various barriers to cytosolic delivery, including serum
instability, membrane impermeability, endosomal sequestration, and protein discharge. In
the blood or extracellular environment, proteins often possess short half-lives as a result of
lysis by serum proteases.12 To improve the stability in serum, proteins can be chemically
modified with biocompatible polymers, such as poly(ethylene glycol),13–16 or physically
incorporated into various types of nanocarriers.17,18 However, the direct chemical
modification of proteins often causes a decrease or heterogeneity in the therapeutic
efficacy16 as a result of structural changes in the proteins15 and/or low site-specificity of the
modifications.13,14

Although physical methods such as electroporation and microinjection assist delivery to the
cytosol,19,20 most proteins are negatively charged in physiological environments, and their
electrostatic repulsion prevents their permeation through cell membranes.21 Additionally,
although positively charged proteins show some benefit in cellular internalization, some
proteins, including cytochrome C17 and ribosome-inactivating proteins (e.g., gelonin,
amaranthin, bouganin),22 lack membrane permeability.17,22 Thus, proteins frequently have
been administered with lipid-based,18 peptide-based,19 inorganic,17 or polymeric23–26

nanocarriers to which they are coupled by direct conjugation, physical adsorption/
interactions, or encapsulation.21 Liposomal protein carriers have an aqueous lumen into
which proteins are physically loaded, but the efficacy of these carriers is compromised by a
low protein loading capacity, shear force-induced protein denaturation during preparation
processes, and allergic reactions.18 Cell penetrating peptides and amphiphatic peptides carry
proteins by direct conjugation or physical interaction, respectively.19 However, peptide-
based protein carriers are costly and often immunogenic, and they possess only a weak
capacity to escape the endosome.19 Using inorganic materials (e.g., carbon nanotubes,
quantum dots, mesoporous silica nanoparticles, gold nanoparticles, or magnetic
nanoparticles), proteins can be chemically linked or physically adsorbed or trapped.21 Some
inorganic protein carriers, however, have high intrinsic cytotoxicity, can be trapped in
endosomes, or cannot be excreted from the body after delivering their cargo.17 Polymer-
based protein carriers include nanogels,27 nanospheres,28 polymersomes29 (via physical
entrapment), nanocomplexes,23,25,26,30–32 layer-by-layer nanostructures33 (via electrostatic
attraction), nanocapsules24,34,35 (via in situ polymerization), and cationization agents36 (via
chemical modification); they exhibit tailor-made chemical and physical characteristics and
enhance the cellular internalization of the carried proteins.

Although polymeric protein carriers have garnered much attention, they still face physical
barriers such as endosomal membranes and challenges such as protein release into cytosol.
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In general, after uptake by endocytotic pathways, protein carriers are located in the
endosomal and lysosomal compartments. If certain chemical bonds in protein-loaded
nanocarriers or polymer-protein conjugates (without endolysosomolytic functions) can be
specifically degraded at endolysosomal pH29,30,33 or by endolysosomal enzymes,27 then the
protein delivery systems can release the protein cargo into the endolysosomes. However,
regardless of whether the protein is release into the endolysosomes, sequestered carriers and
proteins are subject to degradation in this compartment because of the presence of lytic
enzymes.37,38 Thus, the endosomolytic function of the carriers is an essential component.
However, few protein carriers have proton buffering moieties such as imidazoles and
secondary or tertiary amines23,26 to disrupt the endosomal membrane.

Once in the cytoplasm, a high-efficacy carrier should discharge its cargo for high efficacy.
To this end, protein carrier systems are commonly equipped with disulfide bonds or specific
peptide sequences that are cleaved at high concentrations of the reducing agent
gluthathione23,26,33,34 or of endoprotease,35 both of which are present in the cytosol.

To address these two major issues (i.e., endosomal escape and protein discharge) in
cytosolic protein delivery, we designed both cationic and anionic polyelectrolytes that can
complex with counter-charged proteins, possess endosomolytic activity to facilitate the
escape of the polyelectrolyte/protein complexes from the endolysosomal compartments, and
feature cytosolspecific degradability for quick release of the proteins from the complexes.
Thus, low molecular weight (LMW) branched polyethyleneimine (bPEI) was selected as an
endosomolytic component because it has proton buffering activity, i.e., the so-called “proton
sponge effect” at endolysosomal pH. LMW bPEI-based cationic reducible polyelectrolytes
were prepared from LMW bPEI via thiolation and oxidative polymerization (as previously
reported39) and can complex with anionic proteins. To aid complexation with cationic
proteins, carboxylic acid groups were extended from the primary amine groups on the
cationic reducible polyelectrolyte to yield the anionic reducible polyelectrolyte. The
complexation, endosomolysis, protein release, and cytocompatibility were investigated to
evaluate the potential of the two reducible polyelectrolytes for cytosolic protein delivery.

MATERIALS AND METHODS
Materials and cell culture

Bovine serum albumin (BSA), chicken egg white lysozyme (LYZ), bPEI0.8kDa (Mw 0.8
kDa, Mn 0.6 kDa), bPEI25kDa (Mw 25 kDa, Mn 10 kDa), 2-iminothiolane, L-cysteine
hydrochloride monohydrate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), RPMI1640 medium, Ca2+-free and Mg2+-free Dulbecco’s phosphate buffered saline
(DPBS), triethylamine (TEA), dimethyl sulfoxide (DMSO), 4-(2-hydroxy-ethyl)-1-
piperazine (HEPES), D-glucose, sodium bicarbonate, insulin, dithiothreitol (DTT), succinic
anhydride (SA), methanol, 2,4,6,-trinitrobenzene sulfonic acid (TNBSA), rhodamine B
isothiocyanate (RITC), sodium dodecyl sulfate (SDS), fetal bovine serum (FBS), penicillin-
streptomycin, trypsin-EDTA solution, Hoechst 33342, and paraformaldehyde (PFA) were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). LysoTracker® Green was
purchased from Invitrogen, Inc. (Carlsbad, CA, USA).

MCF7 cells (a human breast adenocarcinoma cell line) were cultured in RPMI 1640 medium
supplemented with D-glucose (2 g/L), insulin (4 mg/L), and 10% FBS under humidified air
containing 5% CO2 at 37 °C.

Synthesis and characterization of the reducible polyelectrolytes
Via thiolation and oxidation, LMW bPEI0.8kDa was polymerized into LMW bPEI0.8kDa-
based reducible polycations RPC-bPEI0.8kDa (Figure 1) and the RPC-bPEI0.8kDa2, as
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previously synthesized,39 was used for this study. Briefly, the primary amines of bPEI0.8kDa
(550 mg, 687.5 µmol of bPEI0.8kDa based on the Mw of 0.8 kDa; 3.2 mmol of amines based
on the theoretical ratio (i.e., 1°:2°:3°=25%:50%:25%) of amines in bPEI) were thiolated
with 2-iminothiolane (2 equivalents of bPEI0.8kDa) in DPBS (55 mL; pH 7.0–7.4) for 12 hr
at room temperature (RT). Upon completion, DMSO (18.33 mL; one-third DPBS by
volume) and L-cysteine hydrochloride monohydrate (0.24 mmol) were added to the solution,
and the DMSO-induced oxidative polymerization of thiolated bPEI0.8kDa was conducted for
24 hr at RT. To remove DMSO and excess reactants, the polymer solution was dialyzed for
24 hr in deionized water (DIW) using a dialysis membrane with a molecular weight cut-off
(MWCO) of 3.5 kDa. Finally, the product, named RPC-bPEI0.8kDa2, was lyophilized and
stored at −20 °C prior to use. The chemical structure of RPC-bPEI0.8kDa2, previously
reported,39 was confirmed by 1H-NMR spectroscopy in D2O, and its MW was estimated by
the viscosities of the polymer solution.

To produce the LMW bPEI0.8kDa-based reducible polyanion RPA-bPEI0.8kDa, all of the
primary amines in RPC-bPEI0.8kDa2 were carboxylated with excess SA (Figure 1),40,41 and
the resultant derivative was named RPA-bPEI0.8kDa2. Briefly, RPC-bPEI0.8kDa2 (20 mg)
was dissolved in 0.5 M sodium bicarbonate (20 mL) and reacted with excess SA (20
equivalents of primary amines in RPC-bPEI0.8kDa2) for 3 hr under vigorous stirring. The
resultant polymer solution was dialyzed using a dialysis membrane (MWCO 6–8 kDa)
against 0.5 M sodium bicarbonate for 2 d, and then DIW for an additional 1 d. The resultant
RPA-bPEI0.8kDa2 was lyophilized, and its modification was confirmed by a TNBSA assay.
As a control, carboxylated bPEI25kDa (bPEI25kDaCOOH) was similarly prepared and used.

The proton buffering capacities of the polyelectrolytes (i.e., RPC-bPEI0.8kDa2, RPA-
bPEI0.8kDa2, bPEI25kDa, and bPEI25kDaCOOH) were evaluated via traditional acid-base
titration methods.41,42 Briefly, polymer (1 mg) was dissolved in 10 mM NaCl (2 mL), and
the pH of the polymer solution was adjusted to 10 with 1 N HCl or NaOH. The polymer
solution (0.5 mg/mL; 2 mL) was then titrated with 0.1 N HCl at RT, and the change in pH
was monitored. Next, the proton buffering capacities of the polyelectrolytes were compared
in the pH range of 7.4–5.1 to determine the behavior of the polymers at endolysosomal pH.
The buffering capacities were calculated as follows:

where ΔVHCl is the volume of 0.1 N HCl required to change the pH of the polymer solution
from 7.4 to 5.1, CHCl is the concentration of the HCl solution (0.1 N), and msample is the
mass (1 mg) of the polymer.

The cytotoxicity of the reducible polyelectrolytes (RPC-bPEI0.8kDa2 and RPA-bPEI0.8kDa2)
on MCF7 cells was measured by MTT assay,39 and was compared with that of the non-
reducible polyelectrolytes (bPEI25kDa and bPEI25kDaCOOH). Twenty-four hours after
seeding MCF7 cells at 5×103 cells per well, the cells were exposed to the polyelectrolyte for
24 hr. At the end of the 24 hr treatment, MTT was added to the polyelectrolyte-exposed
MCF7 cells, and the cells were incubated for an additional 4 hr. After the removal of the
MTT-containing culture medium from each well, DMSO was added to dissolve the
formazan crystals formed by the reduction of MTT by live cells. The absorbance of each
sample was recorded on a microplate reader at 570 nm.39
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Preparation and physicochemical characterization of the polyelectrolyte/protein
complexes

Polyelectrolyte/protein complexes were prepared from charged polyelectrolytes and their
counter-charged proteins. In this study, cationic polyelectrolytes (i.e., RPC-bPEI0.8kDa2 and
bPEI25kDa) and anionic polyelectrolytes (i.e., RPA-bPEI0.8kDa2 and bPEI25kDaCOOH) were
paired with an anionic model protein (i.e., BSA) and a cationic model protein (i.e., LYZ),
respectively. The charged polyelectrolyte/protein solution was mixed in HEPES solution (25
mM, pH 7.4) and incubated for 30 min at RT. In the complexes, the concentration of protein
was fixed at 0.25 mg/mL. The complexation ratios of the polyelectrolyte/protein complexes
were calculated as the weight ratios (WRs) of polyelectrolyte to protein.

The particle size and surface charge of the polyelectrolyte/protein complexes dispersed in 25
mM HEPES solution (pH 7.4) were measured at RT using a Zetasizer 3000HSA (Malvern
Instruments Inc., Worcestershire, UK) with a fixed wavelength of 677 nm and a constant
angle of 90°. To analyze the thiol-triggered dissociation/decomplexation, the particle size of
the complexes (WR 1 and WR 2) was measured at RT after the complexes had been exposed
to DTT (20 mM) at 37 °C for 30 min. Dissociation kinetics of the complexes was also
monitored at RT after the addition of DTT (20 µM or 20 mM). The change in the particle
size over time was recorded.

The complexes were imaged using Field Emission-Scanning Electron Microscopy (FE-
SEM) and were prepared in DIW, instead of HEPES solution, to avoid salt formation. After
preparation, the complexes were dried and then sputtered with gold. The complexes were
monitored by FE-SEM (JSM-7000F, JEOL, Japan).

Thiol-triggered protein release from the polyelectrolyte/protein complexes was tested to
distinguish the difference between the non-reducible polyelectrolytes (bPEI25kDa and
bPEI25kDaCOOH) and the reducible polyelectrolytes (RPC-bPEI0.8kDa2 and RPA-
bPEI0.8kDa2). After polymer/protein complex formation, the complexes were exposed to
DTT (10 mM) for 30 min at 37 °C. The released proteins were then separated by a
centrifugation-based ultrafiltrate tube (MWCO 1000 kDa) at 3800 g for 40 min at 4 °C. The
dialysates were diluted 10 times to avoid an incompatible concentration of DTT in the
BCA™ protein assay method. The released proteins were quantified by the protein assay.

As described above, the proton buffering capacities of the polyelectrolyte/protein complexes
(WR 1) were tested. Four mL of the complexes in DIW was prepared at a protein
concentration of 0.25 mg/mL, and the complex solution was lyophilized. Then 10 mM NaCl
solution (2 mL) was added to the dried complexes, and the final protein concentration of the
reconstituted polyelectrolyte/protein complexes was 0.5 mg/mL.

The pH of the complex solution was adjusted to 10 with 1 N NaOH. A titration was
performed with 0.1 N HCl at RT, and the pH change of the complex solution was monitored.
The proton buffering capacities of the polyelectrolyte/protein complexes from pH 7.4 to 5.1
were compared with those of the polyelectrolytes to evaluate the impact of the complexation
process on the proton buffering capacity at endolysosomal pH. The buffering capacity was
calculated using the aforementioned equation.

Structural characterization of the proteins in the polyelectrolyte/protein complexes
The secondary structure of the protein molecules in the polyelectrolyte/protein complexes
was evaluated by means of circular dichroism (CD) spectroscopy. Briefly, the complexes
(WR 1) were constructed in 20 mM DPBS solution (pH 7.4) at a protein concentration of
0.25 mg/mL. The CD spectra of the complexes were obtained from 200–260 nm with a
resolution of 1 nm on a Jasco J-720 spectropolarimeter. The corresponding polymers were
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used as blanks for the complexes, and the resultant spectra of the complexes were compared
with the spectra of the protein at the same concentration. The α-helix content in the protein
was calculated by CD spectra deconvolution software CDNN (v. 2.1).

Cellular activity characterization of the polyelectrolyte/protein complexes
In this study, MCF7 cells were used to characterization the in vitro activity of the
complexes, including their cytotoxicity, cellular uptake, and intracellular localization. The
cytotoxicities of the reducible polyelectrolyte/protein complexes were tested similarly to
those of the polyelectrolytes and were then compared with the non-reducible polyelectrolyte/
protein complexes.

RITC-labeled proteins were prepared for the cell studies. Briefly, the RITC labeling was
performed in DPBS (pH 7.4),43,44 and the target RITC label was 1 wt% of the protein
weight. The RITC-labeled proteins were dialyzed against DPBS (pH 7.4) for 24 hr and then
against DIW for 4 hr using a dialysis tube (MWCO 3.5 kDa) at 4 °C to remove unreacted
RITC and salt.43,44 The purified RITC-labeled proteins were lyophilized and stored at −20
°C prior to use.

To test the cellular uptake of the complexes, MCF7 cells were plated at 5×105 cells per well
for polycation/BSA and at 1×105 cells per well for polyanion/LYZ on a 6-well plate. After
24-hr incubation, the polyelectrolyte/protein complexes prepared with RITC-labeled BSA or
LYZ were added to the cells that had been cultured in a complete cell culture medium
containing 10% FBS. The tested protein concentrations were 5–50 µg/mL. After 4-hr
treatment of the complexes, the cells were collected, rinsed with DPBS, and fixed with a 4%
PFA solution. The complex-containing MCF7 cells were analyzed by a FACSAria-II SORP
(Becton Dickinson, Franklin Lakes, NJ, USA) with a 563 nm laser and a fluorescence
detector (610 ± 10 nm). The total event number was 10,000 per sample. The complex-
treated test groups were compared with the corresponding protein-treated group.

To determine the subcellular distribution of the polyelectrolyte/protein complexes, MCF7
cells were seeded on a coverslip at 5×105 cells per well for free BSA and polycation/BSA
complexes and at 1×105 cells per well for free LYZ and polyanion/LYZ complexes in a 6-
well plate.5,45,46 After 24-hr incubation, the complexes that had been prepared using a
model protein (i.e., RITC-labeled BSA and RITC-labeled LYZ) were added to the cells
cultured in a complete cell culture medium containing 10% FBS. The protein concentration
used was 10 µg/mL for BSA or 25 µg/mL for LYZ. After 4-hr treatment of the complexes,
the cells were rinsed with DPBS and fixed with a 4% PFA solution. Thirty minutes prior to
sampling, LysoTracker® Green and Hoechst 33342 were added to stain the acidic
intracellular compartments and the nucleus, respectively. The cells were evaluated using a
laser scanning confocal microscope with excitation lasers (543 nm for HeNe and 408 nm for
the diode) and variable band-pass emission filters. Confocal images were taken in 500-nm
sections, and cumulative images were constructed for the entire cell. The fluorescence
intensity of the green channel of the polycation/BSA groups, which characterizes the amount
of endosome and early lysosome, was quantified by ImageJ program. The corrected total
cell fluorescence (CTCF) was calculated using the following equation:47–49

RESULTS AND DISCUSSION
For the nanocarriers described here to deliver protein into the cytosol, the polymers in the
protein/polymer complexes must have cytocompatibility, bear complementary charges to the
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protein (to allow complexation), and exhibit endosomolytic function (for endosomal
escape). In addition, the resultant complexes need to be stable in the extracellular fluid but
able to release proteins into the cytosolic environment. Thus, this study was designed to
investigate endosomolytic, reducible polyelectrolytes and their protein complexes.

Synthesis of the polyelectrolytes
For complexation with negatively charged proteins, RPC-bPEI0.8kDa2, which was one of the
polymers prepared and reported in our previous study,39 was selected. RPC-bPEI0.8kDa2 was
synthesized from endosomolytic bPEI0.8kDa and 2-iminothiolane via thiolation and oxidation
(Figure 1). Its chemical structure was confirmed by 1H-NMR spectroscopy, and its
viscosity-based MW was 52.7 kDa.39 To allow the complexation of the reducible
polyelectrolytes with positively charged proteins, RPC-bPEI0.8kDa, which is cationic, was
transformed into a reducible polyanion (RPA) by the introduction of carboxylic acids. In the
presence of excess SA, the primary amines of RPC-bPEI0.8kDa2 were converted to
carboxylic groups, forming RPA-bPEI0.8kDa2 (Figure 1). The successful synthesis of RPA-
bPEI0.8kDa2 was confirmed by the detection of a succinic acid derivative (δ 2.3) in the 1H-
NMR spectra (Figure S1) and by the absence of primary amines, as confirmed by a TNBSA
assay. Similarly, bPEI25kDaCOOH was prepared from bPEI25kDa as a non-reducible RPA. It
is notable that RPC-bPEI0.8kDa2 possesses a much higher MW than other reducible
poly(amidoamine)s (5–9 kDa) used for protein delivery23,26 because HMW polymers are
one of the important factors in maintaining the stability of their protein complexes in the
blood.

Complexation of the polyelectrolyte/protein complexes
Electrostatic attraction between the polymers and the counter-charged proteins is the
primary driving force underlying the formation of the nano-sized complexes. After
preparing the polymer/protein complexes at various WRs, the resultant complexes’ sizes and
surface charges were evaluated, and the result is shown in Figure 2. For both complexes, the
size decreased from the micron-scale to the nanoscale with increasing WR. At WR <1,
microparticles were formed, perhaps because the amount of polyelectrolyte added was
insufficient to completely cover the proteins, resulting in the coexistence of partially anionic
and partially cationic surfaces in the complex, which causes large, micron-sized aggregates.
However, when the WR was increased to 1–2, the size dropped below 200 nm (Figure 2(a)).
The WRs in this study were much lower (WR 1–2) than the WR, ≥12, used to produce other
reducible poly(amidoamine)/protein complexes with similar nanosizes.23,26

The non-reducible polyelectrolytes formed nanoparticles of similar or smaller sizes than the
reducible polyelectrolytes. Although different proteins were used, most non-reducible
polycation/protein complexes (e.g., ~80 nm at WR 1 and ~35 nm at WR 2 for bPEI25kDa/
BSA and ~220 nm at WR 1 and ~60 nm at WR 2 for RPC-bPEI0.8kDa2/BSA) had similar or
smaller sizes at the same WR than their counterpart polyanion/protein complexes (e.g., ~145
nm at WR 1 and ~140 nm at WR 2 for bPEI25kDaCOOH/LYZ and ~200 nm at WR 1 and
~175 nm at WR 2 for RPA-bPEI0.8kDa2/LYZ). This observation can be explained by the
introduction of amidine moieties and cysteine residues into the reducible polycations (RPC-
bPEI0.8kDa2) or polyanions (RPA-bPEI0.8kDa2), a modification that reduces the positive or
negative charge per unit mass (i.e., charge density) compared to the non-reducible
counterparts (bPEI25kDa and bPEI25kDaCOOH).

In addition, the particle sizes of the charged polyelectrolyte/protein complexes were
confirmed by SEM. To observe the complexes, DIW instead of HEPES buffer was applied
to avoid unwanted salt crystals. As shown in Figure 3, all polyelectrolyte/protein complexes
were approximately 50 nm in diameter, and their sizes were smaller than those measured by
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the dynamic light scattering-based size analyzer (Figure 2(a)). As generally accepted, the
size difference may arise from the difference between dried and hydrated complexes.

The intrinsic surface charges of the proteins are based on their isoelectric points and the
environmental pH (BSA has a negative surface charge and LYZ has a positive surface
charge at pH 7.4). As the amount of counter-charged polyelectrolyte increases, the absolute
value of the surface charge of the resultant complexes increases from neutral, where the
complexes aggregate regardless of the nature of the charge (positive or negative). In the
complexes of WR ≥1 examined in this study, the surface charges were dominated by the
polyelectrolytes, with values of 6~12 mV for polycation/BSA and approximately −6~−20
mV for polyanion/LYZ complexes (Figure 2(b)). These results suggest that the
polyelectrolytes completely shield the proteins and cover the complex surface; owing to
charge-charge repulsion, this prevents the particles from aggregating, and they form nano-
sized particles that are 200 nm or smaller in diameter. Thus, polyelectrolyte/protein
complexes prepared at WR 1 or 2 were used in further evaluations.

Thiol-triggered decomplexation of the polyelectrolyte/protein complexes
For effective cytosolic release of the proteins from the nanoparticles, polymers containing
disulfide linkages, which can be degraded in thiol-rich environments, were selected in this
study. This choice is based on the finding that shorter polyelectrolytes have weaker
interactions with counter-charged biomolecules, leading to the accelerated release of
biotherapeutics.39,50 The concentration of glutathione (a biological thiol compound) in the
cytoplasm and the nucleus (i.e., 0.5–20 mM)51–53 is much higher than in the extracellular
fluid (i.e., 2–20 µM).54,55 The cytosol-selective release of payloads from nanocomplexes
helps sustain the bioactivity of therapeutic proteins because most proteins have short half-
lives in the blood and can be degraded by lytic enzymes in lysosomes. Thus, the response of
our polyelectrolyte/protein complexes to cytoplasmic conditions was tested by evaluating
the change in the size of the complexes. Increasing complex size is a good indication of
weaker interactions,56 which may in turn accelerate protein release from the complex.

First, the reducible polymer/protein complexes (RPC-bPEI0.8kDa2/BSA and RPA-
bPEI0.8kDa2/LYZ) were exposed to DTT (20 mM to mimic cytosolic conditions) at 37 °C
for 30 min. Their size changes were monitored and compared with those of the non-
reducible polymer/protein complexes (bPEI25kDa/BSA and bPEI25kDaCOOH/LYZ). As
shown in Figure 4— and as anticipated—the sizes of the bPEI25kDa/BSA and
bPEI25kDaCOOH/LYZ complexes incubated in the absence and presence of DTT remained
almost constant. These results indicate that thiols may not trigger the release of the proteins
from bPEI25kDa/BSA or bPEI25kDaCOOH/LYZ nanocomplexes. However, when DTT (20
mM) was added to the RPC-bPEI0.8kDa2/BSA and RPA-bPEI0.8kDa2/LYZ complexes, their
sizes increased significantly to approximately 1–2 µm, whereas the sizes of the complexes
were unchanged in the absence of DTT (60–200 nm). To understand clearly whether the
polymer in the RPC-bPEI0.8kDa2/BSA complexes is degraded to form LMW fragments such
as bPEI0.8kDa in the presence of DTT, bPEI0.8kDa was complexed with BSA at WR 1; the
size of the resultant bPEI0.8kDa/BSA (WR 1) was ~1 µm. Based on these results, the thiol-
induced size change of the reducible polymer/protein complexes suggests that thiols disrupt
the disulfide bonds in the reducible polymer, and the shortened polymer fragments then
form weaker interactions with the countercharged proteins.

To monitor the kinetics of the response to different thiol concentrations, the time-dependent
size change of the polymer/protein complexes at RT was monitored (Figure 5). Upon adding
DTT (20 mM), the sizes of RPC-bPEI0.8kDa2/BSA (WR 1) and RPA-bPEI0.8kDa2/LYZ (WR
1) continuously increased over time. This indicates the potential for gradual and sustained
protein release in the cytosol. An alternative concentration of DTT (10 mM) was
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additionally tested because some reports consider cytosolic glutathione levels to be 10 mM.
As shown in Figure S2, Figure 10 mM and 20 mM of DTT did not have significantly
different effects on the particle size.

Although under thiol-rich conditions RPC-bPEI0.8kDa2/BSA (WR 1) and RPA-bPEI0.8kDa2/
LYZ (WR 1) swell and then release protein, the complexes should be able to protect the
protein from the thiol levels in the blood or extracellular environments. Recently, Leroux et
al. reported that polymeric gene carriers with disulfide bonds can release their cargo in
extracellular environments.57 Thus, the DTT concentration at an extracellular level was
added into the complexes, and their sizes were monitored. RPA-bPEI0.8kDa2/LYZ (WR 1)
showed no size change when treated with DTT at 20 µM. However, interestingly, this low
concentration of DTT caused an increase in size over time for RPC-bPEI0.8kDa2/BSA (WR
1), but the effect was significantly smaller than at 20 mM. At this low thiol concentration,
the size change of RPC-bPEI0.8kDa2/BSA was reduced with increasing WR (Figure S3).
These findings suggest that negatively charged RPA/protein complexes may be more stable
against thiol-induced degradation than positively charged RPC/protein complexes. This is
possibly due to the electrostatic repulsion that forms between RPA-bPEI0.8kDa2 and the
negatively charged thiolate (-S−) required for thiol-disulfide exchange.

The protein release from the reducible polyelectrolyte/protein complexes in thiol-rich
conditions was investigated further. After the complexes (WR 1) were exposed to DTT (10
mM) for 30 min at 37 °C, the released protein from the complexes was separated and
quantified. As shown in Figure 6, released protein from both non-reducible polymer/protein
complexes (bPEI25kDa/BSA and bPEI25kDaCOOH/LYZ) was not detected. However, the
reducible polyelectrolyte/protein complexes (RPC-bPEI0.8kDa2/BSA and RPA-bPEI0.8kDa2/
LYZ) released approximately 70% of their protein cargo.

The findings suggest a potential for the cytosol-selective protein release of reducible
polyelectrolyte/protein complexes. For RPC/protein complexes, although they might show
quicker or increased protein release in the cytoplasm, a fraction of the protein loaded into
the complexes would be released in the blood or extracellular fluid; this could be minimized
by optimizing the WR.

Buffering capacity of the polyelectrolyte/protein complexes
The proton buffering capacities of the reducible polyelectrolytes (RPC-bPEI0.8kDa2 and
RPA-bPEI0.8kDa2) and their protein complexes (RPC-bPEI0.8kDa2/BSA (WR 1) and RPA-
bPEI0.8kDa2/LYZ (WR 1)), which are relevant to the mechanism of endosomal escape, were
monitored and compared with those of the non-reducible polyelectrolytes (bPEI25kDa and
bPEI25kDaCOOH) and their protein complexes (bPEI25kDa/BSA (WR 1) and
bPEI25kDaCOOH/LYZ (WR 1)).

For polycations (bPEI25kDa and RPC-bPEI0.8kDa2) and their albumin complexes (bPEI25kDa/
BSA (WR 1) and RPC-bPEI0.8kDa2/BSA (WR 1)), the resultant acid-base titration curves
are represented in Figure 7(a). For the entire pH range that was tested, bPEI25kDa buffered
the pH because of its primary, secondary, and tertiary amines. RPC-bPEI0.8kDa2 has three
types of amines from the bPEI and additional amidines. When complexed at pH 7.4, the
ionized primary amines and amidines are shielded by the negative charges from the BSA
and will not contribute to the buffering capacity. Thus, as shown in Figure 7(a) and Table
S1, the proton buffering capacities of bPEI25kDa and RPC-bPEI0.8kDa2 at pH values between
7.4 and 5.1 (physiological pH to endosomal pH) were approximately 10.0 µmol/mg and 5.1
µmol/mg, respectively; these capacities are attributable to the secondary and tertiary amines.
However, unlike the polyelectrolytes, it is difficult to determine the proton buffering
capacity of complexes such as bPEI25kDa/BSA (WR 1) and RPC-bPEI0.8kDa2/BSA (WR 1).
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Thus, when the pH of the individual solutions of proteins, polymers, or complexes was
dropped from pH 7.4 to pH 5.1 by titration with 0.1 N HCl, the consumed volume of titrant
(ΔVHCl) was used to evaluate whether protein complexation causes a decrease in the proton
buffering of polymers, as previously reported.41 If the proton buffering of the polycations is
not compromised in the complexation, the complexes would consume the sum ofΔVHCl (pH
7.4–5.1) for BSA (4.3 µL) and the polycations (50.1 µL for bPEI25kDa and 25.4 µL for RPC-
bPEI0.8kDa2). However, both bPEI25kDa/BSA (WR 1) and RPC-bPEI0.8kDa2/BSA (WR 1)
consumed a similarΔVHCl as the polycations when the pH dropped from 7.4 to 5.1 (Figure
7(a) and Table S1). This supports our expectation that complex formation only slightly
decreases the proton buffering capacity of the polycations.

Similarly, the proton buffering capacities of the polyanions (bPEI25kDaCOOH and RPA-
bPEI0.8kDa2) and their LYZ complexes (bPEI25kDaCOOH/LYZ (WR 1) and RPA-
bPEI0.8kDa2/LYZ (WR 1) were evaluated (Figure 7(b) and Table S1). In the range of pH
7.4–5.1, the buffering capacities of bPEI25kDaCOOH and RPA-bPEI0.8kDa2 were
approximately 4.0 µmol/mg and 3.6 µmol/mg, respectively; these capacities may be
attributed to the secondary and tertiary amines and a portion of the carboxylic acid groups.
Although it is unclear, the proton buffering of bPEI25kDaCOOH/LYZ (WR 1) was less than
that of bPEI25kDaCOOH before protein complexation. However, RPA-bPEI0.8kDa2/LYZ
(WR 1) maintained a similar proton buffering capacity to that of RPA-bPEI0.8kDa2.

Overall, bPEI25kDa/BSA (WR 1) showed approximately two-fold higher proton buffering
than RPC-bPEI0.8kDa2/BSA (WR 1), whereas RPA-bPEI0.8kDa2/LYZ (WR 1) provided
similar proton buffering to RPC-bPEI0.8kDa2/BSA (WR 1) (Table S1). Although the
polyelectrolyte/protein complexes displayed proton buffering capacity in endolysosomal pH
ranges, further experiments are needed to confirm whether the proton buffering capacity is
sufficient to disrupt the endosomal membrane during endocytosis of the complex.

Retention of the protein structure after complexation
Proteins that have been complexed with polyelectrolytes should keep their intrinsic
bioactivity, which can be indicated by the protein’s stability. Thus, to test the stability of the
protein in the complex, the secondary structure of the protein was evaluated by CD
spectroscopy. As a parameter for the protein stability, the α-helical content of the proteins
alone and in polymer/protein complexes were calculated and compared. As shown in Figure
8(a), the CD spectrum revealed that the α-helical content of native BSA was 51%. This
result is similar to a previously reported value.58 After the complexation of BSA with
bPEI25kDa and RPC-bPEI0.8kDa2, the α-helical content in both cationic polyelectrolyte/BSA
complexes was the same (~51%). This indicates no damage to BSA’s secondary structure
due to complexation. Similarly, Figure 8(b) showed that the α-helical contents of the LYZ
complexes with and without anionic polyelectrolytes (i.e., bPEI25kDaCOOH and RPA-
bPEI0.8kDa2) were 29%, in accordance with a reported value.59 In conclusion, a constant α-
helical content in the proteins indicates that the electrostatic interaction-driven protein
complexation does not damage the secondary structure of the protein, which is relevant to
their intrinsic bioactivity.

Cytotoxicity of the polyelectrolyte/protein complexes
Materials expected to be introduced into the body should be biocompatible. Among various
biocompatibility tests, the cytotoxicity of the polyelectrolytes and their protein complexes
was evaluated. The cytotoxicity of the reducible polymers was evaluated using MCF7 cells
and was compared with that of the non-reducible polymers (Figure 9). The results from this
study coincide with our previous findings39 that the cytotoxicity of RPC-bPEI0.8kDa2 to
MCF7 cells was lower than that of bPEI25kDa; the IC50 of RPC-bPEI0.8kDa2 was
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approximately eight- to nine-fold higher than that of bPEI25kDa (Figure 9(a)). These results
may be attributed to the reducible character of RPC-bPEI0.8kDa2 in the intracellular
environment. When the cationic materials interact with vital intracellular components,
longer cationic chains result in stronger interactions and higher toxicity. The viabilities of
the cells treated with the two anionic polymers, RPA-bPEI0.8kDa2 and bPEI25kDaCOOH,
were above 75% throughout the range of the tested polymer concentrations (Figure 8(b)) and
were far higher than those of RPC-bPEI0.8kDa2 and bPEI25kDa. These findings were
consistent with our expectations that the anionic polymers should be less toxic because they
interact to a lesser extent with vital intracellular components than cationic polymers.

After the formation of the polyelectrolyte/protein complexes, their cytotoxicities were
compared to those of their corresponding polyelectrolytes. As shown in Figures 9(a) and
9(b), the cytotoxicity curve for each polyelectrolyte/protein complex essentially overlapped
with that of the corresponding polyelectrolyte alone. Thus, it can be concluded that RPC-
bPEI0.8kDa2 is more cytocompatible than non-degradable polycations and that RPA-
bPEI0.8kDa2 is cytocompatible at all the tested concentrations for intracellular protein
delivery.

Cellular uptake of the polyelectrolyte/protein complexes
The intrinsic surface charges of proteins strongly influence their cellular uptake; proteins
with positively charged surfaces generally show more cellular uptake than proteins with
negatively charged surfaces, as a result of attraction by negatively charged cellular
membranes. However, in the blood and in extracellular environments, negatively charged
serum proteins can associate with exogenous positively charged proteins, leading to reduced
protein uptake by the cells of interest. The effects of surface charge on cellular uptake also
apply to nanoparticle-based drug carriers. Thus, the cellular uptake of the reducible
polyelectrolyte/protein complexes (5–50 µg/mL of protein; WR 1) was evaluated using
MCF7 cells (5×105 cells/well for BSA studies or 1×105 cells/well for LYZ studies were
seeded) in the presence of serum and was compared with the uptake of the non-reducible
polyelectrolyte/protein complexes and the proteins alone. RITC-labeled proteins were used
to measure the cellular uptake of the proteins, with and without the aid of nanocarriers, by
flow cytometry.

In the presence of the serum, the cellular uptake of the polyelectrolyte/protein complexes
were similar to those of the proteins alone, regardless of which polyelectrolyte was used
(Figure 10). In general, proteins and complexes with positive surface charges can be
internalized more efficiently than those with neutral or negative surface charges. However,
the presence of serum might shield the positive surface charges of some complexes (i.e.,
polycation/BSA) and proteins (i.e., LYZ), transforming the positive charges into negative
ones, resulting in similar cellular uptakes among groups with different ζ-potentials. This
study suggests the feasibility of using polyelectrolyte/protein complexes in vivo for the
protection of proteins from lytic environments (e.g., blood).

Intracellular trafficking of the polyelectrolyte/protein complexes
Although the buffering capacities of RPC-bPEI0.8kDa2 and RPA-bPEI0.8kDa2 provide
potential for “proton sponge effect”-mediated endosomolysis and cytosol-specific protein
release, it remained unclear whether the carriers could effectively deliver proteins in the
cytoplasm. To answer this question, the subcellular compartments were stained with
LysoTracker® Green dye (which stains the acidic late endosomal and lysosomal
compartments) and Hoechst 33342 (which stains the nucleus), allowing the identification of
the intracellular localization of model RITC-labeled proteins (RITC-BSA and RITC-LYZ)
by confocal microscopy.
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In the accumulated images of the MCF7 cells (5×105 cells/well) exposed to polycation/BSA
(WR 1) or BSA with a concentration of 10 µg/mL (Figure 11(a)), bPEI25kDa/BSA (WR 1)
exhibited a similar cellular uptake to that of RPC-bPEI0.8kDa2/BSA (WR 1) and BSA alone,
as shown in Figure 10(a). However, a more intense fluorescence of LysoTracker® Green,
which accumulates in late endosomes and lysosomes, was detected in BSA-treated MCF7
cells than in polycation/BSA-treated cells. Further quantification by ImageJ proved that the
corrected total cell fluorescence (CTCF) of LysoTracker® Green in the RPC-bPEI0.8kDa2/
BSA- and bPEI25kDa/BSA-treated cells was 5–6 times lower than in the BSA-treated cells (p
<0.05 by Kruskal-Wallis One Way Analysis of Variance on Ranks followed by post-hoc
Dunn’s analysis). However, no significant difference in the CTCF between RPC-
bPEI0.8kDa2/BSA- and bPEI25kDa/BSA-treated cells was observed (Figure 11(b)). In
addition, the fluorescence intensity of the colocalized polyelectrolyte/BSA complexes with
LysoTracker® Green was much less than that of BSA alone (Figure 11(a)). These findings
indicate that the polyelectrolytes disrupted more endolysosomes than BSA alone because the
endocytosed BSA is generally sequestered and degraded in the lysosomes, unlike
endosomolytic polyelectrolytes. Moreover, it seems that the RPC-bPEI0.8kDa2/BSA
complexes were more evenly distributed in the cytoplasm than the bPEI25kDa/BSA
complexes. The different cytoplasmic distribution of BSA carried by bPEI25kDa and RPC-
bPEI0.8kDa2 might indicate more protein release or quicker protein release from RPC-
bPEI0.8kDa2/BSA than from bPEI25kDa/BSA.

Using MCF7 cells (1×105 cells/well) and polyanion/LYZ (WR 1) or LYZ with a final
concentration of 25 µg/mL, intracellular trafficking of the polyanion/LYZ complexes was
investigated and compared with that of LYZ (Figure 12). It appears that the cellular uptake
of bPEI25kDaCOOH/LYZ complexes, RPA-bPEI0.8kDa2/LYZ complexes, and free LYZ was
similar. However, a more intense fluorescence of LysoTracker® Green was detected in the
LYZ-treated MCF7 cells than in the polyanion/LYZ-treated cells. These findings indicate
that the polyanions disrupted more endolysosomes than the free LYZ alone. In addition, in
terms of colocalization with LysoTracker® Green, the bPEI25kDaCOOH/LYZ complexes
showed similar behavior to the RPA-bPEI0.8kDa2/LYZ complexes because their proton
buffering was similar (Figure 7(b)). RITC-LYZ in the RPA-bPEI0.8kDa2/LYZ-treated cells
was evenly distributed in the cytoplasm, whereas the LYZ- and bPEI25kDaCOOH/LYZ-
treated cells showed some localized spots of RITC-LYZ. This difference between the RPA-
bPEI0.8kDa2/LYZ- and bPEI25kDaCOOH/LYZ-treated cells might be caused by different
amounts of proteins released from the complexes, indicating a better or quicker protein
release from the RPA-bPEI0.8kDa2/LYZ complexes than the bPEI25kDaCOOH/LYZ
complexes.

CONCLUSIONS
Endosomolytic reducible polycations were synthesized from LMW bPEI via thiolation
followed by oxidative polymerization; the anionic counterparts were prepared by the
subsequent introduction of carboxylic acids. The synthesized reducible polyelectrolytes
were complexed with counter-charged proteins such as BSA and LYZ, forming nano-sized
complexes at WR 1 or higher. The reducible polyelectrolyte/protein complexes exhibited
negligible cytotoxicity, proton buffering capacity in endolysosomal pH ranges, no structural
damage due to complexation, improved capacity to escape from the endosome, and thiol-
triggered protein release in thiol-rich environments (e.g., the cytosol and the nucleus). Thus,
endosomolytic, reducible polyelectrolytes are promising carriers for the efficient delivery of
proteins to the cytosol.
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Figure 1.
Synthesis scheme for reducible polycations and polyanions derived from bPEI.
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Figure 2.
(a) Particle size and (b) surface charge of the polyelectrolyte/protein complexes (mean ±
standard deviation; n=10).
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Figure 3.
SEM images of (a) bPEI25kDa/BSA (WR 1), (b) RPC-bPEI0.8kDa2/BSA (WR 1), (c)
bPEI25kDaCOOH/LYZ (WR 1), and (d) RPA-bPEI0.8kDa2/LYZ (WR 1).
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Figure 4.
DTT-induced change in the size of the polyelectrolyte/protein complexes (WR 1 and WR 2)
after 30 min incubation at 37 °C in the presence or absence of DTT (20 mM) (mean ±
standard deviation; n=10; *p<0.01, Student's t-test).
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Figure 5.
Time-dependent DTT-induced change in the size of the polyelectrolyte/protein complexes
(WR 1) at RT in the presence or absence of DTT (20 ìM or 20 mM).
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Figure 6.
Protein released from the polyelectrolyte/protein complexes (WR 1) after exposure to DTT
(10 mM) for 1 hr (mean ± standard deviation; n=3).

Tian et al. Page 20

Biomacromolecules. Author manuscript; available in PMC 2014 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Acid-base titrations of the polyelectrolytes and polyelectrolyte/protein complexes (WR 1) in
10 mM NaCl (mean ± standard deviation; n=3).
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Figure 8.
Representative CD spectra of the protein and reducible polyelectrolyte/protein complex
(WR 1) in 20 mM DPBS. The protein concentration was 0.25 mg/mL.
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Figure 9.
Cytotoxicity of the polyelectrolytes and polyelectrolyte/protein complexes (WR 1) on MCF7
cells (mean ± standard error; n=6). The 5000 cells that were initially seeded in each well of a
96-well plate were exposed to the polyelectrolytes and the complexes for 24 hr.
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Figure 10.
Cellular uptake of (a) the polyelectrolyte/BSA complexes (WR 1) and BSA and (b) the
polyelectrolyte/LYZ complexes (WR 1) and LYZ at various protein concentrations (5–50 ìg/
mL) into MCF 7 cells. The 5×105 cells for BSA delivery or 1×105 cells for LYZ delivery
were initially seeded in each well of a 6-well plate and were exposed to the polyelectrolytes
and the complexes for 4 hr. The proteins used were labeled with RITC.
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Figure 11.
(a) Accumulated confocal images for intracellular trafficking of the cationic polyelectrolyte/
BSA complexes (WR 1) and BSA (10 ìg/mL) in MCF7 cells and (b) the intracellular
endolysosome amount, as determined by CTCF, of the BSA- and polycation/BSA-treated
cells (n ≥20, *p<0.05 by Kruskal-Wallis One Way Analysis of Variance on Ranks followed
by post-hoc Dunn’s analysis). MCF7 cells (5×105 cells) for studying uptake of the
polycation/BSA complexes and free BSA were seeded in each well of a 6-well plate and
were exposed to free BSA and the complexes for 4 hr. Free BSA was labeled with RITC
(red). Acidic compartments and nuclei were stained with LysoTracker® Green (green) and
Hoechst 33342 (blue), respectively.
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Figure 12.
Accumulated confocal images for intracellular trafficking of the anionic polyelectrolyte/
LYZ complexes (WR 1) and LYZ (25 ìg/mL) in MCF7 cells. The MCF7 cells (1×105 cells)
for imaging uptake of the polyanion/LYZ complexes and free LYZ were seeded in each well
of a 6-well plate and were exposed to free LYZ and the complexes for 4 hr. Free LYZ was
labeled with RITC (red). Acidic compartments and nuclei were stained with LysoTracker®
Green (green) and Hoechst 33342 (blue), respectively.
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