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Over the decades, guanidine-based oligomer groups have been one of the most widely used antimicrobial
agents. Reportedly, these cationic oligomers cause serious damage to microorganisms but have low
toxicity to humans. However, public concerns regarding the guanidine group have rapidly grown after
the fatal misuse of these oligomers as humidifier disinfectants, which resulted in thousands of fatalities in
South Korea. Herein, we investigated liposome leakage and cellular permeability changes caused by
polyhexamethylene guanidine (PHMG) and polyhexamethylene biguanide (PHMB), both representative
guanidine-based oligomers. The leakage of zwitterionic liposomes, induced by cationic oligomers, was
more extensive than that of negative liposomes, indicating that oligomer adsorption onto lipid head
groups via electrostatic interaction cannot fully explain the induced lipid membrane damage.
Furthermore, lipid packing parameters, including intrinsic curvature, cholesterol content, and lipid
phases, affected liposome leakage, particularly for PHMG. Cellular permeability tests were performed
using an A549 cell monolayer model and a respiratory 3D tissue model, revealing that PHMG and PHMB
damaged cell membranes and reduced cell barrier function. Furthermore, liposome leakage induced by

PHMG and PHMB was higher in human lung surfactant-mimicking liposomes than that observed in
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Accepted 17th September 2021 Escherichia coli-mimicking liposomes. These results indicated that human cells are susceptible to
guanidine-based oligomers. Considering that the interaction of oligomers and cell membranes is a major

DOI: 10.1035/d1ra05478¢ mechanism of toxicity initiation, this study provides crucial insights into the action of these disinfectants
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Introduction

Chemical disinfectants play a crucial role in sterilization and
disinfection, and a broad range of disinfectants ranging from
small molecules (e.g., hypochlorite, triclosan, and quaternary
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ammonium salts) to macromolecules (e.g., antimicrobial
peptides and cationic polymers) have been developed and
widely employed. Among various chemical disinfectants,
biocide polymers are considered promising owing to their long-
lasting resistance against microorganisms, excellent stability,
low toxicity toward host cells, and low production cost."
Guanidine-based oligomers such as polyhexamethylene
guanidine (PHMG) and polyhexamethylene biguanide (PHMB)
are well-known representative biocidal polymers. As positively
charged guanidine moieties in guanidine-based oligomers
demonstrate a high binding affinity toward negatively charged
cell membranes, they can be strongly adsorbed onto negatively
charged bacterial membranes, eventually resulting in
membrane disruption.” Thus, these oligomers have been widely
employed in various sterilization and disinfection protocols.>*
In early studies, PHMB highly interacted with negatively
charged lipid bilayers, demonstrating negligible impact on
zwitterionic lipid membranes.>” Considering that mammalian
or fish cells are mainly composed of zwitterionic phospholipids,
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it is believed that guanidine-based oligomers destroy only
microorganisms and thus possess low toxicity toward host cells.
However, recent studies have revealed that polyguanidines can
penetrate mammalian lipid membranes®® or cause membrane
damage,>*'* raising concerns regarding possible harmful
effects on humans. In 2011, the Korean Centers for Disease
Control and Prevention (KCDC) reported that exposure to
PHMG in humidifier disinfectants might induce unidentified
lung diseases.” To date, more than 1000 deaths from lung
injuries have been caused by the fatal misuse of humidifier
disinfectants.’” Although extensive studies on the toxicity of
humidifier disinfectants have been conducted considering
different aspects,”*” only a few have examined the interaction
and disruption mechanism of active disinfectant ingredients
with human cell membranes.>***?

Previously," we developed a quantitative method to deter-
mine the distribution constant (Kjip) of PHMG between solid-
supported lipid membranes and water and evaluated various
lipid membrane compositions. Unexpectedly, PHMGs were
distributed into zwitterionic lipid membranes and negatively
charged lipid membranes. This finding implies that guanidine-
based oligomers may have harmful effects even toward higher-
level organisms, including humans." However, in these studies
using solid-supported lipid membranes, a few critical issues
could not be appropriately addressed, including membrane
leakage and disruption by the cationic oligomers and the
subsequent transport of those chemicals across the cell
monolayer. Furthermore, gel phase lipids could not be sub-
jected to this methodology, as surface cracks or defects were
ubiquitously reported when solids were covered by gel phase
lipid membranes.>***

In the present study, we attempted to overcome the limita-
tions of solid-supported lipid membranes. Accordingly, a lipo-
some, which is considered a better human cell-mimicking
model, was adopted as a platform to investigate the leakage
caused by guanidine-based oligomers (PHMG and PHMB). In
particular, a variety of lipid membrane compositions were
evaluated considering the leakage and disruption induced by
guanidine-containing oligomers. Liposome leakage assays were
performed by assessing the increase in fluorescence owing to
the release of fluorescent dye, from inside the liposome, into
the solvent.”*** This assay has been successfully employed to
investigate lipid bilayer leakage induced by nanoparticles**”
and macromolecules®*?® including positively charged oligo-
mers*" and protein transduction domains of virus.** Further-
more, the effects of head group charges, lipid packing
parameters, and lipid phases, including gel and liquid crystal-
line phases, on liposome leakage were investigated. Liposome
leakage was also evaluated using lung surfactants and Escher-
ichia coli-mimicking liposomes. Finally, A549 human lung
adenocarcinoma cells and respiratory 3D tissue (SoluAirway
human respiratory cells) were subjected to the cell monolayer
transport assay as a human lung model system. To the best of
our knowledge, this is the first study to investigate liposome
leakage and cellular permeability induced by PHMG and PHMB
using human lung surfactant mimic liposomes and human
lung cells, respectively.
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Experimental

Materials

PHMG powder (SKYBIO 1100, +95.5%) was kindly supplied in
2011 by SK Chemical Co., Ltd. (Seongnam, Republic of Korea).
SKYBIO 1100 was one of the active ingredients that caused the
humidifier disinfectant tragedy in South Korea and is no longer
commercially available. PHMB powder was purchased from the
Shanghai TECH Chemical Industry Testing Co., Ltd. (Shanghai,
China). All lipids were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). Molecular structures of PHMG and PHMB
are shown in Fig. S1.7 Characteristics of all lipids used in this
study, including acyl chain lengths, main transition tempera-
tures, and lipid head charges, are summarized in Table 1. 5(6)-
Carboxyfluorescein, Triton X-100, 1 M HEPES buffer, choles-
terol, and FITC-dextran were purchased from Sigma-Aldrich (St.
Louis, MO, USA). RPMI 1640 was purchased from Thermo
Fisher Scientific (Gibco Laboratories, Grand Island, NY, USA).
Fetal bovine serum (FBS) was purchased from Atlas Biologicals,
Inc. (Fort Collins, CO, USA).

Characterization of PHMG and PHMB

The weight-average molecular mass (M,,) was determined using
gel permeation chromatography (GPC) using an Agilent 1260
Infinity high-performance liquid chromatography (HPLC)
system (Agilent Technologies, Santa Clara, CA, USA), equipped
with a refractive index (RI) detector. A tandem of two Ultra-
hydrogel 120 columns (7.8 x 300 mm; 6 um; Waters, Milford,
MA, USA) was employed. HPLC grade water was eluted at a flow
rate of 0.5 mL min~" at 30 °C. Polyethylene glycol samples were
used as mass calibrants. Aqueous solutions of PHMG and
PHMB were prepared at 1000 mg L™ " for characterization.

Liposome preparation

To prepare 5(6)-carboxyfluorescein-encapsulating liposomes,
100 mM 5(6)-carboxyfluorescein was prepared in deionized
water by adjusting the pH of the solution between 7.0 and 7.5 by
adding 1 M NaOH. One milliliter of lipid or lipid mixture dis-
solved in chloroform solution (25 mg mL ') was transferred to
clean glass vials, and a thin lipid film was formed after chlo-
roform was evaporated by nitrogen purging. Then, the lipid film
was hydrated with 5 mL of 100 mM 5(6)-carboxyfluorescein
solution by vigorous vortexing followed by overnight storage.
Next, the resultant solutions were extruded more than 12 times
using an Avanti Mini-Extruder (Alabaster, AL, USA) with 100 nm
polycarbonate membranes. Free 5(6)-carboxyfluorescein, not
encapsulated inside liposomes, was removed using Zeba spin
desalting columns (7k MWCO; Thermo Fisher Scientific, Wal-
tham, MA, USA). As centrifugal forces can disrupt the structure
of 5(6)-carboxyfluorescein encapsulating liposomes, spin
desalting columns were used as gravitational columns,
passaging 100 pL liposome solutions through the columns after
three rounds of column buffer exchange. Then, 10 mM HEPES
buffer containing 100 mM NaCl (pH 7.4) was used for buffer
exchange. Liposomes (0.5 mL) were collected and used imme-
diately for liposome leakage assays. For unsaturated lipids, lipid
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Table1 Summary of selected liposome components and their characteristics

Liposome component

abbreviation (full name) Carbon chain: double bond

Main transition temperature
(T, °C)*

Physical state at room

temperature Lipid head charge

DOPC (1,2-dioleoyl-sn- -17
glycero-3-phosphocholine)
POPC (1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine)
DOPG (1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-
glycerol))

DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine)
DOPE (1,2-dioleoyl-sn-
glycero-3-
phosphoethanolamine)
DOTAP (1,2-dioleoyl-3-
trimethylammonium-
propane)

(C18:1, 18:1)
(C16:0, 18:1) -2

(C18:1, 18:1) —18

(C16:0, 16:0) 41

(C18:1, 18:1) -16

(C18:1, 18:1)

Liquid crystalline Zwitterion

Liquid crystalline Zwitterion

Liquid crystalline Negative

Gel Zwitterion

Liquid crystalline Zwitterion

Liquid crystalline Positive

¢ Avanti Polar Lipids, Inc. (https://avantilipids.com/tech-support/physical-properties/phase-transition-temps).

hydration and extrusion were assessed at room temperature.
For saturated lipids such as a DPPC lipid and a DPPC lipid
mixture used to represent lung surfactant liposomes, lipid
hydration and extrusion were performed at 55 °C, a temperature
more than 10 °C above the main transition temperature of
DPPC (41 °C).

The liposome composition of the lung surfactant (DPPC/
DOPC/DOPG/DOPE = 70/10/10/10) was selected based on the
phospholipid composition of adult human lung surfactant re-
ported by Shelley et al.®** and we modified the composition
based on the principal component used in this study. Lipid
mixtures DOPE/DOPG (80/20) were used as E. coli-mimicking
liposomes.

Liposome leakage assays

To assess liposome leakage caused by guanidine-based oligo-
mers (PHMG and PHMB), 50 pL of 5(6)-carboxyfluorescein
loaded liposomes was added to 50 puL of 10 mM HEPES buffer
with 100 mM NaCl (pH 7.4), followed by the addition of 30 pL of
PHMG or PHMB solution prepared in the same buffer solution.
The solution fluorescence was detected using a Hidex Sense
microplate reader (Hidex, Finland) at room temperature every
2 min, until 40 min after the addition of PHMG or PHMB. The
excitation (A.,) and emission (Zen,) wavelengths were set to 485 +
10 nm and 510 £ 10 nm, respectively. At 40 min, 30 puL Triton X-
100 was added for complete liposome disruption. For each
liposome leakage assay, the fluorescence of liposomes only (50
uL 5(6)-carboxyfluorescein loaded liposomes + 50 pL buffer
solution) and liposomes with Triton X-100 (50 pL 5(6)-carboxy-
fluorescein loaded liposomes + 50 pL buffer solution + 30 uL
Triton X-100 solution) were simultaneously monitored to detect
fluorescence signals of liposomes and fully ruptured liposomes,
respectively. Liposome leakage was calculated using eqn (1).

F, - F

Li leakage = ———
iposome leakage R

1)

32002 | RSC Adv, 2021, 11, 32000-3201

where F, is the fluorescence intensity of 5(6)-carboxyfluorescein
encapsulating liposomes at time ¢ after adding guanidine-based
disinfectants, F, is the fluorescence intensity of the liposomes
only, and Fp,. is the maximum fluorescence signal with the
addition of 30 uL TX-100 to 100 pL liposomes.

Liposome size measurements

DOPC and DOPG liposome sizes were measured after incuba-
tion with four different concentrations of PHMG and PHMB (23,
115, 231, and 461 mg L™"). In order to measure the liposome
size, DOPC and DOPG liposomes without a fluorescent dye were
used to avoid any interference of the dye on size measurements.
Liposome solutions were prepared by hydration with 10 mM
HEPES buffer overnight, followed by size extrusion, as
described above. Then, 0.5 mL of liposome solution, 10 mM
HEPES bulffer (0.5 mL), and 0.3 mL PHMG or PHMB solutions
(each mL) were mixed and allowed to stand for 30 min. Lipo-
some sizes with and without guanidine-based oligomers were
measured using dynamic light scattering (DLS, Malvern Zeta-
sizer, Westborough, MA, USA).

Cell cultures

A549 human lung epithelial cells were obtained from the
American Type Culture Collection (Manassas, VA, USA) and
maintained in RPMI 1640, supplemented with 5% FBS and
penicillin-streptomycin solution (100 U mL ™). The respiratory
3D tissue model was purchased from Biosolution (Seoul,
Republic of Korea). Tissues were maintained in the assay
medium (Biosolution). Cells and tissues were cultured in an
atmosphere of 5% CO,/95% air under saturated humidity at
37 °C.

Cellular permeability tests

FITC-dextran flux was evaluated to determine permeability from
the apical side to the basal side induced by PHMG or PHMB in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the A549 cell monolayer model or respiratory 3D tissue model.
FITC-dextran was dissolved in 1 mg mL™" of P buffer (10 mM
HEPES [pH 7.4], 1 mM sodium pyruvate, 10 mM glucose, 3 mM
CaCl,, and 145 mM NaCl) and added to the apical surface. After
exposing the apical surface to 23 mg L~ " of PHMG or PHMB for
1, 3, 6, 12, and 24 h, the supernatant was removed from both
apical and basal compartments. In the A549 cell monolayer
model, 500 pL of FITC-dextran was added to the apical surface,
and 2 mL of P buffer was added to the basolateral surface and
incubated for 6 h. In the respiratory 3D tissue model, 200 pL of
FITC-dextran was added to the apical surface, and 300 puL of P
buffer was added to the basolateral surface and incubated for
24 h. Then, P buffer (200 uL) was collected from the basolateral
chamber, and the amount of FITC-dextran was measured using
a Fluostar Omega (BMG LABTECH, Offenburg, Germany)
microplate fluorometer at excitation/emission wavelengths of
485 nm/520 nm.

Statistical analysis

Cellular permeability test was performed at least three times.
Data were analyzed using Microsoft® Office Excel (Microsoft,
Redmond, WA, USA) and expressed as the mean + standard
deviation. Statistical analysis was performed using the Statis-
tical Package for Social Sciences version 21.0 (IBM Co., Armonk,
NY, USA). Comparisons between groups were assessed using
Duncan's post hoc test following a one-way analysis of variance.
p < 0.01 or 0.05 was considered statistically significant.

Results and discussion

Development of liposome leakage assays for PHMG and
PHMB

Owing to the self-quenching property, the high concentration of
fluorescent dye inside the liposome presents minimal fluores-
cence. However, once the dyes are released from liposomes,
they are highly diluted, and the fluorescence signal tends to
increase. To establish the liposome leakage assay, we first
constructed a calibration curve of 5(6)-carboxyfluorescein in the
low concentration range between 0 and 0.00625 mM and
assessed the self-quenching property of this fluorescent dye at
high concentrations in 10 mM HEPES buffer. As shown in
Fig. S2(a),t the fluorescence signal linearly increased with the
addition of 5(6)-carboxyfluorescein in the concentration range
of 0-0.00625 mM. However, at higher dye concentrations (i.e.,
>0.125 mM), the fluorescence signal dramatically decreased due
to the self-quenching property of the dye. When the dye
concentration reached 100 mM, at which dye was prepared for
encapsulation within liposomes, the fluorescence signal
appeared negligible (Fig. S2(b)¥).

Fig. 1(a) and (b) show the fluorescence signal of 100 mM 5(6)-
carboxyfluorescein for the two encapsulating liposomes of
DOPC and DOPG, with the selective addition of 23 mg L™"
PHMG or PHMB and TX-100 (0.5 M). As shown in Fig. 1(a) and
(b), the fluorescence signal was negligible in the absence of
PHMG or PHMB due to self-quenching of the dye. In contrast,
the fluorescence signal increased and remained steady with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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addition of TX-100, indicating that 5(6)-carboxyfluorescein
completely leaked out of liposomes following TX-100 addition.

On adding PHMG or PHMB solution (23 mg L") to the
liposomes ((a) DOPC and (b) DOPG), it was observed that the
fluorescence signal significantly increased owing to attenuated
self-quenching, which in turn can be attributed to liposome
leakage caused by PHMG or PHMB (Fig. 1(c) and (d)). This was
confirmed in another experiment, wherein Triton X-100 was
added at 40 min to the liposome solution incubated with PHMG
and PHMB. Following Triton X-100 addition, the fluorescence
intensity significantly increased and promptly reached steady-
state values, indicating that the partial rupture of liposomes
by PHMG or PHMB was also the leading cause underlying the
increased fluorescence signal. However, it should be mentioned
that liposome leakage caused by partial perturbation with
cationic oligomers does not necessarily indicate permanent
pore formation at the liposome shell.”

Characterization of guanidine-based oligomers

The molecular distributions of PHMG and PHMB at
1000 mg L™, as used in the present study, were characterized in
terms of molecular mass using GPC. Fig. S31 shows the GPC
spectra obtained for 1000 mg L' PHMG and PHMB. The M,,
values of PHMG and PHMB were determined based on the first
peak of the GPC spectrum, determined as 5674 and 5503 for
PHMG and PHMB, respectively, showing similar M,, values. In
several previous studies, the antimicrobial efficiency of cationic
polymers was found to be strongly dependent on the average
molecular weight of polymers.™**>¢ In general, PHMB prepared
as an antimicrobial agent showed a molecular weight distri-
bution ranging between 400 and 8000 (i.e., representing a poly-
mer repeating unit (n) ranging from 2 to 40 (ref. 37)). Thus, M,,
values of PHMG and PHMB used in this study lie in the M,
range of PHMB, which have reported antimicrobial activities in
the literature.

The average PHMG M,, value obtained in this GPC-based
measurement was approximately one order of magnitude
higher than that by MALDI-TOF MS (matrix-assisted laser
desorption/ionization time-of-flight mass spectrometer) exper-
iments in previous studies, although the same PHMG sample
was used for analysis with an interval of eight years.*®** Hwang
et al.*® have reported that the M,, of PHMG ranged between m/z
524.2-810.7, and Park et al.*® indicated that the degree of PHMG
oligomerization (n) ranged from 2 to 4, with a molecular weight
distribution of m/z 441.0-678.0. Likewise, the average M,, value
for PHMG acquired using MALDI-TOF MS was also significantly
smaller than that measured by the National Industrial Chem-
icals Notification and Assessment Scheme (NICNAS), i.e., M,, =
137 000, for the risk assessment of PHMG used in this study
(SKYBIO 1100).%

A significant discrepancy in the average M,, values obtained
by GPC and MALDI-TOF MS has been previously reported.*" Liu
et al.** have reported that the M,, value of MALDI-TOF MS for
poly(dimethylsiloxane) (PDMS) oligomers was substantially
underestimated when compared with that of GPC analysis. The
underestimation by MALDI-TOF MS analysis was attributed to

RSC Adv, 2021, 11, 32000-32011 | 32003
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Fig.1 Liposome leakage test of encapsulated 5(6)-carboxyfluorescein from (a) DOPC (zwitterionic) and (b) DOPG (negative) liposomes with the
selective additions of 23 mg L™ of PHMG or PHMB and TX-100 (0.5 M). PHMG, polyhexamethylene guanidine; PHMB, polyhexamethylene
biguanide. 5(6)-Carboxyfluorescein leakage of the (c) DOPC and (d) DOPG liposomes with 23 mg L™t of PHMG and PHMB.

the over-representation of low-molecular-weight oligomers
owing to the high volatility of low-mass PDMS polymers under
MALDI ionization conditions. A few other factors may affect the
discrepancy between MALDI-TOF MS- and GPC-measured M,,
values. GPC measurements provide information regarding the
relative molecular weight distribution, whereas MALDI-TOF MS
provides absolute mass information. GPC mass distribution
measurements are often calibration-sensitive (i.e., calibrant-
sensitive); GPC analysis assumes that the detection sensitivity
and mobility of analytes under examination are identical to
those of the calibrant (in this case, polyethylene glycol). More-
over, RI detection, specifically differential RI, often adopted in
GPC analysis, tends to overestimate high mass oligomers (or
polymers); RI increases nonlinearly with mass density for dense
liquids and solids.** Accordingly, the MALDI-TOF MS detection
signal is responsive to the number of ions that arrive on the
detector surface, whereas the RI detector provides a higher
output signal in response to heavier molecules owing to the
increased change in the RI even for the same number of ions
under detection. However, the discrepancy between M,, values
measured by GPC and MALDI-TOF MS for PHMG and PHMB
needs to be elucidated in future
investigations.

comprehensively

32004 | RSC Adv, 2021, 11, 32000-320T

Effects of head group charges on liposome leakage

To investigate the effects of head group charges of lipid bilayers
on liposome leakage, zwitterionic DOPC lipids and negatively
charged DOPG underwent the leakage assay with 23 mg L™" of
PHMG and PHMB, with results shown in Fig. 1. For both PHMG
and PHMB, liposome leakage was significantly higher with
DOPC liposomes (Fig. 1(c)) than with DOPG liposomes
(Fig. 1(d)). The liposome leakage with DOPC liposomes ranged
from 0.10 to 0.42 and from 0.17 to 0.62 for PHMG and PHMB,
respectively. With DOPG lipids, liposome leakages were esti-
mated as 0-0.025 and 0.032-0.12 for PHMG and PHMB,
respectively. In our previous study, we calculated the affinity
constant (K) between PHMG and solid-supported lipid
membranes coated with lipid bilayers.” The affinity constant
with the negatively charged DOPG lipids was significantly
higher than that with the zwitterionic DOPC lipids, and
adsorption kinetics with DOPG lipids were faster than other
lipids, such as zwitterionic DOPC and cationic DOTAP lipids.
These results suggest that PHMG strongly and rapidly interacts
with negatively charged lipid heads owing to electrostatic
interactions. However, interestingly, based on results shown in
Fig. 1, lipid perturbation caused by cationic guanidine-based

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oligomers occurred more frequently with zwitterionic lipids
than with negative lipids, indicating that electrostatic interac-
tions cannot solely explain lipid leakage.

Furthermore, we prepared different concentrations of PHMG
and PHMB ranging from 1.2 mg L™" to 46 mg L™, and liposome
leakage tests were conducted with DOPC and DOPG lipids at
each concentration. As shown in Fig. 2, from 1.2 mg L' to
23 mg L', more liposome leakage occurred with increasing
cationic oligomer concentrations with both DOPC and DOPG
liposomes. These results are consistent with those of previous
studies, which revealed that higher oligomer concentrations
caused more liposome leakages.*>** It is noted that liposome
leakage occurred very rapidly as the leakage levels were signif-
icantly higher at 0 min shown in Fig. 2. Since the initial stage of
liposome damage is affected by the concentration ratios of
liposomes to chemicals,** further study can be needed to
investigate the effects of liposome/oligomer concentration
ratios on the initial dye leakage from liposomes.

To better understand the mechanism of liposome leakage,
we measured DOPC and DOPG liposome size changes after
incubation with PHMG and PHMB (concentrations ranging
from 23 mg L™" to 461 mg L") for 30 min. With DOPC lipo-
somes, although the liposomes were incubated with markedly
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high concentrations of PHMG or PHMB (461 mg L™ '), the
liposome size decreased marginally (less than 5 nm) (Fig. 3(a)),
indicating that PHMG and PHMB did not entirely disrupt DOPC
liposomes. When DOPG liposomes were incubated with the
guanidine-based oligomers, the liposome size was not signifi-
cantly altered until 230 mg L™~'. However, at 461 mg L™ " of
PHMG or PHMB, precipitation was observed, and the debris
size was significantly larger than the liposome size. The debris
generated by DOPG and PHMB interaction reached approxi-
mately 200 nm, and the size of that generated by DOPG and
PHMG interaction could not be measured by DLS, suggesting
that the debris is exceeded micrometers. This indicates that the
negatively charged liposomes were irreversibly and entirely
destabilized because of strong electrostatic interactions
between the cationic oligomers and negatively charged lipid
heads. The results in Fig. 1 and 3(b) suggest that cationic olig-
omers used in this study predominantly adhered to the negative
head of DOPG in the range from 23 mg L™" to 230 mg L™%;
however, at 461 mg L', DOPG liposomes were fully ruptured by
both oligomers.

Based on the findings of this study, we demonstrated the
possible mechanisms of liposome leakage caused by the
guanidine family and the impact of liposome composition

(b)
osl DOPC ® PHMB 12mgL-1"
" O PHMB 46mgL-1"
v PHMB23mgL-1"
A PHMB 46 mg L-17"
06| & Lo . &
= a A A A v a b v [N 6
S & oa = v YvyY e, v
g A
© 04 | o
o v 0 © o
- v o O 5 © ° o
(o] (o]
vey v
6 (o]
02+ ¥ v . »
. . o ® & g & . P . ® L . o o
L ]
00 1 1 1
0 10 20 30 40
(d) Time (min)
0.20
DOPG ® PHMB 1.2mgL-1"
© PHMB 46mgL-1"
v PHMB 23 mgL-1"
0.15 F 4 PHMB 46 mg L-1"
= vig
A 4
8, A
s 0.10 - A AN
< o8
= A A AV A
Y v A A v
vy y?e LR v
005t , a ®
0O o0 OO0 009000 5 00 (e}
I ® 8 o o0 %0s 0% 0o 0 seges T
000 L 1 1
10 20 30 40
Time (min)

) PHMG and (b) PHMB at concentrations ranging from 1.2 mg L™* to

46 mg L%, and the leakage of the DOPG liposomes by (c) PHMG and (d) PHMB with the same concentration ranges. PHMG, polyhexamethylene

guanidine; PHMB, polyhexamethylene biguanide.
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(Fig. 4). Considering the electrostatic interactions between
PHMG and liposomes, considerably more PHMG adsorbs on
negatively charged liposomes than on zwitterionic liposomes.
However, more leakage was found to occur with zwitterionic
lipids, possibly due the more substantial PHMG insertion
inside lipid bilayers. With zwitterionic liposomes, more lipo-
some leakage occurred at higher PHMG concentrations without
altering the liposome size (Fig. 4(a)). In contrast, at high PHMG
concentrations, negative liposomes were completely disrupted
(Fig. 4(b)).

Previously, we have reported that PHMG is also adsorbed
onto the positively charged lipid membranes (e.g., DOTAP).
Accordingly, we conducted a lipid leakage assay using DOTAP
liposomes. However, it was impossible to encapsulate 5(6)-
carboxyfluorescein inside DOTAP liposomes, possibly
because of the electrostatic interaction between positive
DOTAP and negative 5(6)-carboxyfluorescein at pH ~ 7.
Alternatively, we could synthesize fluorescent dye-entrapped
DOPC/DOTAP (80/20) liposomes, but liposome leakage
caused by PHMG with DOPC/DOTAP liposomes did not show
a significant difference when compared with leakage with
DOPC liposomes (Fig. S47).

32006 | RSC Adv, 2021, 11, 32000-320T

Effects of liposome packing parameters and phases on
liposome leakage

It has been established that phosphoethanolamine (PE) and
cholesterol illustrate major differences in lipid membrane
composition between microorganisms and mammalian cells,*
as lipid membranes of microorganisms are rich in PE but lack
cholesterol, whereas mammalian cell membranes contain
approximately 25 mol% cholesterol and a relatively small PE
content.”” PE and cholesterol are also the main factors affecting
lipid membrane packing. PE in biological membranes is
inverted cone-shaped with negative intrinsic curvature (C, < 0)
because the head group of PE is smaller than the size of the acyl
chains. However, other lipid components such as PC and PG are
cylindrical in shape with zero intrinsic curvature (C, = 0).*®
Cholesterol allows a much tighter packing membrane by
increasing the orderly state of membrane surfaces.*

Fig. 5 shows the effects of DOPE (18:1 PE) content in two
zwitterionic liposomes, DOPC and POPC, on the leakage caused
by 23 mg L~ PHMG. As shown in Fig. 4, in both DOPC and
POPC liposomes, DOPE content decreased fluorescein leakage.
As DOPE has a negative intrinsic curvature with small head
groups and splayed acyl chains,*® less PHMG can enter the
DORPE lipid tails when compared with DOPC or POPC lipids. In

© 2021 The Author(s). Published by the Royal Society of Chemistry
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addition, Paliienko et al' have suggested that PHMG can
penetrate PE-containing lipid membranes, forming weakly
cation-selective transmembrane pores. Furthermore, we
assessed the DOPE effects on liposome leakage of negative
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liposomes (DOPG), but PE effects were found to be insignificant
(Fig. S57).

The effects of cholesterol in zwitterionic liposomes, DOPC
and POPC, were investigated and are shown in Fig. 6.

®)
0.8
—e— POPC/DOPE=100:0
0 POPC/DOPE = 80:20
—-v¥— POPC/DOPE = 60:40
06 |

Leakage (-)
o
A-

02

0.0

0 5 10 15 20 25 30
Time (min)

Fig. 5 Effects of DOPE contents in (a) DOPC and (b) POPC liposomes on the 5(6)-carboxyfluorescein leakage caused by PHMG. PHMG, pol-

yhexamethylene guanidine.
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Fig. 6 Effects of cholesterol contents in (a) DOPC and (b) POPC liposomes on the 5(6)-carboxyfluorescein leakage. f denotes the mole fraction
of cholesterol in DOPC or POPC liposomes caused by PHMG. PHMG, polyhexamethylene guanidine.

Interestingly, the liposome leakage caused by PHMG generally
increased with increasing cholesterol content. This result is in
agreement with Paliienko et al.*® who reported that cholesterol
facilitates the membrane partitioning of PHMG into lipid
membranes owing to the cholesterol-induced lipid phase
segregation. In the case of melittin, a well-known peptide that
forms pores inside lipid membranes, Wessman et al.*’ sug-
gested that the lipid bilayer interaction mechanisms of melittin
are modulated by cholesterol, and once melittin is associated
with lipid membranes, the potential for membrane leakage is
increased in the presence of cholesterol. In our previous study,
we found that cholesterol decreased the distribution coeffi-
cients of PHMG between solid-supported lipid membranes and
water,' possibly due to the decrease in surface area covered by
lipid molecules in the presence of cholesterol. Thus, we can also
conclude that adsorption itself cannot be a critical factor in
liposome leakage.

Finally, to investigate the phase of the lipid membrane, 5(6)-
carboxyfluorescein leakage of DOPC liposomes (liquid crystal-
line phase at room temperature) caused by 23 mg L™' PHMG
was compared with the leakage of DPPC (gel phase at room
temperature). DPPC is the main component of lung surfactant
and is closely associated with lung injuries caused by PHMG in
humidifier disinfectants. As shown in Fig. 7(a), we observed that
the encapsulated concentration of 5(6)-carboxyfluorescein
inside DPPC differed from that inside DOPC, possibly because
of the different phases of DPPC and DOPC. When 23 mg L ™"
PHMG was applied to the DPPC liposome, the fluorescence
signal increased marginally (Fig. 7(a)), which resulted in less
than 10% liposome leakage (Fig. 7(b)). Conversely, DOPC lipo-
some leakage reached approximately 30% after 30 min, which
was significantly higher than DPPC liposome leakage. To the
best of our knowledge, no previous study has elaborated on the
effects of liposome phases on liposome leakage by cationic
polymers. Reportedly, ZnO causes DOPC liposome leakage due
to the local gelation of liposomes via nanoparticle adsorption,

32008 | RSC Adv, 2021, 11, 32000-3201

while no DPPC liposome leakage by the nanoparticle was
detected. Similarly, PHMG can strongly bind to the hydrophilic
headgroups of both DOPC and DPPC liposomes.'®** This
adsorption onto the DOPC creates local gelation of DOPC
liposomes, resulting in significant liposome leakage, whereas
adsorption onto DPPC does not alter the DPPC phase, with
minimal or no leakage.

Cellular permeability

The lung epithelial barrier permeability altered by PHMG and
PHMB was evaluated by measuring the FITC-dextran flux in the
A549 cell monolayer model and the respiratory 3D tissue model.
Both models were exposed to 23 mg L™ of PHMG or PHMB for
1, 3, 6, 12, and 24 h. Notably, A549 cells exposed to PHMG or
PHMB for 12 and 24 h exhibited reduced barrier function, as
demonstrated by the significantly increased permeability with
FITC-dextran when compared to vehicle-treated cells (Fig. 8(a)).
As cell monolayers are insufficient to reflect airways, a respira-
tory 3D tissue model, presenting a high degree of similarity with
human tissue, was used. In the respiratory 3D tissue model, the
permeability of FITC-dextran was significantly increased
following exposure for 24 h (Fig. 8(b)). These results suggest that
both PHMG and PHMB increased FITC-dextran permeability
through the cell membranes and reduced the lung epithelial
barrier function.

The lipid membranes of A549 cells are predominantly
composed of cholesterol and phosphatidylcholine,*® with the
unsaturated degree of membrane fatty acids reaching approxi-
mately 70%. Thus, the lipid membrane of A549 cells is mainly
composed of unsaturated phospholipids,* such as DOPC and
POPC used in this study. For the respiratory 3D tissue model,
DPPC, a saturated gel phase lipid, could be the main compo-
nent as the cell line demonstrates a higher similarity with
human respiratory cells, and other components such as PC, PG,
and PE can be considered minor components of 3D tissue cells.
For A549 cells, the increased ratio of the cellular membrane

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transport of FITC-dextran induced by PHMG to the positive
control reached almost 0.28 after 24 h incubation, which is
similar to the level of cellular leakage observed with DOPC/
cholesterol and POPC/cholesterol mixture liposomes, as
shown in Fig. 6. For the respiratory 3D tissue model, the ratio of
cellular membrane transport of FITC-dextran to positive control
reached approximately 0.30, which is significantly higher than
the liposome leakage using DPPC liposomes (Fig. 7). This
suggests that paracellular transport can be the primary cellular
permeability transport or other lipid membrane components,
such as unsaturated lipids, and negatively charged PG can
facilitate the membrane transport of guanidine-based
disinfectants.

Toxicological implications

We attempted to compare the liposome leakage observed in
mammalian and microorganism cells. Accordingly, liposomes
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consisting of major components of human lung surfactant and
E. coli were prepared and used to assess liposome leakage tests
of PHMG and PHMB (Fig. 9). With E. coli-mimicking liposomes,
liposome leakage caused by PHMG and PHMB was lower than
that by DOPC. This finding is consistent with the results shown
in Fig. 5, indicating that the PE content decreased liposome
leakage. Conversely, human lung surfactant mimic liposomes
revealed similar (PHMG) and even higher (PHMB) liposome
leakage than DOPC liposome leakage. Although DPPC, the gel
phase saturated lipid, is the predominant component, other
minor components such as unsaturated DOPC lipids with
negatively charged groups can promote oligomer adsorption
and insertion inside the acyl chains, inducing liposome leak-
ages. This is also in agreement with the cellular transport
results observed using respiratory 3D tissues, as shown in Fig. 8,
which indicates that a significant amount of fluorescent dye can
be transported through human lung tissue cells after
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Fig. 8 Changes in airway barrier permeability by PHMG or PHMB. The (a) A549 cell monolayer model and (b) respiratory 3D tissue model were
exposed to 23 mg Lt of PHMG or PHMB for 1, 3, 6, 12 and 24 h. The permeability of the airway barrier was assessed by measuring the FITC-
dextran cellular flux. Results are provided as a percentage for vehicle control (vc). Additionally, 1% Triton X-100 was used as a positive control (pc).
Values significantly different from vehicle control: **p < 0.01. PHMG, polyhexamethylene guanidine; PHMB, polyhexamethylene biguanide.
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incubation with PHMG and PHMB. Thus, in terms of lipid
membrane damage, human lung cells might be more vulner-
able than microorganism cells, and lipid leakage by guanidine-
based disinfectants is undoubtedly affected by the membrane
composition.

Conclusions

In the present study, we demonstrated liposome leakage and
increased cellular permeability induced by PHMG and PHMB,
both representative guanidine-based disinfectants. Liposome
leakage caused by these cationic oligomers is higher with
zwitterionic lipids than with negatively charged lipids, and the
leakage increased with increasing PE content and decreasing
cholesterol content in unsaturated lipids. Typically, microor-
ganisms have higher contents of negatively charged lipids and
PE, presenting less cholesterol than the host (e.g., mammalian
and fish) cells; guanidine-based disinfectants are believed to
destroy microorganism cells with negligible effects on host
cells. However, the present study indicates that host cells may
be more vulnerable than microorganism cells, considering
liposome leakage. In addition, although the DPPC (ie., the
main component of human lung surfactant) liposome leakage
was negligible, liposome leakage using lung surfactant mimic
liposomes was higher than that using microorganism-
mimicking liposomes. In the A549 cell monolayer and respira-
tory 3D tissue model, the observed cellular permeability indi-
cated that both PHMG and PHMB disrupt the cell monolayer
and reduce epithelial barrier function, allowing increased FITC-
dextran transport through the monolayer. Thus, this study can
provide insights into the possible harmful effects of guanidine-
based oligomers on living organisms, including humans, which
is not been explicitly investigated.

Considering that characteristics of guanidine-based oligo-
mers such as molecular weight and charges are significant for

32010 | RSC Adv, 2021, 11, 32000-3201

investigating cellular interactions of those chemicals, future
research on standardization methods for characterization
should be conducted. In addition, liposome leakage and
cellular permeability assay used in this study can be effectively
applied to various materials (e.g., various disinfectants, micro-
plastics, particulate matters, etc.) for elucidating the plausible
cytotoxicity of those chemicals.
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