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ABSTRACT

Nanomedicine relies on the effective internalization of nanoparticles combined with polymeric
nanocarriers into living cells. Thus, exploration of internalization is essential for improving the
efficacy of nanoparticle-based strategies in clinical practice. Here, we investigated the
physicochemical internalization of gold nanoparticles (AuNPs) conjugated with hydrophobic
polyampholytes into cell-sized liposomes at a low but non-frozen temperature. The hydrophobic
polyampholytes localized in the disordered phase of the membrane, and internalization of AuNPs
was enhanced in the presence of hydrophobic polyampholytes together with incubation at —3°C as
compared to 25°C. These results contribute toward a mechanistic understanding for developing a
model nanomaterials-driven delivery system based on hydrophobic polyampholytes and low

temperature.



1. INTRODUCTION

Several strategies are actively being developed to effectively deliver materials inside cells for
various therapeutic applications. The most popular approaches currently include electroporation’,
ultra-sonication?, and cell-penetrating peptides® to promote the diffusion of target molecules across
the cell membrane. However, there are major drawbacks associated with these strategies since the
processes often result in permanent cell or tissue damage. Therefore, a great challenge remains in
finding effective strategies to transport a molecule across the cell membrane.

There has been some success in the use of various carriers such as liposomes*, micelles’,
nanogels®, and other polysaccharides-based nanocarriers’ for carrying proteins inside cells.
However, several of the carriers developed to date show instability® and/or high toxicity’. Recently,
hydrophobic polyampholytes have attracted substantial research attention as candidate carriers
because of their stability, low toxicity, and small size.!” Polyampholytes including zwitterionic
polymers also show promise in several other biomedical applications such as for cell preservation'!,
anti-biofouling'?, and tissue engineering.'*'* These polyelectrolytes contain both cationic and
anionic charges in the polymeric backbone. We previously developed new hydrophobic
polyampholytes that can form self-assembled nanoparticles and efficiently transfer protein-based
materials to the cytosol of cells.!”!” These hydrophobic polyampholytes were easily designed by
modifying the anionic functional group dodecylsuccinic anhydride (DDSA) and a large amount of
succinic anhydride (SA) in e-poly-L-lysine (PLL), which confers the hydrophobic polyampholytes
with an anionic charge. Although hydrophobicity can enhance cell membrane affinity, it is
nevertheless difficult to internalize proteins inside cells because of the negatively charged surface
potential. Thus, to achieve efficient delivery to cells, we also developed a novel low temperature-

based freeze-concentration approach to act as a driving force to internalize materials inside cells



efficiently.!>"!” Freeze concentration is a physicochemical phenomenon wherein water molecules
are crystallized into ice so that the solutes present in the system are ejected, which thereby
enhances the concentration. The increased concentration occurs across the periphery of the cell
membrane resulting in adsorption of solutes. Accordingly, we found that a protein-nanocarrier
complex showed high affinity to the membrane after thawing without diffusion into the solution.
Moreover, endocytosis was facilitated when combining the freeze-concentration approach with
hydrophobic polyampholytes to enhance cytoplasmic internalization due to the high affinity
toward the membrane.!> However, the exact role of the hydrophobic polyampholytes in promoting
the internalization of proteins on the cell surface remains poorly understood. Vesicles such as
liposomes serve as a useful model for understanding the physicochemical properties of a living
cellular system. Cell-sized liposomes are sufficiently large to allow for the real-time observation
of transformation and biochemical reactions using optical microscopy.?’ Thus, use of an artificial
membrane could be beneficial to understand the physiological properties of a biological system.

In addition, various studies have focused on the use of lipid vesicles that readily undergo a
morphological transformation upon external stimulation such as osmotic pressure, shear stress, or
temperature that can transform the vesicles into different shapes.?! This modulation via mechanical
forces is generally ascribed as free energy of the membrane, including properties such as curvature
and tension.

In the present work, we evaluated the effect of hydrophobic polyampholytes combined with a
non-frozen cold temperature on the internalization of gold nanoparticles (AuNPs) into cell-sized
liposomes. We adopted a cold temperature rather than the harsh freezing condition reported
previously as the external stimulus, since freezing temperature could disrupt the liposome

membrane vesicles, whereas this damage is resisted under a moderate cooling condition.?? In



addition, we chose AuNPs as the model nanomaterials because of their good visualization in
microscopy.?> We further investigated the interaction of hydrophobic polyampholytes and an
artificial biomembrane with lateral heterogeneity for modeling a more naturally realistic situation.
Together, these results could provide a novel combination for enhancing the internalization of
AuNPs to serve in nanomedicine.

2. EXPERIMENTAL SECTION

2.1 Preparation of Hydrophobic Polyampholytes. Self-assembled polyampholyte NPs were
prepared according to our prior report.!” In brief, an aqueous solution of 25% (w/w) &-PLL of
molecular weight about 4000 Da (JNC Co. Ltd., Yokohama, Japan) was hydrophobically modified
with a 5% molar ratio of DDSA (Wako Pure Chemical Industries Ltd., Osaka, Japan) at 100°C for
2 h. Thereafter, SA (Wako Pure Chemical Industries Ltd.) was added at a 65% molar ratio to react
for 2 h at 50°C. The substitution of SA and DDSA was confirmed by proton nuclear magnetic
resonance (‘H NMR). '"H NMR spectra were obtained at 25 °C on a Bruker AVANCE III 400
spectrometer (Bruker BioSpin Inc., Switzerland) in D>O.

2.2 Characterization of Hydrophobic Polyampholytes. The surface potential and size of the
hydrophobic polyampholytes were characterized using a Dynamic light scattering (DLS)
technique (Malvern Instruments, Worcestershire, UK) with a scattering angle of 135° and a
temperature of 25°C. The polyampholytes were dispersed in phosphate buffered saline without
calcium and magnesium (PBS (-)) and the zeta potential was measured under the default
parameters of a dielectric constant at 78.5 and refractive index at 1.6. Data were obtained as an
average of more than three measurements on different samples.

2.3 Fluorescent Labeling of Polyampholytes. &-PLL was labeled with fluorescein

isothiocyanate (FITC: Aex = 495 nm, Aem = 519 nm; Dojindo, Kumamoto, Japan) for confocal



laser-scanning microscopy (CLSM) observations. In brief, an aqueous solution of PLL (25% w/w)
was reacted with FITC at a 1/10000 molar ratio for 24 h under constant stirring at room temperature.
After completion, the FITC-PLL complex was purified using a dialysis membrane (molecular
weight cutoff 3 kDa; Spectra/Por, Spectrum Laboratories, Inc., CA, USA) against water for 48 h,
and the dialyzed solution was freeze-dried. The same procedure was used for the preparation of
hydrophobically modified polyampholytes using FITC-PLL.

2.4 Preparation of Cell-sized Liposomes. Cell-sized liposomes were prepared by a previously
reported hydration method.?* First, a desired amount of lipids and glucose was dissolved in
chloroform in a small glass tube. The organic solvent was evaporated under a nitrogen flow to
form a thin film layer of lipids. The glass tubes were then placed in desiccators under vacuum
pressure for about 2 h to remove the unevaporated solvent. The film was hydrated with 200 puL
Milli-Q water for 3 h. The final concentration of lipids and glucose was 0.2 mM and 0.6 mM,
respectively. For fluorescent labeling of the liposomes, N-(rhodamine red-X)-dihexadecanoyl-sn-
glycero-phophoethanolamine triethyl ammonium salt (Rh-PE: Aex = 560 nm, Aem = 580 nm;
Invitrogen, Carlsbad, CA, USA) was added at a final concentration of 0.001 mM. The liposomes
were composed of either dioleoylphosphatidylcholine (DOPC) alone or a
DOPC:dipalmitoylphosphatidylcholine (DPPC):cholesterol (Chol) mixture (40:40:20; Avanti
Polar Lipids, Alabaster, AL, USA) for preparation of homogeneous and heterogeneous membranes,
respectively.

2.5 Fluorescence Microscopy for Adsorption of Polyampholytes into Liposomes. DOPC
liposomes with a total lipid concentration of 0.2 mM (15 pL) were mixed with an aqueous solution
of polyampholytes (15 nuL). The liposomes and polyampholytes mixture (10 pL) was transferred

onto a glass coverslip with a silicone rubber spacer of a thickness of 0.1 mm. The adsorption of



polyampholytes on liposomes was observed using a Biozero 800 microscope system (Keyence,
Osaka, Japan).

2.7 Interaction of Polyampholytes and the Laterally Heterogeneous Liposomal Membrane.
The interaction of FITC-labeled polyampholytes with the phase-separated surface of the
heterogeneous membrane composed of DOPC:DPPC:Chol (40:40:20) was observed using CLSM
(CLSM-1000-D; Olympus, Tokyo, Japan).

2.8 Effect of Polyampholytes and Low Temperature on Internalization of AuNPs in Cell-
sized Liposomes. DOPC liposomes (15 pL) were mixed with 15 pL of 0.1% (w/v) polyampholytes,
and then 30 pL of citrate-capped stabilized AuNPs (50 nm; Sigma Aldrich, St. Louis, MO, USA)
was added to the mixture. The solution was transferred to a small microtube, and the temperature
of all samples was carefully adjusted to 25°C and —3°C using a freeze-controller program
(Cryologic, CL-8800I, Victoria, Australia)

Internalization of the AuNPs with liposomes was then investigated through confocal microscopy.
The samples (10 pL) were placed on glass slides including a silicon rubber spacer, and covered
with a cover glass for CLSM observation. To obtain scattering images of the 50-nm AuNPs, a laser
wavelength of 559 nm with a band pass filter of 535-565 nm was used (Figure S1). For clear
observations, z-stacks investigation was acquired from the base to the top of the liposome with a
constant step size of 1 um. The offset and gain of the system were also adjusted to minimize the
noise signal during data processing. First, we selected vesicles with a diameter of around 8-10 um,
and the number of sectional images was > 4. The localization of particles (green) inside the
aqueous solution (black) surrounded by membranes (red) was observed in more than two images
among all of the sectional images of a liposome to determine whether liposome internalization had

occurred . The percentage of internalized AuNPs was then calculated with the following equation:



Number of liposomes with internalization of AuUNPs

% internalization =
0 Total number of liposomes

3. RESULTS & DISCUSSION

3.1 Synthesis and Characterization of Self-assembled Hydrophobic Polyampholytes.
Hydrophobic polyampholytes were successfully prepared by the modification of PLL with DDSA
(5 mol%) and SA (65 mol%) as shown in Scheme 1. The successful modification of SA and DDSA
was confirmed by 'H NMR (Figure S2).

We denoted the prepared hydrophobic polyampholytes as PLL-DDSA (5)-SA (65), reflecting
that the 5% molar ratio of the amino group was converted to DDSA and the 65% molar ratio of
the amino group from PLL was substituted with SA. The degree of substitution of DDSA and SA
was found to be 3.7% and 66.01%, respectively, as determined by 'H NMR according to the
following equations (Figure S3):

Degree of substitution for DDSA (%) = (2 x I50.74/3 % Is1.5-1.8) X 100

Degree of substitution for SA (%) = (2 % I52.4/4 x Is1.5-18) x 100

Where I50.74 1s the integral peak of the methyl group of DDSA located at 0.74 ppm and Is2.4 is the
integral of the methylene peak of SA located at 2.4 ppm. Moreover, the integral peak of methylene

groups in intact PLL was in the range of 1.5-1.8 ppm.
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Scheme 1. Synthetic scheme for the generation of hydrophobic polyampholytes (PLL-DDSA-SA)

3.2 Particle Size and Zeta Potential of Polyampholytes. Physicochemical properties such as
the particle size and surface potential of nanomaterials show a paramount effect on the interaction

of nanomaterials and cell-sized liposomes. Kuhn et al. %°

showed that nanoparticles take on
different endocytic paths depending on their particle sizes and other external factors. Therefore,
we next investigated the effect of the surface charge and particles size of polyampholytes after
modification with SA and DDSA using a dynamic light scattering (DLS) method. The
polyampholytes were approximately 17.32 + 3.58 nm in diameter at pH 7.4 in line with our
previous report (Figure S4 (A)).!> Akiyoshi et al.?®?’ reported the self-aggregation of hydrophobic
polysaccharides in an aqueous medium through inter/intramolecular associations, with a diameter
that was also around 30 nm. Thus, this same self-aggregation phenomenon observed in
hydrophobic polyampholytes with significantly nano-sized particles after random modification by
hydrophobic DDSA and SA is likely due to the intermolecular hydrophobic and electrostatic

interactions that result in compact packing of hydrophobic groups. This hypothesis was confirmed

by estimation of the critical aggregation concentration of the polyampholytes, which was found to



be very low (around 0.1 mg/mL) in our previous study,'” resulting in more ready aggregation
through intermolecular hydrophobic interaction.

The zeta potential of the hydrophobic polyampholytes shifted toward a negative value of —15.91
mV after modifying the amino to carboxyl group. However, the surface potential of native PLL
was 17.11 mV (Figure S4 (B)). These results indicated that the modification of carboxyl groups
such as DDSA and SA was successfully carried out in PLL. Various reports have demonstrated
that cationically charged materials have toxicity under certain concentrations. However, these
negatively charged hydrophobic polyampholytes were shown to be efficient nanocarriers for
protein delivery with low toxicity in our previous study.!’

3.3 Hydrophobic Polyampholytes Adsorbed on DOPC Liposomes. The association of
polyampholytes and cell-sized DOPC liposomes was evaluated with optical microscopy. The
polyampholytes were labeled with fluorescent FITC dye while the DOPC liposomes were
conjugated with the fluorescent lipid Rh-PE. The polyampholyte solution was prepared in Milli-
Q water at pH 7.4 at different concentrations from 0.05% to 0.6% (w/v). Figure 1 (A-E) displays
the association of the FITC-labeled polyampholytes onto the liposome membrane. We observed a
gradual increase in the adsorption of polyampholytes towards the DOPC liposome membrane with
an increase in the polyampholyte concentration, indicating that the polyampholytes preferentially
show an adhesive property toward the liposome membrane. The adsorption of polyampholytes
onto liposomes might be attributed to the hydrophobic groups, specifically the hydrocarbon chains,
of polyampholytes (Figure 1 A—E). However, with an increasing concentration of polyampholytes
at 0.6% (w/v), the membrane bilayer became destabilized, which was possibly due to aggregation
of polyampholytes particles particularly around the membrane (Figure 1E). Therefore, for further

experiments, we chose 0.1% (w/v) as the optimized concentration of hydrophobic polyampholytes

10



to elucidate the physicochemical interaction between liposome membranes and polyampholytes.
Overall, this outcome suggests the excellent ability of hydrophobic polyampholytes to adsorb

phospholipids and their high affinity toward cell-sized liposomes.
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(A) Rh-PE- labeled
liposomes

FITC- labeled
polyampholytes
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Figure 1 Fluorescent images of Rh-PE-labeled DOPC liposomes and FITC-labeled
polyampholytes. (A—E) Adsorption of FITC-labeled hydrophobic polyampholytes at a
concentration of 0.05% to 0.6% (w/v), respectively, and Rh-PE labeled DOPC liposomes using a

fluorescent microscope. Scale bar: 100 um.

3.4 Interaction of Hydrophobic Polyampholytes with Laterally Heterogeneous Membranes.
The plasma membrane typically forms micro-domains called rafts, which show a lateral
organization with a higher lipid order that is rich in cholesterol and saturated lipids.?®2° This raft
is considered to be in the form of order- and disorder-phase separation due to the interactions
between membrane lipids. The great advantage of using a “raft”-based lipid membrane system is
the similar bilayer structure to natural membranes for exploring various applications such as in
signal transduction’, cell adhesion®!, and vesicle trafficking®, as essential processes for cellular
movement or division. A previous report demonstrated the ability to visualize the phase separation
behavior of the lipid bilayer using cell-sized liposomes. In fact, the membrane phase is divided
into three states based on the lipid composition: liquid-disorder (Ld), liquid-order (Lo), and solid-
order (So).* In particular, the existence of two liquids between the Lo and Ld states has received
substantial research attention because of the strong correlation of the Lo phase to lipid rafts of the
physiological membrane.>*® In our previous investigation, we observed the efficacy of
hydrophobic polyampholytes only on DOPC liposomes alone. Therefore, it is crucial to further
explore the interaction of polyampholytes with a more natural heterogeneous membrane interface.
Toward this end, we used saturated and unsaturated lipids as DPPC, and DOPC and Chol to
observe the interaction of hydrophobic polyampholytes with two liquid phase-separated liposomes,
Lo-phase (DPPC and Chol-rich) and Ld-phase (DOPC rich). The liposomal membrane was

conjugated with the red fluorescent lipid Rh-PE, which preferably belongs to the Ld phase, and
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FITC-labeled polyampholytes were mixed with the phase-separated liposomes DOPC:DPPC:Chol
(40:40:20). Interestingly, examination of the localization of hydrophobic polyampholytes on the
phase-separated membrane surface showed the selective distribution of polyampholytes in the Ld
rather than in the Lo phase based on both cross-section as well as surface images Figure 2.
Previously, we found that smaller particles tended to localize in the ordered phase while larger
particles were more frequently observed in the Ld phase.?’ In another study, the interaction
between Amyloid beta (AP) peptides and liposomes have been studied. This peptide consists of
40-42 amino acid residues, responsible in the death of neural cells in Alzheimer’s diseases.**’
APB-42 was found to be selectively localized in the Ld region after a change in the motion of Lo
domains.*® However, in the present study, the hydrophobic polyampholytes were selectively
distributed in the disordered phase rather than in the ordered phase. Nanomaterials have a tendency
to show selective localization in phase-separated liposomes consisting of well-organized domains.
Since the hydrophobic polyampholytes on a bilayer membrane selectively showed partition in the
disordered phase, in subsequent experiments we focused on DOPC liposomes instead of phase-

separated liposomes as the hydrophobic polyampholytes showed greater affinity toward the DOPC

lateral compartments.

Rh-PE -labeled liposomes FITC -labeled Polyampholytes

Figure 2 In-section confocal images of the localization of polyampholytes on cell-sized liposomes.

Polyampholytes were incubated with liposomes consisting of DOPC: DPPC: Chol (40:40:20),

14



showing the existence of Lo/Ld phases. The red and green fluorescence is from Rh-PE and FITC,

respectively. Scale bar: 10 um.

3.5 Influence of Temperature and Hydrophobic Polyampholytes on AuNP Internalization
into Cell-sized Liposomes. The transportation of particles into cells is of great interest for
nanomedicine applications. In general, when particles approach a membrane, the membrane
becomes susceptible to a structural transformation such as budding, fission, and pore
formation.***! Such deformations of the membrane are induced by various chemical stimuli such
as peptides and surfactants.*? In addition, physical stimuli such as light** as well as osmotic
pressure** have also been shown to deform the membrane. In this study, we combined both
chemical (hydrophobic polyampholytes) and physical (cold temperature) stimuli to induce the
internalization of nanomaterials.

We first observed the liposomes at 25°C as well as in the cold temperature of —3°C with
incubation of 5, 30, and 60 min using a freeze-controller instrument. The penetration of AuNPs
was examined under the two temperature conditions for 60 min with or without hydrophobic
polyampholytes using z-stack analysis through confocal microscopy (Figure 3 A-D). The sectional
images showed that the AuNPs did not surround the liposomes even after long-term incubation at
25°C (Figure 3A), whereas under cold temperature (—3°C), more of the AuNPs had penetrated the
liposomes after a longer incubation time (Figure 3B). However, when hydrophobic
polyampholytes were mixed with AuNPs at 25°C, the strong presence of AuNPs inside the aqueous
solution of liposomes vesicles was observed (Figure 3C). The entry of nanoparticles was further
enhanced by the incorporation of polyampholytes along with low temperature (Figure 3D). The

graph of internalized AuNPs over time from selected sectional images of at least four liposomes
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in each condition demonstrated a clear association between hydrophobic polyampholytes and cold
temperature to promote the entry of AuNP in the vesicles. Interestingly, the diffusion of AuNPs
inside liposomes was most strongly promoted at —3°C with hydrophobic polyampholytes

compared to all other conditions tested (Figure 3E)
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(A) At 25 °C without hydrophobic polyampholytes
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(C) At 25°Cwith hydrophobic polyampholytes
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(D) At -3 °C with hydrophobic polyampholytes

--
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Figure 3 Confocal top-to-bottom z-stack merge images of scattered AuNPs into Rh-PE-labeled

DOPC liposomes (starting from the left to right panel) in the presence or absence of

polyampholytes after incubating for 60 min at two different temperatures: 25°C and —-3°C. (A)

Without polyampholytes at 25°C. (B) Without polyampholytes at —3°C. (C) With polyampholytes

at 25°C. (D) With polyampholytes at —3°C. At least four sectional images were analyzed for each

condition. The localization of particles (green) inside the aqueous solution (black) surrounded by

membranes (red) for more than two images among all sectional images of a liposome was

considered to indicate the internalization of AuNPs into cell-sized liposomes. The white arrow

indicates lack of internalization and the yellow arrow indicates internalization. Scale bar: 30 pm.

(E) Plot of the percent internalization of AuNPs at 25°C and —3°C for different incubation times

20



(5, 30, and 60 min). F, liposomes without hydrophobic polyampholytes; G, liposomes with
hydrophobic polyampholytes; 1-3, incubation for 5, 30, and 60 min at 25°C, respectively; 46,
incubation for 5, 30, and 60 min at —3°C, respectively. The number of sectional liposomes vesicles

(n) selected for each condition is indicated above the bars.

Although the precise mechanism by which hydrophobic polyampholytes induce the penetration
of AuNPs is not completely clear, one possibility is that the hydrophobic polyampholytes may
localize at the edge of the liposomal bilayer due to their amphiphilic property, resulting in a certain
degree of pore stabilization.* Protein also leads to show vesicle pore formation.*® Consequently,
when the temperature decreases, the surface area of the liposomes would also decrease so as to
increase the inner pressure in the system and raise the membrane tension, thereby generating a
pore to release the pressure.*’” These effects could lead to the formation of transient pores, which
may induce the transportation of AuNPs into the cell-sized vesicles.

Although this mechanism and other possibilities should be further tested with detailed
experiments, our findings clearly demonstrate that the combination of low temperature and
hydrophobic polyampholytes can effectively induce the internalization of AuNPs in cell-sized

liposomes, providing a baseline strategy for improving nanomedicine.
CONCLUSIONS

We used cell-sized liposomes for the delivery of nanoparticles combined with hydrophobic
polyampholytes and cold stress. The hydrophobic polyampholytes tended to localize on disordered
membranes rich in unsaturated DOPC lipids. Moreover, the addition of hydrophobic

polyampholytes enhanced the penetration of AuNPs with the aid of low temperature. These results
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point to the efficacy of hydrophobic polyampholytes for increasing the endocytic pathways to
promote the nanomaterials-based delivery of therapeutics. Overall, we expect that use of an
artificial membrane can further help to gain a fundamental understanding of the delivery system

process, representing a promising approach in nanomedicine.
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Figure S1 Schematic description of the setting of confocal microscopy for observation

of the scattering of AuNPs along with Rh-PE liposomes
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