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Enhanced protein internalization and efficient endosomal
escape using polyampholyte-modified liposomes and freeze
concentration

Polyampholyte-modified liposomes with a freeze concentration
method constitute a simple and straightforward method to
effectively deliver cargo proteins to the cytoplasm with a

high efficacy in facilitating endosomal escape and a minimal
associated cell toxicity. The enhancement of protein or gene
delivery by this methodology represents an important advance
that will facilitate the development of novel therapeutic strategies
for cancer, immune regulation, or gene-therapy applications.
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Enhanced protein internalization and efficient
endosomal escape using polyampholyte-modified
liposomes and freeze concentrationt

Sana Ahmed,? Satoshi Fujita® and Kazuaki Matsumura*®

Here we show a new strategy for efficient freeze concentration-mediated cytoplasmic delivery of pro-
teins, obtained via the endosomal escape property of polyampholyte-modified liposomes. The freeze
concentration method successfully induces the efficient internalization of proteins simply by freezing
cells with protein and nanocarrier complexes. However, the mechanism of protein internalization remains
unclear. Here, we designed a novel protein delivery carrier by modifying liposomes through incorporating
hydrophobic polyampholytes therein. These complexes were characterized for particle size, encapsula-
tion efficiency, and cytotoxicity. Flow cytometry and microscopic analysis showed that the adsorption
and internalization of protein-loaded polyampholyte-modified liposomes after freezing were enhanced
compared with that observed in unfrozen complexes. Inhibition studies demonstrated that the internaliz-
ation mechanism differs between unmodified and polyampholyte-modified liposomes. Furthermore,
polyampholyte-modified liposomes exhibited high efficacy in facilitating endosomal escape to enhance
protein delivery to the cytoplasm with low toxicity. These results strongly suggest that the freeze concen-
tration-based strategy could be widely utilised for efficient cargo delivery into the cytoplasm in vitro not
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Introduction

The targeted intracellular delivery of drugs has received con-
siderable attention over the last few decades for improvement
of biological activity.! Various biomaterials are available, and
their use has already been shown to be a milestone in the
treatment of deadly diseases.” Protein-based therapeutic
materials play a prominent role in the medical field for the
treatment of various disorders such as cancer,® diabetes,* and
inflammatory diseases.”> However, peptide-based drugs have
several inherent problems as they show difficulty in entering
the plasma membrane. Currently, several methodologies are
being tested to improve their targeted delivery. Of these, con-
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only in cancer treatment but also for gene therapy as well.

trolled release has been reported for only a few methods,
including electroporation,’ microinjection,” and ultra-
sonication.® The most actively investigated approach, electro-
poration, induces cell death when the permeabilizing electric
field is applied because of the associated loss of cell homeo-
stasis.’ Therefore, site-specific and efficient delivery systems
still pose difficulties. Consequently, suitable nanocarriers have
been studied for improving the safe and controlled release of
peptides to ensure that they reach their targets to a greater
extent.'® To date, various nanocarriers including liposomes,
polymeric micelles, and nanoparticles have been studied for
the delivery of therapeutic materials;'"'> however, many have
shown limitations such as cytotoxicity, low stability, and low
efficacy.”>'* Among the nanocarriers, liposomes have attracted
much attention as a desirable protein-based drug carrier
system since they possess the advantages of being feasible
under mild conditions, biocompatible with low toxicity, and
exhibiting high affinity toward the cell membrane.'® Further-
more, additional properties such as ease of size control and
the ability to modify their surfaces enhances their suitability
as a vehicle system.'®"”

More recently, liposomes modified by polymers have been
developed to improve their targeting ability. For example,
many groups such as Kono et al. have successfully developed
pH sensitive liposomes by modifying their surface using
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polyglycidol derivatives; these liposomes efficiently delivered
antigenic molecules to the cytosol of dendritic cells in vitro.'®
There are applications for the transport and intracellular deliv-
ery of proteins using pH-sensitive liposomes in cancer therapy
and also in gene therapy.

To address these issues, we developed an approach called
freeze concentration, as previously described.'® Freeze concen-
tration is recognized as a physicochemical phenomenon
wherein water molecules crystallize to form ice, leading to
increased solute concentrations in the remaining unfrozen
solution forming a phase separation during freezing.”® Specifi-
cally, spontaneous ice nucleation occurs and ice grows in all
directions when a solution is supercooled at —5 to —45 °C. A
high solute concentration remains in the unfrozen solution
leading to a concentrated solute around the cells located in
the residual solution.>"*> Previously, we calculated the sodium
ion concentration during freezing in the presence of a cryopro-
tectant by measuring the amount of residual water by using
"H-NMR." When we used DMSO as a cryoprotectant, at
—40 °C the sodium ion concentration was approximately 7
times higher than it was before freezing. When we used poly-
ampholyte as a cryoprotectant, the sodium ion concentrated
>10 times higher than that at room temperature. This finding
indicates that the extracellular concentration of certain
materials increases because they are ejected from ice crystals
during freezing. This phenomenon might be one of the best
strategies identified so far to enhance adsorption of the pro-
tein/carrier complex applied to cells, owing to the increase in
the peripheral cell concentration. Within this strategy, the
interaction between the cell membrane and protein/carrier
complex is quite important because after thawing, the
adsorbed complex should be internalized instead of diffusing
back into the solution. This suggests that we can reduce the
quantity of valuable materials that is internalized into cells.
Additionally, freeze concentration strategies have several
advantages in that they are simple, cost-effective, and highly
reliable, and they are characterized by a lack of toxicity, high
cell viability, and enhanced interaction between drugs and the
cell membrane.

In our previous research we had designed novel polyampho-
lyte nanoparticles as a carrier system by modification with
dodecylsuccinic anhydride (DDSA) as a hydrophobic moiety
that showed self-assembly, forming intermolecular hydro-
phobic and electrostatic interactions. However, these nano-
particles became cytotoxic at certain concentration levels.'® We
have shown that these protein-nanocarrier complexes were
highly internalized using the freeze concentration method-
ology, although the endosomal escape and uptake mechanism
of the complexes that had obtained internalization by passing
through the plasma membrane was not elucidated.

The endosomal escape process is crucial for the functional-
ity of internalized proteins. Most particles enter cells through
endocytosis and subsequently reach vesicles known as endo-
somes with pH 5.5 via the endosomal pathway.”® However,
numerous nhanocarrier/protein complexes are entrapped
within the endosome and are then destroyed after fusion with
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lysosomes, which are the primary sites of enzymatic degra-
dation.>** Various pathways exist for the internalization of
vesicles including caveolae-, clathrin-, or receptor-mediated
endocytosis, phagocytosis, or macropinocytosis. The phago-
cytosis process is regulated by specialized cells such as macro-
phages and monocytes. In contrast, clathrin- and caveolae-
mediated endocytosis and macropinocytosis are important
processes of pinocytosis that include receptor ligand inter-
actions based on particle size and surface chemistry.?®?”
Among the strategies utilised, membrane disruptive carriers
have great potential to facilitate antigen escape from the endo-
somes.>® This approach is beneficial for delivering anticancer
drugs, genes, or vaccines into cancerous cells. In this study, we
present the development of a new carrier system composed of
liposomes modified by hydrophobic polyampholytes in which
the liposomes themselves function as a low toxicity and bio-
compatible material. Lysozyme was used as a model protein in
this study because it is positively charged under physiological
conditions and has a high affinity for liposomes under
aqueous conditions. We confirmed the efficient uptake of the
protein/liposome complexes by endocytosis following freeze
concentration and furthermore, we describe the mechanism
underlying the enhanced cellular uptake pathways for internal-
ization. In addition, the endosomal escape ability of unmodi-
fied and polyampholyte-modified liposomes was also
determined. These findings will provide a mechanistic under-
standing of the use of the novel freeze concentration approach
for cell cargo delivery purposes. This methodology will likely
be useful for in vitro gene delivery applications in future.

Results and discussion
Preparation of polyampholytes

A polyampholyte cryoprotectant was synthesized by succinyla-
tion with succinic anhydride (SA) to e-poly-i-lysine (PLL)
(PLL-SA, Scheme S1, ESIf). From the 'H-NMR chart, it was
found that 65% of the amino groups were succinylated
(Fig. S1, ESIt) and this compound was shown to have highly
cryoprotective properties in 10% aqueous solution.”* A hydro-
phobic-modified polyampholyte was synthesized by the reac-
tion of PLL, DDSA, and SA (Scheme S21). The degree of
substitution of SA obtained approximated 63.8% and of DDSA
was 4.6% as determined by 'H NMR (Fig. S17). We denoted
the polyampholyte cryoprotectant and hydrophobic poly-
ampholyte as PLL-SA and PLL-DDSA-SA, respectively.

Preparation of protein-encapsulating liposomes

We prepared 2 types of liposomes, the first consisting of a
1:1 molar ratio of the zwitterionic lipids, 1,2 dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2, dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), and the other being a
PLL-DDSA-SA-modified liposome. To encapsulate the lysozyme
protein into the liposomes, we used the lipid film hydration
method. Briefly, a DOPC/DOPE solution in chloroform was
dried under vacuum to obtain a dry lipid layer including lipid
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film hydration with protein containing solutions with or
without PLL-DDSA-SA that was subsequently extruded. The
surfaces of lipid membranes composed of DOPC/DOPE with or
without PLL-DDSA-SA were negatively charged. We investigated
the amount of protein encapsulation into the liposomes and
its efficiency using a Bradford assay. For protein encapsulation
into liposomes, 1 mL phosphate buffer saline without calcium
and magnesium (PBS (—)) containing various concentrations
of lysozyme (2 to 30 mg mL ") was mixed with dried lipids and
extruded to produce a liposome suspension, with or without
PLL-DDSA-SA. A schematic illustration of unmodified and
polyampholyte-modified liposomes is shown in Fig. 1A. The
encapsulation efficiency was compared among various lipo-
somes that constituted different concentrations of the lyso-
zyme protein. Fig. 1B illustrates that the encapsulation
efficiency of the lysozyme protein into unmodified liposomes
decreases with increasing amounts of loaded protein concen-
tration. Fig. 1C shows the amount of the protein encapsulated
at different loading concentrations under physiological con-
ditions. Fig. 1C depicts the sharp increment that was observed
upon increasing the amount of the encapsulated lysozyme
protein but then decreases owing to the high concentration of
the lysozyme protein and to a certain extent its hydrophilic
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nature. The same trend was observed for PLL-DDSA-SA-modi-
fied liposomes; however, the values of encapsulation efficiency
were higher than those in unmodified liposomes at each lyso-
zyme protein concentration. Introduction of polyampholyte
molecules into the liposomes increased the minus value of the
zeta-potential from —5.04 to —11.25 mV. This might explain
the higher encapsulation efficiency of polyampholyte-modified
liposomes due to the electrostatic interactions between the
liposomes and lysozyme.

To optimize the conditions for the preparation of protein-
loaded liposomes, cytotoxic behaviour was evaluated. Surface
charge is an important factor that can be responsible for indu-
cing cytotoxicity.”® In this regard, cationic surface-charged
liposomes showed a greater extent of cytotoxicity.>® Therefore,
we selected the negatively charged liposomes for use as a
carrier in subsequent experiments.”’ Fig. 1B depicts that as
the amount of lysozyme protein increases, the encapsulation
efficiency considerably decreases, which results in the unen-
capsulated protein remaining in the solution. Therefore, the
negative surface charges decrease their magnitude and ulti-
mately show a positive charge that could potentially show toxic
behaviour. Fig. 1D describes the high cell viability of L929
cells shifting downward as the loading amount of protein
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Fig. 1 Protein encapsulation into unmodified and polyampholyte-modified liposomes with different protein concentrations (2 to 30 mg mL™).
(A) Schematic illustrations of the preparation of protein loaded liposomes and polyampholyte-modified liposomes. (B) Encapsulation efficiency
(C) amount of protein encapsulated, and (D) cytotoxicity of liposome-encapsulated proteins. L929 cells were incubated with liposomes loaded with
different protein concentrations for 48 h, followed by MTT assay analysis. ICsq represents the concentration of proteins that caused a 50% reduction
in MTT uptake by a treated cell culture compared with the untreated control culture, data are expressed as the mean + standard deviation (SD).
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increases, which might be explained by the zeta potential. We
therefore determined the zeta potential of unmodified and
PLL-DDSA-SA-modified liposomes with different lysozyme
protein loading amounts. The surface charges were shown to
drastically change to a positive potential (Fig. S2t). We then
investigated the cytotoxic effects after the addition of
PLL-DDSA-SA to the liposomes. A small amount of
PLL-DDSA-SA did not show any toxic activity. However after
crossing the threshold ratio of 6:4 (lipids: polyampholytes),
the cell viability decreased drastically (Fig. S31). This behav-
iour could possibly be due to the cytotoxicity of the polyam-
pholyte at higher concentrations. Hence, we have chosen the
liposome and polyampholyte composition (7:3) and loading
lysozyme protein concentration (10 mg mL™") accordingly for
further investigations.

Lysozyme-encapsulating liposomes showed increments in
their particle size over 7 days as the potential significantly
changed from —4.91 to —23.3 mV (Fig. S4A and Bf). On the
other hand, the zeta potential of PLL-DDSA-SA-modified lipo-
some complexes did not change even after 7 days (Fig. S4B¥).

Furthermore, we investigated the particle size stability of
unmodified or polyampholyte-modified liposomes under an
ultra-cold temperature at —80 °C. Protein-encapsulated unmo-
dified and polyampholyte-modified liposomes were frozen at
—80 °C for 1 day with or without the use of any cryoprotectant.
The solutions were thawed at 37 °C, and changes in particle
sizes were investigated using dynamic light scattering (DLS).
Without a cryoprotectant, the particle sizes were extremely
large, showing the destabilization of protein molecules, which
led to particle aggregation. However, the particle sizes of
protein-encapsulated unmodified and polyampholyte-modified
liposomes did not change when they were frozen in the pres-
ence of a polymeric cryoprotectant (Fig. S51). These results
clearly indicated that protein-encapsulated liposomes exhibit
stability after treatment with a polymeric cryoprotectant. Based
on these results, we successfully prepared stable liposomes
loaded with a low-toxicity lysozyme and protein, both with and
without PLL-DDSA-SA. The liposomes had a suitable size to
serve as protein-delivery vesicles.

Adsorption of protein-encapsulating liposomes onto cells via
freeze concentration

Confocal laser scanning microscopy (CLSM). The adsorption
of lysozyme protein loaded liposomes onto the cell membrane
was investigated using previously frozen thawed solutions. At
low temperature, the accelerated ice crystal formation exclud-
ing the remaining solution inevitably led to the formation of
freezing-associated concentration. Therefore, we expected that
the protein nanocarrier complex could enhance the interaction
of the complex with the cells. L929 cells mixed with 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine ~ rhoda-
mine B sulfonyl) (ammonium salt) (Rh-PE)-labelled liposomes
and fluorescein isothiocyanate (FITC)-labelled lysozyme
protein were cryopreserved with 10% PLL-SA cryoprotectant in
culture medium without foetal bovine serum (FBS). Occasion-
ally, low temperature leads to destabilization of the protein

This journal is © The Royal Society of Chemistry 2016
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structure, which causes denaturation or aggregation. There-
fore, cryoprotectants®*** such as glycerol, ethylene glycol, and
trehalose are used to stabilize the protein structure. A low tox-
icity polyampholyte cryoprotectant was utilised to stabilize the
protein structure and also protect the cells from intracellular
damage from ice crystals.”* Cell viability was in the range of
85-90% for polyampholyte-modified liposomes whereas it was
only 80% for unmodified liposomes (Fig. S67). The confocal
microscopic images illustrated that freezing markedly
enhanced the adsorption of lysozyme protein-loaded lipo-
somes onto cell membranes and that polyampholyte modifi-
cation tended to show higher fluorescence intensity compared
to unmodified liposomes (Fig. 2A and B). In our previous
research, we had already shown that freeze concentration and
hydrophobicity play important roles to facilitate the adsorption
onto the cell membrane."® Hydrophobic groups that markedly
influence particle internalization also have been shown to pro-
foundly influence their uptake by the cell membrane.** Thus,
polyampholyte-modified liposomes showed enhanced adsorp-
tion onto the cell membrane after treatment with freeze
concentration.

Flow cytometric analysis. To quantify the adsorption of lyso-
zyme protein-loaded liposomes to cell membranes via freeze
concentration, flow cytometric analysis of the frozen or unfro-
zen cells was performed. Cells were cryopreserved with an
unmodified or polyampholyte-modified liposome-encapsu-
lated lysozyme (5 mg mL™") in the presence of a polymeric
cryoprotectant. The fluorescence of FITC-labelled lysozymes on
the adsorbed cell membranes after thawing was investigated.
Gates were established for distinguishing the stained and
highly stained cells in the histogram plot (Fig. 3A-F), which
shows that the cells were highly stained when the freeze con-
centration method was applied. The negative control utilised
only cells without any added labelled protein. For the positive
control, we used a frozen, liposome-free bare lysozyme protein
conjugated with FITC (10 mg mL™") without any cryoprotec-
tant. In the absence of a cryoprotectant, the lysozyme protein
exhibited the highest measured fluorescence because the cell
membrane was ruptured by freezing damage and the lipo-
somes were adsorbed onto the fragmented membrane struc-
tures and thus transferred directly into the cytoplasm (Fig. 3B).
From the histogram of the frozen cells, the cells could be
divided into 2 groups: stained and highly stained. These
2 types of stained cells might be attributed to the cells with
different fluorescence intensities as shown in Fig. 2A and B. In
contrast, unfrozen cells with both unmodified and polyampho-
lyte-modified liposomes displayed a few positive cells (approxi-
mately 0.2% and <0.1% for stained and highly stained groups,
respectively; Fig. 3C and D). For frozen cells, the unmodified
liposomes manifested the greater number of stained and
highly stained cells (82.8 + 12.3% and 20.4 + 15.0%, respect-
ively; Fig. 3E). In comparison to the unmodified liposomes,
polyampholyte-modified liposomes showed a high trend of
stained and highly stained cells (about 91.5 + 7.93% and
39.1 + 25.2%, respectively; Fig. 3F). These data strongly suggest
that the freeze concentration strategy can enhance the fluorescence

Nanoscale, 2016, 8, 15888-15901 | 15891
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Fig. 2 Confocal microphotographs of L929 cells before and after freezing along with protein-encapsulating carriers with 10% PLL-SA as a cryo-
protectant. Liposomes were stained with FITC-PE and lysozymes were labelled by TR red. (A) Unmodified liposomes. (B) Polyampholyte-modified

liposomes. Scale bars: 30 pm.

intensity, compared with that observed in unfrozen cells.
Based on flow cytometry data, the geometric mean of the fluo-
rescence intensity revealed a 4-fold stronger binding after
freezing for both unmodified and polyampholyte-modified
liposomes as compared with that observed for unfrozen cells
(Fig. 3G). These results indicate that in contrast to the unfro-
zen state, freeze concentration might enhance the lysozyme
protein adsorption efficacy and thus the number of molecules
bound to the surface of the cells. In addition, we conducted
experiments to determine if only lysozyme (without freezing)
adsorbs onto the cell membrane, given its positive charge.
Confocal microscopy results showed that almost no lysozyme
adsorption occurred due to its low concentration (Fig. S77).
This finding indicated that freeze concentration can be useful
when low protein concentrations are involved.

As quantified in Fig. 3G, the cells treated with lysozyme
protein loaded polyampholyte-modified liposomes showed
enhanced fluorescence as compared to those treated with
unmodified liposomes. This could be explained by the strong

15892 | Nanoscale, 2016, 8, 15888-15901

interaction of polyampholyte-modified liposomes with cells,
which are likely to have more association owing to charge-
inducing factors or hydrophobicity. The hydrophobicity of the
liposomal membranes might be enhanced by the presence of
polyampholyte nanoparticles that strongly favour the
enhanced interactions between the liposomal membranes and
cells. On the other hand, the effect was much more prominent
upon increasing the dose of lysozyme protein-encapsulated in
liposomes. The same observations for unmodified and poly-
ampholyte-modified liposomes were noted even after low
(1 mg mL™") and medium doses (3 mg mL™") were applied
(Fig. S8t), wherein the gated numbers of stained and highly
stained cells were higher than those obtained for unfrozen
cells (5 mg mL™"). For the low dose concentration (1 mg mL ™)
corresponding to unmodified to polyampholyte modified lipo-
somes, the proportion of stained cells increased from 34.2 +
12.0% to 48.7 + 9.50% and the highly stained cells similarly
increased from 5.61 + 2.93% to 5.99 + 3.25%. From these
results, it is suggested that the efficiency is highly dependent

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Flow cytometric analysis of frozen and unfrozen cells with
various protein-loaded (5 mg mL™) liposomes. (A) Negative control
(cells only); (B) positive control (cells cryopreserved without a cryopro-
tectant). Unfrozen cells with (C) unmodified liposomes or (D) polyam-
pholyte-modified liposomes. Frozen cells with (E) unmodified liposomes
or (F) polyampholyte-modified liposomes. (G) Mean fluorescence inten-
sity of frozen and unfrozen unmodified liposomes and polyampholyte-
modified liposomes by flow cytometric analysis. Data are expressed as
mean + SD. **P < 0.01.

on dose concentration, which resulted in a highly effective
adsorption of the lysozyme protein (Fig. S8A-D and Fig. 3E,
F). In addition, the geometric means, which were calculated
from flow cytometric analyses, showed the enhancement of

This journal is © The Royal Society of Chemistry 2016
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fluorescence intensity upon increasing the dose of the lipo-
some-encapsulated lysozyme protein (Fig. S8ET). Therefore, for
our further investigations, we have chosen an optimum dose
(final concentration 5 mg mL™", 500 pL) of the liposome-
encapsulated lysozyme protein for efficacious delivery into
cells. Based on the above findings, it is expected that this strat-
egy would promote high internalization efficacy through an
endocytic pathway. Thus, we evaluated protein internalization
after its accumulation onto the membrane.

Internalization of lysozyme protein-loaded liposomes after
seeding

It is generally believed that membrane fusion is important for
cytoplasmic delivery through endocytosis. Liposome uptake
studies were performed on L929 fibroblast cells, wherein
unmodified liposomes and polyampholyte-modified liposomes
were labelled by FITC-phosphatidylethanolamine (FITC-PE)
whereas the lysozyme protein was labelled by Texas Red (TR)
dye. Cells mixed with lysozyme protein-loaded unmodified or
polyampholyte-modified liposomes were -cryopreserved at
—80 °C in medium without FBS, replaced by fresh growth
medium and seeded after thawing following incubation for
24 h at 37 °C to allow internalization. Cells were then washed
with PBS and observed using CLSM. Both unmodified and
polyampholyte-modified liposomes showed a tendency to be
internalized using the freeze concentration methodology
(Fig. 4A and B). Fluorescence was measured by confocal
microscopy. The intensity of the red fluorescence of the inter-
nalized TR-labelled lysozyme protein showed that polyampho-
Iyte-modified liposomes exhibited a significantly greater
capacity for protein intake in comparison with unmodified
liposomes (Fig. 4C). These results demonstrate that the freeze
concentration technique can enhance the cytosolic delivery of
proteins. Because it is important to compare our system with
other current systems, control experiments were performed
using a commercially available PULSin™ protein-delivery kit.
This reagent contains cationic, amphiphilic molecules that
enhance adsorption on the cell membrane, but the cationic
charge causes cytotoxicity. We followed the delivery protocol
for suspension cells to compare the results obtained with the
freeze concentration methodology. Because a significant
decrease in cell viability (<60% viability) was observed using
the protein/PULSIn™ complexes after a 4 h incubation (due to
the cationic charge), we decreased the incubation time to 0.5 h
at 37 °C, according to the protocol. The medium without FBS
containing protein/PULSIin™ complexes was replaced with
fresh growth medium to allow protein internalization after
seeding to the glass-bottom dish.*> The fluorescence intensity
of internalization of FITC-lysozyme/PULSin™ was lower com-
pared with freeze concentration-mediated internalization
(Fig. S9 [A-F]f). These results strongly suggested that the
freeze concentration methodology is more efficient and less
toxic than the current method, based on cationic amphiphiles
used to deliver proteins to the cytosolic compartment of cells.
Recent studies have shown that unmodified liposomal
delivery efficiency is very low whereas liposomes modified with
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Fig. 4 Confocal microphotographs of L929 cells. The images show that lysozyme protein internalization occurs via endocytosis during culture after
being frozen with lysozyme-loaded modified liposomes using 10% PLL-SA as a cryoprotectant. (A) Unmodified liposomes; (B) polyampholyte-
modified liposomes. Scale bars: 50 pm. (C) Mean fluorescence intensity of unmodified and polyampholyte-modified liposomes after internalization
as determined by confocal microscopy. Data are expressed as mean + SD. *P < 0.05.

a polymer are more capable of inducing the selective release of
materials from endosomes into the cytoplasm. Kono et al
reported that liposomes modified by a polymer had a higher
efficiency of entering the cells, ultimately resulting in internal-
ization of the lysozyme protein.*® Furthermore, they also indi-
cated that the addition of a polymer to liposomes effected the
enhancement of intracellular delivery.'® Fig. 4A and B show
that the intensity of red-stained protein localized in the cytosol
with polyampholyte-modified liposomes was greater than that
observed with unmodified liposomes. This finding suggested
that polyampholyte-modified liposomes transferred more lyso-
zyme protein to the cytosol of treated cells. This result is in
good agreement with our previous report.'® This enhanced
internalization might be due to the efficient release of the lyso-

15894 | Nanoscale, 2016, 8, 15888-15901

zyme protein into the cytoplasm via endosomal escape. Next,
we investigated the internalization pathway to study endo-
somal escape using our polyampholyte-modified liposomes.

Internalization mechanism of FITC-lysozyme-loaded
polyampholyte-modified liposomes

Most particles cannot readily cross into cells because their
large size and charge make it difficult to pass through the
plasma membrane; however, lipoparticles have the tendency to
be transported by one of the several modes. Therefore, it is
important to elucidate the mechanism for the particles that
actually obtain entry into the plasma membrane of the cells.
The endocytosis pathway is a specialized pathway that med-
iates the active transportation of nanomedicines and targets

This journal is © The Royal Society of Chemistry 2016
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them to such regions as the mitochondria, endosome,
nucleus, or other specific organelles.’”

To investigate the mechanism associated with unmodified
or polyampholyte-modified liposomes’ entry into the plasma
membrane after freezing, a variety of inhibitors were selected
to block specific endocytic pathways. We chose 3 inhibitors of
the endocytotic pathway: chloropromazine (for clathrin-
mediated endocytosis), 5(-N-ethyl-N-isopropyl)amiloride (EIPA)
(macropinocytosis), and filipin (caveolae-mediated endocyto-
sis).”® 1929 cells were treated with different concentrations of
each inhibitor followed by the addition of FITC-lysozyme-
encapsulating liposomes in the presence of a polymeric cryo-
protectant, and measured using a fluorescence microplate
reader and by CLSM. The cell viability was determined to opti-
mize the inhibitor concentration to select concentrations not
associated with cytotoxicity (Fig. S107). For confirmation of the
endocytosis mechanism, confocal microscope observation
(Fig. 5) and fluorescence microplate reader analysis (Fig. 6)
were conducted. These results showed an agreement between
the confocal images and the quantification of fluorescence for
the determination of uptake. In these images, considerable
fluorescence was observed in the L929 cells used as a positive
control without any inhibitor for the unmodified and polyam-
pholyte-modified liposomes; however, when specific inhibitors
were used to block the pathway, a decrease in the fluorescence
was observed that affected the uptake and did not allow the
lysozyme protein to diffuse into the membrane. For unmodi-
fied liposomes, the fluorescence intensity after adding filipin
declined considerably, whereas treatment with the other
inhibitors had no such effect (Fig. 5A-D). The significant

Unmodified liposomes

Without inhibitors

Chlorpromazine

Polyampholyte -modified liposomes
Without inhibitors

Chlorpromazine
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decrease in intensity following filipin treatment suggested that
unmodified liposomes were internalized into the fibroblast
1929 cells by caveolae-mediated endocytosis (Fig. 6A). Caveolae
contain a hydrophobic domain that is rich in cholesterol and
glycosphingolipids. When particles are internalized by caveo-
lae, caveosomes are formed, which can directly transport the
particles to specific organelles.*® Many reports have indicated
that charged particles were likely to adopt caveolae-dependent
endocytosis.”® However, in our investigation, using
PLL-DDSA-SA-modified liposomes, the finding that both EIPA
and filipin inhibitor significantly resulted in a decline of the
fluorescence intensity suggest that these liposomes, unlike
unmodified liposomes, tend to adopt 1 of the 2 pathways:
caveolae-mediated endocytosis or macropinocytotic endocyto-
sis (Fig. 5E-H and 6B). Consequently, it can be concluded that
the hydrophobic polyampholyte in liposomes is responsible
for promoting the macropinocytotic endocytic route. In macro-
pinocytosis, the internalization of the particles occurs into
large vacuoles called macropinosomes with a diameter of
0.5-1.0 pm.*" Macropinocytosis has received much attention
in gene delivery as well as in cancer therapy fields. The most
advantageous feature of macropinocytosis is that it allows for
endosomal escape, which can avoid the lysosomal degradation
of antigens and genes. One report has demonstrated that an
octaarginine peptide-mediated gene expression system that
showed high transfection efficacy ultimately adopted the
macropinocytotic pathway.’> Thus, a notable finding in our
study is that polyampholyte-modified liposomes adopted
2 methods of internalization. Various factors such as size*?
and surface charges’® are associated with internalization,

Filipin EIPA

(€

Filipin EIPA

Fig. 5 Effects of endocytic uptake of unmodified liposomes (A—D) or polyampholyte-modified liposomes (E—H). Encapsulated FITC-labelled lyso-
zymes were pre-incubated with different inhibitors (chloropromazine, filipin, or EIPA) in the presence of a polymeric cryoprotectant at —80 °C. After
thawing, the cells were seeded and incubated for at least 8 h. Confocal microscopy analysis without inhibitors (A, E), chloropromazine (B, F), filipin

(C, G), or EIPA (D, H). Scale bars: 20 pm.
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Fig. 6 Quantitative analysis with a fluorescent microplate reader of the
fluorescence intensity observed during endocytic uptake via clathrin-
mediated endocytosis (ME), caveolae ME, and macropinocytosis ME,
following treatment with different inhibitors. (A) Unmodified liposomes.
(B) Polyampholyte-modified liposomes. Data are expressed as mean + SD.
**P < 0.01, *P < 0.05 vs. without inhibition.

based on physicochemical characterization.** However, no
common factor has been elucidated yet to explain the associ-
ated mechanism involving entry into endocytic pathways.

Taken together, these results not only suggested that both
unmodified liposomes and polyampholyte-modified liposomes
utilise caveolae-mediated endocytosis, but that polyampholyte
triggers the adoption of an additional specific pathway, macro-
pinocytosis, with a different uptake mechanism. Therefore, we
suggest that polyampholyte-modified liposomes facilitate
intracellular delivery through a different mechanism from that
which occurs with unmodified liposomes.

Intracellular localization and endosomal escape of lysozyme
proteins

To be effective for therapeutic purposes, it is required that deli-
vered proteins must escape lysosomal degradation; in
addition, they should be delivered into the cytosol of the cells
for high efficiency. Thus, our investigation of the ability of
materials to effect intracellular delivery also included an exam-
ination of the capability to release their contents into the cell
cytoplasm.

15896 | Nanoscale, 2016, 8, 15888-15901
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To confirm the entry of a lysozyme protein into endosomes
and to determine whether or not the protein was subsequently
trafficked to lysosomes wherein a large variety of macro-
molecules can be degraded, an investigation of intracellular
trafficking is required for eventual successful design in protein
delivery schemes. We examined the potential for endosomal
protein escape using a combination of unmodified or polyam-
pholyte-modified liposomes and freeze concentration-based
internalization. To observe the intracellular distribution of
cargo proteins in L929 cells, TR-labelled lysozyme-encapsulat-
ing liposomes were prepared. The endosomes and lysosomes
were stained with LysoTracker Green and nuclei were stained
with Hoechst 33258 for 30 min respectively prior to obser-
vations. As shown in Fig. 7A, the colocalization of lysozyme
proteins and lysosomes were represented by yellow fluorescent
regions indicating the presence of the proteins in the endo-
somes, which is consistent with the internalization of unmodi-
fied liposomes. This shows that unmodified liposomes remain
intact even after their release from the endosome, suggesting
that the associated encapsulated lysozyme proteins might have
difficulty in being released from the vesicles. In contrast, the
green fluorescence was partially separated from red fluo-
rescence over time for polyampholyte-modified liposomes,
indicating the successful release of their protein cargo
(Fig. 7B). The images shown in Fig. 7 suggest a triggered
release of the lysozyme protein from endosomes for engin-
eered liposomes incorporating hydrophobic polyampholytes.
The possible mechanism behind endosomal release might be
that polyampholytes could be adsorbed onto the endosome
membrane thereby destabilizing it, which leads to the release
of the lysozyme protein; accordingly, we identified an
enhanced in vitro endosomal escape efficacy with very low
associated toxicity.

Therefore, we found that the fluorescence of TR-labelled
lysozyme proteins did not increase and that they were effec-
tively internalized with unmodified liposomes (Fig. 4A),
whereas polyampholyte-modified liposomes led to efficient
protein release and higher fluorescence due to the endosomal
escape of proteins (Fig. 4B and C).

We have also evaluated the size variation of liposomes with
or without polyampholyte-modification caused by changing
their pH using a DLS technique. Unmodified liposomes did
not show any remarkable change even at different pH values.
However, polyampholyte-modified liposomes showed a size
increase, indicating aggregation at pH 5.5 (Fig. 7C). This factor
might induce destabilization of the liposomal membrane
because polyampholyte-containing carboxyl groups are proto-
nate,”” and these carboxylate ions can lose their negative
charge causing destabilization of liposomal membranes.*®>°
Upon endocytosis, the low pH in the endosomes induces
fusion of the liposomal membrane with the endosomal mem-
brane, causing the release of the contents of the liposomes
into the cytoplasm of the cells. One reason for this might be
that pH-sensitive liposomes undergo acidification responsible
for disruption of the liposomal bilayer, with change of its con-
figuration causing the release of the encapsulated material

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Intracellular delivery of TR-labelled lysozymes in L929 cells. We cryopreserved 1 x 10° cells with the polymeric cryoprotectant PLL-SA and
protein containing liposomes. The cells were thawed and seeded for 12 h at 37 °C. After incubation, the endosomes/lysosomes and nuclei were
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10 pm. (C) Mean diameter of unmodified or polyampholyte-modified liposomes after overnight incubation at various pH values. Data are expressed
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through the endosomal pathway. Thus, the polyampholyte-
modified liposomes were capable of enhancing the endosomal
escape efficiency. In addition, after escaping from endosomes,
it is extremely important to investigate the drug delivery to a
disease site in future.

Conclusion

In this study, we prepared a novel form of hydrophobic poly-
ampholyte-modified liposomes using a combination of
PLL-DDSA-SA. These polyampholyte-modified liposomes can
successfully escape the endocytic pathway and can introduce
lysozyme proteins into the cell cytosol through the use of a
simplistic strategy involving freeze-thawing of cells with the
encapsulated lysozyme protein complexes. The present study
focused on providing a mechanistic overview of lysozyme
protein delivery by using unmodified and polyampholyte-
modified liposomes in conjunction with the freeze concen-
tration method. These hydrophobic polyampholyte-modified
liposomes are stable at physiological pH 7.0, and exhibit low
cytotoxicity and high protein encapsulation efficiency. The

This journal is © The Royal Society of Chemistry 2016

results of flow cytometry analysis show that by using the freeze
concentration method, the uptake and adsorption of lysozyme
proteins was enhanced by 4-fold in comparison with that
obtained using unfrozen cells. In addition, we found that the
unmodified and polyampholyte-modified liposomes adopted
different pathways for the cytoplasmic delivery of proteins,
with the latter preferentially bypassing lysosomal degradation.
Therefore, although further investigation in vitro using
immune cells and in vivo using model systems should be per-
formed, these positive results including the protein endosomal
escape property suggest that the intracellular delivery of lyso-
zyme proteins by hydrophobic polyampholyte-modified lipo-
somes and the freeze concentration methodology might be
very beneficial for in vitro applications in cancer treatment or
gene therapy in future.

Experimental

Reagents

DOPC, DOPE, Rh-PE, FITC-PE were purchased from Avanti
Polar Lipids (Alabaster, AL, USA), and LysoTracker Green

Nanoscale, 2016, 8, 15888-15901 | 15897
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DND-26 and Hoechst 33342 were purchased from Molecular
Probes Inc. (Eugene, OR, USA). Filipin, EIPA, and lysozyme
were obtained from Sigma Aldrich (St Louis, MO, USA). Chloro-
promazine was obtained from Nacalai Tesque (Kyoto, Japan).
Bradford Ultra was purchased from Expedeon Ltd (Cambridge,
UK), and Sephadex G25 was obtained from GE Healthcare Bio-
science Corp. (Piscataway, NJ, USA).

Preparation of FITC-labelled lysozyme

Lysozyme (10 mg) and FITC (1 mg mL~"; Dojindo Laboratory,
Kumamoto, Japan) solution was dissolved in sodium bicarbon-
ate buffer solution (1 mL; 0.5 M, pH 9.0) with gentle stirring
and incubated at 4 °C overnight with subsequent dialysis
(molecular weight cut off: 3 kDa, Spectra/Por, Spectrum Labo-
ratories, Inc., Rancho Dominguez, CA, USA) for 3 days against
water and freeze dried.'®

Preparation of polyampholyte cryoprotective agent and
hydrophobic polyampholyte

A polyampholyte cryoprotectant was synthesized by succinyla-
tion of the polymer (PLL). To obtain the PLL-SA cryoprotective
agent, an aqueous solution of 25% (w/w) PLL (10 mL,
JNC Corp., Tokyo, Japan) and SA (1.3 g; Wako Pure Chem. Ind.
Ltd, Osaka, Japan) were mixed at 50 °C for 2 h to convert 65%
of the amino groups to the carboxyl groups (Scheme S17).'**?
Polyampholyte nanoparticles were synthesized according to
a previous report.'> Briefly, an aqueous solution of &e-PLL
(10 mL; 25% w/w, JNC Co. Ltd, Yokohama, Japan) was added
to 5% molar ratio DDSA (Wako Pure Chem. Ind. Ltd, Osaka,
Japan) at 100 °C and allowed to mix for 2 h to obtain hydro-
phobically modified PLL (Scheme S2Af). Subsequently, SA
was added at 65% molar ratio (COOH/NH,) and was allowed to
react for 2 h at 50 °C (Scheme S2Bft). The degrees of substi-
tution of SA and DDSA were obtained by 'H-NMR. The spectra
were obtained at 25 °C on a Bruker AVANCE III 400 spectro-
meter (Bruker BioSpin Inc., Fillanden, Switzerland) in D,O.

Preparation of liposomes

Liposomes were composed of a DOPC and DOPE mixture at a
molar ratio of 1:1. We used DOPE because it tends to form a
hexagonal inverted phase leading to the formation of a non-
lamellar structure that can facilitate aggregation, which in turn
favours destabilization.’® Briefly, appropriate amounts of lipid
DOPC (10 mg) and DOPE (9.46 mg) were dissolved in chloro-
form (1 mL). Chloroform was allowed to evaporate under a
steady stream of nitrogen gas, following which the tubes were
dried under vacuum to facilitate complete evaporation of
the residual solvent. The dried lipids were dispersed in 1 mL
of PBS (-) and extruded through a 100 nm polycarbonate
membrane. When preparing lysozyme-encapsulating lipo-
somes, lysozyme (10 mg) was dissolved in 1 mL PBS (-).
Hydrophobic polyampholyte-modified liposomes were also
prepared using the same method with the dry membrane of
a lipid/polymer mixture (7:3 w/w). Liposomes were then
purified on a Sephadex G25 column to remove unreacted
polyampholytes.*®
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Zeta potential and particle size measurements

The mean particle sizes, size distribution, and the surface
charge measurements of the zeta potential of unmodified and
polyampholyte modified liposomes were analysed by DLS ana-
lysis using a Zetasizer 3000 (Malvern Instruments, Worcester-
shire, UK) with a scattering angle of 135°. The colloidal
suspension of liposomes was diluted with PBS and the particle
size analysis was carried out at a scattering angle of 135° and a
temperature of 25 °C. The liposomes were dispersed in PBS (—)
and the zeta potential values were measured at the default
parameters of a dielectric constant at 78.5 and a refractive
index at 1.6. Data were obtained as an average of more than
3 measurements on different samples.

Determination of encapsulation efficiency

After preparing lysozyme-modified liposomes or polyampho-
lyte-modified liposomes, a working dispersion (1 mL) was
made using a liposome suspension (20 pL) in PBS (-). Then
the working dispersion (500 pL) was mixed with 6% (v/v)
Triton X-100 (100 pL) and this solution was maintained at
65 °C for 5 min to disrupt all the vesicles. The solution
(400 pL) was transferred into an ultra-0.5 centrifugal device for
the removal of unencapsulated lysozyme (molecular weight cut
off 50 kDa, Amicon® ultra (0.5 mL), Merck Millipore, Darm-
stadt, Germany) and centrifuged at 19 515g for 10 min.>*> PBS
solution (400 pL) was again added, and the same procedure
was repeated. The amount of un-encapsulated lysozyme was
quantified by the Bradford assay using a Bradford Ultra
reagent and the efficiency was determined by ultraviolet spectro-
scopy at 595 nm using lysozyme as a standard as follows:

% encapsulation efficiency = (initial amount
— unencapsulated protein)/(initial amount) x 100

Cell culture

Mouse fibroblast L929 cells (American Type Culture Collection,
Manassas, VA, USA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma Aldrich) supplemented with
10% FBS at 37 °C under 5% CO, in a humidified atmosphere.
When the cells reached 80% confluence, they were removed by
0.25% (w/v) trypsin containing 0.02% (w/v) ethylenediamine
tetra-acetic acid in PBS (—) and were seeded on a new tissue
culture plate for subculture.

Cytotoxicity assay of unmodified and polyampholyte-modified
liposomes

Cytotoxicity was determined using an MTT assay. In a 96 well
plate, 1929 cells at a density of 1 x 10* cells per mL were cul-
tured in each well and incubated under saturated humid con-
ditions at 37 °C and 5% CO,. After 24 h of incubation,
unmodified liposomes and polyampholyte-modified liposome-
containing medium were added and incubated for 48 h. Then,
3-(4,5-dimethyl  thial-2-yl)-2,5-diphenyltetrazalium bromide
(MTT) solution (0.1 mL, 300 pg mL™" in medium) was added
to the cultured cells. The cells were incubated for 4 h at 37 °C.

This journal is © The Royal Society of Chemistry 2016
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The solutions were removed and subsequently replaced by
DMSO (100 pL) and allowed to stand for 15 min to allow a
complete reaction. The resulting colour intensity measured
using a microplate reader (Versa max, Molecular Devices Co.,
Sunnyvale, CA, USA) at 540 nm was proportional to the
number of viable cells. The concentration of the liposomes
leading to 50% cell killing (ICs,) was calculated from a concen-
tration-dependent cell viability curve.>*

Cell freezing with lysozyme-encapsulated liposomes

To prepare FITC-labelled lysozyme-encapsulating liposomes,
Rh-PE-labelled liposomes (1.27 x 10~ mol) and FITC-labelled
lysozyme (10 mg mL™') were prepared as described pre-
viously."® The solution was applied to a Sepharose 4B column
to remove unencapsulated proteins. L929 cells were counted
and resuspended in 10% PLL-SA cryoprotectant (1 mL) to
avoid freezing damage along with the unmodified or polyam-
pholyte-modified liposome encapsulated lysozyme protein
(5 mg mL™", 500 uL) without FBS at 4 °C at a density of 1 x 10°
cells per mL in 1.9 mL cryovials (Nalgene, Rochester, NY, USA)
and were stored in a —80 °C freezer overnight. These vials were
thawed at 37 °C, diluted with DMEM, and the cells were
washed 3 times with DMEM with 10% FBS.'®?*> The cell viabi-
lity was analysed by trypan blue dye exclusion using a hemocyto-
meter. The total number of cells stained with trypan blue was
recorded. Cell viability was determined as the number of
viable cells divided by the total number of cells. Each con-
dition was analysed in triplicate. The adsorption of unfrozen
and frozen protein-encapsulating liposomes was observed
using a CLSM (FV-1000-D; Olympus, Tokyo, Japan).

Quantification of the adsorption of lysozyme protein onto cells
by freeze concentration of unfrozen and frozen cells using flow
cytometry

To determine the lysozyme protein uptake efficiency between
unfrozen and frozen L929 cells, flow cytometric analysis was
conducted. Cell freezing with the polyampholyte cryoprotec-
tant solution incorporating lysozyme protein-encapsulating
unmodified liposomes and polyampholyte-modified liposomes
was discussed above. We used 1 x 10° cells for sample prepa-
ration and analysis by flow cytometry. The cells were then
thawed, the old medium was removed, and the cells were
washed 3 times with PBS (-).>® Data acquisition and analysis
were performed using a FACSCalibur instrument (BD Bio-
sciences, Franklin Lakes, NJ, USA). The region of live cells was
determined by FSC-SSC gating to exclude dead cells and debris
noise. The flow cytometry analysis plot showed the gating strat-
egy for identifying stained and highly stained populations
referring to non-stained cells (negative control) and cells cryo-
preserved in the absence of a cryoprotectant (positive control),
respectively. A minimum of 20 000 cells were collected for each
histogram.

Internalization

After thawing, the cells were washed with the medium and
seeded in a glass bottom dish. The cells were incubated for

This journal is © The Royal Society of Chemistry 2016
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1 day. Then the attached cells were washed with PBS and
the internalization of the protein/liposome complexes was
observed using CLSM.

Determination of the internalization pathway via inhibition
assay

Cells were pretreated with different concentrations of specific
endocytotic inhibitors such as chloropromazine (for clathrin-
mediated endocytosis), EIPA (macropinocytosis), or filipin
(caveolae-mediated endocytosis) to determine their optimal
concentration using a trypan blue exclusion assay and then
were cryopreserved with 10% polymeric cryoprotectant carry-
ing unmodified or polyampholyte-modified liposomes in the
cell culture medium at —80 °C. Solutions were thawed and
the cells were counted to select the concentration producing
the highest viability after inhibitor treatment. After addition
of the optimized inhibitor concentration, cells at a density of
1 x 10° cells per mL were seeded into 96-well plates for at
least 8 h to determine the uptake of particles from the extra-
cellular solution. At the start of the experiment, the cell
culture medium was aspirated and washed with PBS (-)
3 times to remove any traces of inhibitors. The mean fluo-
rescence intensity was evaluated using a fluorescence micro-
plate reader (Varioskan flash, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA).*® The endocytic uptake was also con-
firmed using CLSM.

Intracellular localization of lysozyme proteins in L929 cells

A thawed solution of 1929 cells at a density of 1 x 10? cells per
mL containing 10% cryoprotectant comprising lysozyme
encapsulating unmodified or polyampholyte-modified lipo-
somes was seeded onto a glass bottom dish. The cells were
incubated for 12 h under a 37 °C humidified atmosphere with
5% CO,. LysoTracker Green® DND-26 and Hoechst dye were
added and incubated for 30 min prior to investigation.
Samples were rinsed with PBS buffer and counterstained prior
to imaging. The cells were analysed using CLSM.>*

Internalization of the lysozyme protein using a currently
available cationic amphiphile-based protein delivery reagent

A control experiment for protein delivery was performed using
the PULSIn™ protein delivery reagent (Polyplus transfection
SA, Tllkirch, France), according to the manufacturer’s protocol
for suspension cells. Briefly, 1 x 10° L929 cells were suspended
in 1 mL serum-free medium in a sterile 15 mL centrifuge tube.
In a separate tube, 7 pg of the lysozyme protein was mixed
gently in 200 pL of HEPES buffer ((4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid) (20 mM, pH-7.4)), after which 28 pL
of the PULSIin™ reagent was added immediately. Next, both
solutions were incubated for 0.5 h or 4 h at 37 °C under a
humidified atmosphere containing 5% CO,. After incubation
at 37 °C, the cells were centrifuged at 1000 rpm for 4 min and
suspended in 1 mL cell growth medium. Cell viability was
assessed by trypan blue exclusion. The cells were seeded in a
glass-bottom dish to allow the internalization of proteins, as
described previously.*
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Statistical analysis

All data are expressed as means + standard deviation (SD). All
experiments were conducted in triplicate. To compare data
among more than 3 groups, a 1-way analysis of variance with a
post-hoc Fischer’s protected least significant difference test was
used. To compare data between 2 groups, the Student’s ¢-test
was used. The differences were considered statistically signifi-
cant at a P value of <0.05.
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