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Hypothesis: pH-responsive nanocarriers have the potential to provide targeted delivery of antimicrobial
peptides (AMPs) to sites of bacterial infection with typically abnormal pH levels in the body. However,
the local pH of the infected sites varies substantially among different infection-related diseases, calling
for the development of delivery systems capable of targeting local pathological conditions in an adjusta-
ble pH range.
Experiments: In this study, a highly versatile pH-responsive nanocarrier platform, based on dispersions of
oleic acid (OA) and glycerol monooleate (GMO) self-assemblies with the human cathelicidin AMP LL-37,
was designed and characterized.
Findings: A detailed pH-composition phase diagram was constructed from small angle X-ray scattering
and cryogenic transmission electron microscopy data. In addition, the protonation state and apparent
pKa of OA embedded in these nano-self-assemblies were investigated by electrophoretic mobility mea-
surements at different pHs and found to be strongly dependent on nanocarrier composition. By varying
composition of these nanocarriers, the apparent pKa of embedded OA molecules could be tuned from 7.8
to 6.3, shifting the range of nanocarriers’ pH-response. The study advances our fundamental understand-
ing of self-assembly and pH-responsiveness in lipid-peptide systems containing monounsaturated long-
chain fatty acids. The results may guide the future design of highly adaptable nanocarriers for patient-
optimized pH-targeted AMP delivery.
� 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

In light of the global rise of multi-drug-resistance among patho-
genic bacteria, antimicrobial peptides (AMPs) are widely regarded
as promising alternatives to conventional antibiotics, and are
attracting growing interest owing to their broad-spectrum antimi-
crobial activity [1–5]. However, the poor stability of various AMPs
in biological environments and their cytotoxic effects on exposure
to human cells at elevated concentrations limit their successful
clinical translation [6–8].

pH-targeted nanocarriers have the potential to significantly
improve the therapeutic efficiency of AMPs by selectively targeting
their antimicrobial activity to infection sites, while protecting
them from degradation and minimizing their off-target side-
effects [9–12]. Locally altered pH condidions associated with dif-
ferent infection-related pathological states are found, for instance,
in chronic [13–15] and acute wounds, [14] different compartments
of the gastrointestinal tract, [16–17] and sites affected by bacterial
biofilms, [18–20] periodontitis, [21–22] dental plaques, [21,23] or
vaginitis [24]. Further, these local pH conditions vary with the
pathogen strains, the severity of the infection, and also from
patient to patient [13,24]. Therefore, for optimized disease- and
patient-specific applications, there is a need for pH-responsive
drug delivery systems with the ability to target pH values in a
range that can be easily adjusted to fit specific clinical situations.

Dispersions of non-lamellar liquid crystalline phases based on
the self-assembly of amphiphilic lipids are gaining increasing
attention for drug delivery applications, owing to their high capac-
ity for hosting hydrophobic, hydrophilic, as well as amphiphilic
molecules [25–29]. Such nanocarriers were observed during the
digestion of food emulsions, including milk, discussed as nature’s
own delivery systems [30–32]. The self-assembly of monoglyc-
erides and fatty acid inside the digesting emulsion droplet is
responsible for the formation of these structures [33]. The struc-
tural features of these nanoparticles depend on the composition
of the amphiphilic building blocks in their interior, [34,35] and
can further be modulated by different factors in their local environ-
ment, including the pH of the aqueous medium [12,33,36–41]. The
biological activity or release of the loaded peptide drugs can be
selectively modulated through nanostructural changes triggered
by local environmental queues [12,38–39,42]. Considering the ver-
satility of these nanocarriers in terms of tunable stimuli-
responsive structure and functionality, it is attractive to explore
their possible use in the development of advanced highly-tunable
pH-targeting nanocarriers for delivery of AMPs. Furthermore,
lamellar and non-lamellar liquid crystalline phases have served
as models for investigating the impact of interfacially active pep-
tides, such as AMPs, on the spontaneous curvatures of lipid-
water interfaces [43]. In this regard, studying the physico-
chemical interactions involved in the self-assembly of biologically
relevant lipids with AMPs can improve our understanding of the
destabilizing effects that AMPs may have on biological membranes.

Our research group has recently reported on the self-assembly
of oleic acid (OA) with human cathelicidin-derived AMP LL-37 in
excess water, demonstrating the potential use of the produced
nanoparticles as smart nanocarriers with pH-responsive structures
[12,44]. Their pH sensitivity is attributed to the protonation state
of OA, which modulates the electrostatic interactions among the
embedded fatty acid molecules depending on the pH [12,33,44].
In absence of LL-37, dispersed OA self-assembles in excess water
into emulsions enveloping an inverse micellar (L2) phase and
unstructured emulsion droplets at pH < 6.5. Increasing pH of the
aqueous medium triggers colloidal transformations to micellar
cubosomes enveloping an inverse micellar cubic Fd3m phase at
pH 7.0, hexosomes (particles enveloping an inverse hexagonal
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(H2) phase) at pH 7.5, and vesicles at pH � 7.7 [33,41,45–46]. LL-
37 was discovered to penetrate into OA-based particles and mod-
ulate their nanostructure [12,44]. The resulting pH-responsive
LL-37/OA nano-self-assemblies demonstrated the ability to switch
the integrated AMP’s antibacterial activity ‘‘on” and ‘‘off” in
response to pH changes between 5.0 and 7.0 [12]. In addition,
the dispersed amphiphilic lipid glycerol monooleate (GMO) was
reported to self-assemble with OA in excess water, forming dis-
persed OA/GMO nanostructures which could be tuned by varying
lipid composition and pH conditions [33]. GMO was also found
to self-assemble with LL-37 into nanocarriers with improved
antimicrobial activity [47].

This study demonstrates the formation and characterization of
pH-responsive LL-37 nanocarriers based on mixtures of OA and
GMO. Variation in the nanocarrier composition was used to tailor
the structural properties and modulate the surface charge charac-
teristics of these pH-responsive nano-self-assemblies. Small angle
X-ray scattering (SAXS), cryogenic transmission electron micro-
scopy (cryo-TEM), electrophoretic mobility measurements, and
dynamic light scattering (DLS) experiments were performed to
study in detail the structural alterations, and changes in zeta
potential and nanoparticle size characteristics on varying lipid
composition and pH. The experimental findings allow constructing
partial ternary OA/GMO/LL-37 composition-pH phase diagrams
that may guide the future design of highly tunable pH-responsive
AMP nanocarriers for pH-targeted delivery.
2. Experimental section

Nanocarrier Preparation. Dispersions containing a total lipid
concentration of 20 mg/mL were prepared by mixing oleic acid
(OA, purity � 99%, Sigma-Aldrich, Buchs, Switzerland) and glycerol
monooleate (GMO, purity � 90%, Riken Vitamin co., Ltd. Company,
Japan) at different OA/GMO mass ratios in the presence of 0.02 M
phosphate buffered saline (PBS) at pH 7.4, containing 2 mg/ml
Pluronic F127 (BASF, Ludwigshafen, Germany) (further referred
to as F127). These crude oil-in-water (O/W) emulsions were
homogenized by ultrasonication with a tip sonicator (Sonics Vibra
Cell VCX 130 W, 20 kHz, Sonics & Materials Inc., Newton, CT) for
2 min in pulse mode (3 s pulse, 5 s break) at 27% of its maximum
power, resulting in colloidally stable dispersions. Further details on
PBS composition are given in the Supporting Information (SI).

For the preparation of OA/GMO/LL-37 nanocarriers, LL-37 in the
form of trifluoroacetate salt (99.18% purity, CASLO ApS, Lyngby,
Denmark) was first dissolved in PBS at pH 7.4, containing 2 mg/
ml Pluronic F127. This solution was then mixed with the already
prepared stabilized OA/GMO dispersions at various volume ratios.
The total concentration of the main components OA, GMO, and LL-
37 was kept constant at 20 mg/mL and their relative weight con-
tents (wt% of each compound relative to their combined weight)
in the resulting dispersions are referred to XOA, XGMO, and XLL-37,
respectively. The pH of the continuous aqueous medium in these
dispersions was then adjusted as described in SI. The samples were
equilibrated for at least 30 min prior to experiments. For DLS and
electrophoretic mobility measurements, the samples were further
diluted x10 times with PBS and the pH of these diluted samples
was re-measured and, if necessary, readjusted to a defined value.
In cases where x10 times dilution resulted in insufficient light scat-
tering signal, a x2 times dilution was used instead.

Cryogenic Transmission Electron Microscopy (cryo-TEM). For
details on sample preparation, see SI. Briefly, the vitrified samples
were transferred to Tecnai G2 20 transmission electron microscope
(FEI, Holland) and analyzed with an FEI Eagle 4 k � 4 k charge-
coupled device camera operating at 200 kV acceleration voltage
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in bright field mode under low-dose conditions (~10 e Å�2 s�1).
Additional cryo-TEM observations were done on Tecnai F20 trans-
mission electron microscope (TFS, USA) and analyzed with a Falcon
II 4 K camera (TFS, USA) at 200 kV under low-dose conditions (<20
e Å�2 s�1). Phase assignment was guided by Fast Fourier transform
(FFT) of image sections containing highly ordered non-lamellar
phases by using Adobe Photoshop Version 19.1.6 (Adobe Systems
Inc., USA).

Dynamic Light Scattering (DLS) and Electrophoretic Mobility
Measurements. Malvern Zetasizer NANO ZS90 (Malvern Instru-
ments, Malvern, UK) with a He-Ne laser beam at a wavelength of
633 nm and laser power of 4 mW was used to measure the hydro-
dynamic radius (RH), polydispersity index (PDI), and f-potential at
25 �C. The mean sizes (radii) of OA/GMO/LL-37 nanocarriers were
characterized at a scattering angle of 90 �C, after their centrifuga-
tion at 3000 g for 10 min to ensure the removal of any debris.
The apparent diffusion coefficient, Dapp, was obtained from the cor-
relation function by cumulant analysis using the Zetasizer Soft-
ware 7.11 (Malvern Instruments, Malvern, USA) [48]. The
apparent RH was calculated by using Stokes-Einstein equation:

RH ¼ kBT
6pgDapp

ð1Þ

where kB is the Boltzmann constant, T is the absolute temperature,
and g is the viscosity of dispersant (water). PDI was estimated from
the second cumulant of the correlation function: [48]

PDI ¼ l2

C
� ð2Þ

where l2 is the second cumulant, and C
�
is the mean of the inverse

decay time. The number-weighted particle size distribution was
also calculated from the correlation function by the Zetasizer Soft-
ware 7.11.

The electrophoretic mobility, le, of the dispersions was mea-
sured in DTS1070 capillary cells (Malvern Instruments Ltd., U.K.).
f-potential was calculated using the Smoluchowski theory:

le ¼
ere0f
g

ð3Þ

where er is the dielectric constant of water, e0 is the permittivity of
vacuum, and g is the viscosity of water. Both DLS and f-potential
were measured in triplicate at 25 �C and average values were used.
Surface potential (Us) of the dispersed particles were calculated
from the f-potential values using Gouy-Chapman theory: [49]

UðdÞ ¼ 2kT
ze

ln
1þ ae�jd

1� ae�jd
ð4Þ

a ¼ ezeUs=2kT � 1
ezeUs=2kT þ 1

ð5Þ

j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2Na

1
2

P
i
zi2Ci

2

ee0kT

vuut
ð6Þ

where d is the distance from the surface of the nanoparticle to the
slipping plane of the surrounding solvent following the nanoparticle
as it moves through the solution during electrophoresis. Assuming
d = 2 Å, which is considered a good approximation for smooth sur-
faces, such as those of lipid-water interfaces, [49–51] the UðdÞ is
equal to the f-potential, which is experimentally measured. e is
the elementary charge, Na is Avogadro’s number, e and e0 are the
dielectric constants, k is Boltzmann constant, and T is the tempera-
ture.zi and Ci are the valence and concentration of ion i in the sol-
vent, estimated for each pH value.
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The surface potential values at different pH were fitted by using
OriginPro b9.5 (OriginLab Corporation, Northhampton, USA) with
the following equation derived from the Handerson-Hasselbalch
relation: [52]

Us ¼ Z1þ Z2� Z1

10ðpKapp
a �pHÞ�p þ 1

ð7Þ

where the fitting parameters Z1 and Z2 are the bottom and top
asymptotes of the sigmoidal fitting curve, pKa

app is the apparent
pKa, and p is the hill slope. Due to the electrostatic attractions of
H3O+ ions to the negatively charged surfaces of the lipid nanoparti-
cles, the concentrations of these ions at the interface are higher than
in the bulk solution, which elevates the local pH at the surfaces of
such nanoparticles. To correct for this electrostatic effect of surface
charge on the pKa

app, the intrinsic pKa (pKa
int) was estimated using:

[49,53]

pKa
int ¼ pKa

app þ FUs

RTlnð10Þ ð8Þ

where Us is the surface potential at pH = pKa
app, and F, R, and T are

the Faraday constant, universal gas constant, and temperature,
respectively. The average between Z1 and Z2 from fits to Eq. (7)
were used as the estimates of Us at the pH = pKa

app point.
Small-Angle X-ray Scattering (SAXS). Nanostructural charac-

terization experiments were performed at the Austrian SAXS
beamline, ELETTRA synchrotron (Trieste, Italy). The OA/GMO/LL-
37 dispersions were sealed in thin-walled quartz capillaries and
an X-ray beam with a wavelength of 1.54 Å (8 keV) was employed.
The sample-to-detector distance of 1314 mm provided a q-range of
0.18–5.00 nm�1, where q is the length of the scattering vector
(q = 4p/k sin(h/2), k is the wavelength, and h is the scattering angle).
Five frames with an exposure time of 20 s per frame were collected
and compared to check for beam damage. No beam damage was
observed and the frames were averaged for further SAXS analysis.
The 2D SAXS patterns were acquired using a Pilatus3 1 M detector
(Dectris Ltd., Baden, Switzerland) with an active area of
169 � 179 mm2 and pixel size of 172 � 172 lm2. They were then
integrated into one-dimensional (1-D) scattering function I(q)
using Fit2D software [54] (European Synchrotron Radiation Facil-
ity, Grenoble, France) and further analyzed with IGOR pro (Wave-
metrics, Inc., Lake Oswego, USA). All measurements were done at
25 �C. For details on additional SAXS measurements and data anal-
ysis, see SI.

3. Results

3.1. Tuning the structure of OA/LL-37 nano-self-assemblies on
inclusion of GMO

Fig. 1 shows the SAXS patterns of five selected OA/GMO/LL-37
dispersions prepared with a constant XOA:XLL-37 ratio of 4:1 at pH
7.0. In absence of GMO, this F127-stabilized OA/LL-37 dispersion
displayed a SAXS curve with Bragg reflection spacings characteris-
tic for a micellar cubic Fd3m phase with aFd3m of about 14.2 nm, in
agreement with our previous investigations [44].

Increasing XGMO in the nanocarrier to 10, 20, and 30 wt% relative
to the nanocarrier mass led to phase transitions with the appear-
ance of single Bragg peaks at q = 1.30, 1.26, and 1.17 nm�1, respec-
tively (Fig. 1). The detection of such single peaks did not allow
phase identification and therefore one of these samples was fur-
ther investigated with cryo-TEM to directly visualize the struc-
tures. Particles enveloping internal nanostructures resembling H2

phase were observed in the sample with 20 wt% XGMO (Fig. 2a). It
should be noted that the Fd3m? H2 phase transition upon integra-
tion of GMO into OA-based self-assemblies has been previously



Fig. 1. SAXS patterns for OA/GMO/LL-37 dispersions at varying XGMO from 0 to
50 wt%. XOA:XLL-37 ratio was kept constant at 4:1 and pH at 7.0 (see Table 1 for
detailed composition). The visible and further calculated Bragg peaks for the H2 and
Fd3m phases are indexed with their Miller indices in green and orange colors,
respectively. Further calculated peak positions for the weaker reflections are also
included. For further details on phase assignment of the sample with XGMO = 0 wt%
see Fig. S1. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Representative cryo-TEM images taken from the GMO/OA/LL-37 dispersions
with XOA:XLL-37 ratio of 4:1 at XGMO of a) 20 wt% and b) 50 wt% of the nanocarriers’
mass and prepared at pH 7.0 (corresponding SAXS patterns are given in Fig. 1).
Arrows point to the nanoparticles with most likely internal H2 structure (a); typical
striated patterns of the water channel arrangement in the H2 phase are marked with
an asterisk. Vesicles of various sizes are observed at XGMO of 50 wt% (b).
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reported [33]. Thus, the observed single Bragg peaks in the SAXS
curves for the three samples were assigned to the strongest
hk = 10 reflection of the internal H2 phase of hexosomes. The lattice
parameter, aH2 , estimated from the hk = 10 peak positions of the
internal H2 phase, was increased from 5.6 to 6.2 nm on increasing
XGMO from 10 to 30 wt% (Table 1). Increasing XGMO from 0 to 20 wt
% in this sample was also associated with a decrease in RH (see
Table 1), further supporting the occurrence of a phase transition.
With a further increase in XGMO to 50 wt%, the single Bragg reflec-
tion disappeared (Fig. 1), indicating a transition to vesicles of var-
ious sizes as confirmed by cryo-TEM imaging (Fig. 2b) . This
hexosome-to-vesicle colloidal transformation was associated with
a decrease in the RH from 165 nm (PDI = 0.28) to 99 nm (PDI = 0.21)
on increasing XGMO from 20 to 50 wt%. The DLS correlation func-
tions of these two samples exhibited a single decay, indicating a
rather monomodal nanoparticle size distribution (Fig. S2).

To gain insight into the influence of the protonation state of OA
on modulating the structural properties of GMO/OA nanoparticles
in the presence of LL-37, a set of electrophoretic mobility measure-
ments was conducted. The dispersions containing 20 and 50 wt%
XGMO at a XOA:XLL-37 ratio of 4:1 were investigated at different pH
values (see Fig. 3). At XGMO = 20 wt%, the surface potential, Us,
which was calculated from the f-potential values using Eq. (4),
decreased from �1.1 ± 1.1 mV to �26.6 ± 1.4 mV on increasing
pH from 5.0 to 8.0, with the biggest change occurring in a narrow
pH range of 7.0–8.0. At a higher XGMO of 50 wt%, the Us decreased
from �2.8 ± 2.0 mV to �14.8 ± 3.1 mV on increasing pH from 5.0 to
8.0. The biggest change in Us for this sample occurred at lower pH
values compared to the sample with XGMO = 20 wt%, namely
between 6.5 and 7.2. At both XGMO of 20 and 50 wt%, the observed
decrease in Us on increasing pH is in agreement with previous
reports on the pH-dependent surface charge of OA-based disper-
sions [12,44,51].

Fitting Eq. (7) to the sigmoidal shapes of Us vs. pH plots allowed
estimating the pKa

app of the OA/GMO/LL-37 nanocarriers at XGMO of
20 and 50 wt% (Fig. 3). The results of the fitting, presented in
Table 1, demonstrated a decrease in pKa

app on increasing GMO con-
tent, which was also confirmed by the titration experiments pre-
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sented in Fig. S2. To correct for the electrostatic effect of the
nanoparticles’ negative surface charge due to the attraction of
H3O+ ions, leading to an elevation of local pH around the nanopar-
ticles, the intrinsic pKa (pKa

int) was estimated using Eq. (8) (Table 1).
The observed decrease in the calculated pKa

int value on increasing
XGMO indicates that the integration of GMO molecules into OA/
LL-37 nano-self-assemblies favored deprotonation of OA at lower
pH values.
3.2. Role of LL-37 in modulating OA/GMO/LL-37 nanostructure

SAXS experiments on OA/GMO/LL-37 dispersions with varied
LL-37 content are presented in Fig. 4a. Here, the XOA:XGMO ratio
was kept constant at 3:7 and pH at 6.5 (see Table 2). The XLL-37

was varied from 0 to 30 wt%. In absence of LL-37, the SAXS pattern
of the control OA/GMO sample displayed 3 Bragg peaks with
1 :

ffiffiffi
3

p
:

ffiffiffi
4

p
spacing, corresponding to the formation of H2 phase

with aH2 of 6.3 nm (Fig. 4a). This was in good agreement with pre-
vious reports on the structural properties of OA/GMO dispersions
stabilized using F127 [33,55]. Loading LL-37 (at XLL-37 of 10 wt%)
into the nanocarriers led to a decrease in the intensity of the H2

phase Bragg peaks. The observed Bragg peak at q = 1.12 nm�1 in
that curve is most likely attributed to the hk = 10 reflection from
the remnants of the H2 phase. The shift of this peak to lower q val-
ues corresponded to an increase in aH2 to 6.5 nm. At XLL-37 = 20 wt%,
the H2 peak further diminished in intensity and Bragg peaks with



Table 1
Composition and characterization results of OA/GMO/LL-37 dispersions from Fig. 1.

wt% content in nanocarriers Structure at pH 7.0
(see Fig. 1)

pKa
app pKa

int RH at pH 7.0

XOA XGMO XLL-37

80 0 20 Fd3m (a = 14.2 nm) 7.78 ± 0.12* 7.4 ± 0.1 190 nm (PDI = 0.24)*
72 10 18 H2 (a = 5.6 nm) – – –
64 20 16 H2 (a = 5.8 nm) 7.6 ± 0.1 7.3 ± 0.1 165 nm (PDI = 0.28)
56 30 14 H2 (a = 6.2 nm) – – –
40 50 10 Lamellar (formation of vesicles) 6.8 ± 0.1 6.6 ± 0.1 99 nm (PDI = 0.21)

*values taken from literature [44].

Fig. 3. pH-dependent changes in the surface potential, Us , of nanocarriers prepared
with XOA/XGMO/XLL-37 of 64/20/16 (blue open circles) and 40/50/10 (red open
tringles). XOA:XLL-37 ratio was 4:1 in both mixtures. The estimated pKa

app (dashed
vertical line), as calculated by fitting the pH-sensitive Us values to Eq. (7) (solid
lines), decreased on increasing GMO content in the nanocarriers from 20 to 50 wt%
(see Table 1 for values). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. a) SAXS curves of OA/GMO/LL-37 nano-self-assemblies prepared at four
different XLL-37 of 0, 10, 20, and 30 wt% and pH of 6.5. In these samples, XOA:XGMO

ratio was kept constant at 3:7. Detected Bragg peaks of H2 and cubic Im3m phase are
indexed with their Miller indices in green and red, respectively. A correlation peak
potentially resulting from weakly correlated bilayers is marked with an asterisk. An
insert containing an enlarged part of the XLL-37 = 20 wt% curve is included in the
bottom left corner for better Bragg peak visibility. b) Representative cryo-TEM
image of the nano-self-assemblies with XLL-37 = 30 wt%. Weakly correlated
multilamellar structures are marked with an asterisk. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

M. Gontsarik, A. Yaghmur and S. Salentinig Journal of Colloid and Interface Science 583 (2021) 672–682
relative spacing of
ffiffiffi
2

p
:

ffiffiffi
4

p
:

ffiffiffi
6

p
were observed. The peaks corre-

sponded to the hkl = 110, 200, and 211 reflections of the inverse
bicontinuous cubic phase of Im3m symmetry with aIm3m of around
14.3 nm. Scattering pattern indicative of vesicles was observed
with a further LL-37 loading (at XLL-37 = 30 wt%). In the SAXS pat-
tern, the detected correlation peak around q � 1.0 nm�1 is most
likely attributed to the scattering of weakly correlated bilayers in
this sample. Consistent with the SAXS finding, the representative
complementary cryo-TEM images for the sample with XLL-37 of
30 wt% were dominated by relatively small spherical vesicles and
other vesicles of variable sizes, including deformed vesicular struc-
tures and relatively large oligo-lamellar vesicles (Fig. 4b). DLS mea-
surements, shown in Fig. S4, indicated only a minor change in the
RH of the nanocarriers on increasing XLL-37 (Table 2).

In addition to SAXS results and cryo-TEM observation presented
in Fig. 4, the effect of LL-37 loading on the surface charge of OA/
GMO/LL-37 nanocarriers was investigated by electrophoretic
mobility measurements. Fig. 5a shows the pH-dependent surface
potential Us of these dispersions in absence and presence of
30 wt% XLL-37. In both nanocarriers, the Us was found to gradually
decrease from nearly neutral values at pH 5.0 to around �11.5 and
�13.4 mV in samples without and with LL-37, respectively, at pH
9.0. The largest Us decrease occured in the pH range of 6.0–8.0.
The additional pH-dependent Us curves for the OA/GMO/LL-37
676



Table 2
The composition and characterization results of OA/GMO/LL-37 dispersions prepared at different LL-37 contents. The lattice parameter of the identified phases and the estimated
pKa

app and pKa
int values were derived from the data presented in Figs. 4 and 5.

wt% content in nanocarriers Structure at pH 6.5
(see Fig. 4)

pKa
app pKa

int RH at pH 6.5

XOA XGMO XLL-37

30 70 0 H2 (a = 6.3 nm) 6.8 ± 0.1 6.7 ± 0.1 110 nm (PDI = 0.19)
27 63 10 H2 (a = 6.5 nm) 6.6 ± 0.3 6.5 ± 0.3 100 nm (PDI = 0.20)
24 56 20 Im3m (a = 14.3 nm) 6.6 ± 0.03 6.5 ± 0.03 120 nm (PDI = 0.21)
21 49 30 Lamellar (formation of vesicles) 6.4 ± 0.1 6.3 ± 0.1 109 nm (PDI = 0.21)
50 50 0 – 7.4 ± 0.02 7.0 ± 0.02 –
50 40 10 – 6.7 ± 0.2 6.4 ± 0.2 –
50 30 20 – 6.4 ± 0.1 6.2 ± 0.1 –
50 20 30 – 6.3 ± 0.1 6.1 ± 0.1 –

Fig. 5. a) pH-dependent changes in the surface potential Usof nanocarriers prepared at XOA/XGMO/XLL-37 of 30/70/0 (blue) and 21/49/30 wt% (red). b) pH-dependent Usof
nanocarriers prepared at XOA/XGMO/XLL-37 of 50/50/0 (blue) and 50/20/30 wt% (red). The fit of the data to Eq. (7) and the estimated pKa

app values are shown as solid and dashed
lines, respectively (for pKa

app values see Table 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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nanocarriers prepared at a constant XOA:XGMO ratio of 3:7 and con-
taining XLL-37 of 10 and 20 wt% are presented in Fig. S5. The pKa

app

and pKa
int of the presented nanocarriers were estimated using Eq.

(7) and (8), and are presented in Table 2.
To get a deeper insight into the effect of LL-37 loading on the

deprotonation behavior of OA, XOA was kept constant at 50 wt%,
while the XLL-37 in the OA/GMO/LL-37 nanocarriers was increased
from 0 to 30 wt% at the cost of GMO content (see Table 2).
Fig. 5b shows the pH-dependent surface potential Us values for
the OA/GMO nanocarriers with XOA/XGMO of 50/50, and OA/GMO/
LL-37 nanocarriers with XOA/XGMO/XLL-37 of 50/20/30. In absence
of LL-37, the Us decreased gradually from �2.0 ± 1.9 mV to �45.
8 ± 5.9 mV on increasing pH from 5.0 to 8.0. In the nanocarriers
with same XOA, but with XLL-37 at 30 wt%, the Us values decreased
from 1.1 ± 2.5 mV to �26.3 ± 1.2 mV in the same pH range. While
keeping the same XOA content (partial replacement of GMO), load-
ing LL-37 was associated with less negative Us values in the inves-
tigated 5.0–8.0 pH range (Fig. 5b). Furthermore, the estimated
pKa

app and pKa
int values for the nanocarriers containing LL-37 were

lower than those of the LL-37-free nanocarriers (see Table 2). The
Us values for the additional samples with XOA/XGMO/XLL-37 of
50/40/10 and 50/30/20 are presented in Fig. S5. Clearly, at XOA of
50 wt%, the gradual replacement of GMO with the positively
charged LL-37 peptide led to a signficant decrease in pKa

int value.

3.3. Effect of composition on pH-triggered nanostructural transitions

SAXS curves presented in Fig. 6 show the effect of changing pH
on the structural features of dispersions prepared at two different
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XOA/XGMO/XLL-37 compositions of 27/63/10 and 81/9/10. At XOA/
XGMO/XLL-37 of 27/63/10, the SAXS curves at pH 5.0 and 6.0 dis-
played a low-q upturn in intensity, indicating presence of objects
with defined volume at dimensions larger than the resolution of
the SAXS setup (Fig. 6a). Three Bragg peaks with a relative
1 :

ffiffiffi
3

p
:

ffiffiffi
4

p
spacing can also be observed in this SAXS curve. Taken

together, this indicated the formation of hexosomes with aH2 = 5.6
at pH 5.0 and 6.4 nm at pH 6.0. On increasing pH to 6.5, the Bragg
peaks of the H2 phase started to diminish in intensity and also
shifted slightly to lower q-values, indicating an increase in aH2 to
6.5 nm. A further increase in pH to 6.8, 7.0, and 8.0 resulted in
the loss of Bragg reflections and appearance of a q-2 dependence
in the SAXS curve at low q (see Fig. S6), indicating a transition to
vesicles. This observation was confirmed by cryo-TEM images
depicting hexosomes at pH 6.0 and vesicles with variable sizes at
pH 7.0 (Fig. 7). Furthermore, the colloidal transition on increasing
pH from 6.5 to 7.0 was also followed by a decrease in RH from
100 nm (PDI = 0.20) to 90 nm (PDI = 0.27), respectively (for DLS
correlation functions and size distribution see Fig. S7).

The pH-dependent SAXS curves for the sample with XOA/XGMO/
XLL-37 of 81/9/10 are presented in Fig. 6b. At pH 6.0 and 6.5, the
SAXS curves for this sample displayed a low-q upturn in intensity
and a broad correlation peak characteristic for emulsions envelop-
ing an L2 phase (formation of emulsified microemulsions, EMEs)
[56,57]. As L2 phase lacks the long-range order, the observed broad
peak corresponds to a wide distribution of distances between the
scatterers inside the emulsions. The shift of the L2 peak to higher
q values and its sharper appearance upon increasing pH from 6.0
to 6.5 can thus be attributed to reduced correlation distances and



Fig. 6. pH-dependent SAXS curves for the nanocarriers prepared with XOA/XGMO/XLL-37 of a) 27/63/10 and b) 81/9/10. The corresponding visible and further calculated
reflections of the H2 (green) and Fd3m (orange) phases are marked with arrows and indexed with their Miller indices. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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increased order, respectively. Increasing the pH value to 6.8 and 7.0
resulted in the appearance of Bragg peaks with the characteristic
spacings of the inverse cubic Fd3m phase with aFd3m of 13.9 nm
at pH 6.8 and 14.9 nm at pH 7.0. At pH 7.5, a H2 phase with
aH2 = 6.2 nm was observed. Further increase in pH to 7.7 led to a
scattering curve characteristic for vesicles with a q-2 dependence
at q values below 0.4 nm�1 (see Fig. S6).

The results from Fig. 6 demonstrate that adjusting nanocarrier
composition from XOA/XGMO/XLL-37 = 27/63/10 to 81/9/10 (varying
XOA:XGMO lipid ratio from 3:7 to 9:1) is associated with a significant
change in the pH-responsive phase behavior of OA/GMO/LL-37
nanocarriers: the transition to vesicles occurred at pH values of
6.8 and � 7.7, respectively, on increasing OA content.

From Fig. 8, in which the surface potential Us values at different
pH values is presented, the pKa

app of the nanocarriers with XOA/
XGMO/XLL-37 of 27/63/10 and 81/9/10 was calculated using Eq. (7)
and found to be 6.6 ± 0.3 and 7.6 ± 0.02, respectively. The corre-
sponding pKa

int values were 6.5 ± 0.3 and 7.2 ± 0.02, respectively.
Clearly increasing OA content in the nanocarriers (varying XOA:
XGMO from 3:7 to 9:1) led to an increase in the estimated pKa

app

and pKa
int values.

The pH-dependent phase behavior of OA/GMO/LL-37 disper-
sions is summarized in Fig. 9. The phase boundaries in these partial
tertiary diagrams are included as visual guides only. Predomi-
nantly vesicles were observed in OA/GMO dispersions containing
XLL-37 of 30 wt% within the entire pH regime. Vesicles were also
the dominating species at pH � 7.5, with the exception for disper-
sions with XOA � 90 wt%. The latter favored the formation of hex-
osomes at pH 7.5 due to the elevated pKa

app of OA in such nano-self-
assemblies. Nanoparticles enveloping inverse non-lamellar liquid
crystalline structures and inverse microemulsions were the domi-
nating species at XLL-37 � 20 wt% and pH � 7.0. These nanostruc-
tures depended strongly on the XOA:XGMO lipid ratio and pH.

4. Discussion

In a concentration-dependent manner, the introduction of GMO
into OA/LL-37 dispersions at pH 7.0, depicted in Fig. 1, was
observed to induce the colloidal transition from micellar cubo-
somes to hexosomes and later to vesicles. This transition sequence
is attributed to the integration of GMO into the OA nano-self-
assemblies, leading to an increase in the amount of the solubilized
water and the overall apparent headgroup area at the oil–water
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interface, in agreement with findings on similar systems [33,40].
Considering the propensity of GMO to favor the formation of
non-lamellar structures, [58] the formation of vesicles on increas-
ing XGMO to 50 wt% in this system is most likely attributed to an
altered protonation state and electrostatic interactions among
the embedded OAmolecules in presence of LL-37. The pKa

app of pris-
tine OA dispersed into colloidal particles in water was reported to
be around 8.0, significantly larger than the pKa of the carboxylic
group, which is around ~ 4.8 [59]. Such an increase in pKa

app is most
likely attributed to the presence of a relatively high concentration
of ionizable carboxylic groups of the embedded fatty acids at the
lipid-water interface, providing high densities of negative charges
at the interface. This results in electrostatic repulsions among
OH– and attraction of H3O+ ions from the surrounding bulk solution
to the negatively charged surface of the self-assemblies. Elevated
local concentrations of H3O+ ions lower the local pH around the
charged particles and oppose OA’s deprotonation. Decreased pres-
ence of OH– ions prevent their interactions with the carboxylic
hydrogen atoms, necessary for OA deprotonation. Both effects con-
tribute to the elevation of pKa

app [33,60]. In addition, the close pack-
ing of the embedded fatty acid molecules results in ion–dipole
interactions between the protonated and deprotonated carboxylic
groups at the lipid-water interface. The ion–dipole complex stabi-
lizes the carboxylic hydrogen of the protonated fatty acid and fur-
ther hinders its deprotonation [61–63]. These effects were
reported to be stronger upon closer packing of the molecules
[62,63].

It appears in the present study that the gradual integration of
GMO at the OA-based lipid-water interface leads to a decrease in
the interfacial charge density, as evident from the less negative
surface potential values of the nanocarriers at pH � 8.0 on
increasing GMO content (Fig. 3). As a result of reduced electro-
static repulsions, the locally increased concentration of the OH–

ions at the interface may facilitate OA’s deprotonation. This effect
is evident from the decreased pKa

app values on increasing XGMO

(see Table 1). The pKa
int values are calculated by compensating

for such effects of negative surface charge on OA’s pKa
app. Thus,

the observed decreases in the pKa
int values on increasing XGMO in

nanocarriers (see Table 1) indicate that the presence of GMO
molecules embedded between the OA molecules had additional
influence of OA’s deprotonation, potential due to an improved
hydration of the lipid-water interface and/or an ion–dipole com-
plex destabilization.



Fig. 7. Representative cryo-TEM images of nanocarriers prepared with XOA/XGMO/
XLL-37 of 27/63/10 at a) pH 7.0 and b) pH 6.0. The inset on the left in b) is the FFT of
the highlighted part of the observed hexosome, highlighting the repeating
honeycomb pattern. The insert on the right is a close-up of the striated nanostruc-
ture, potentially reflecting the water nanochannels of the H2 phase.

Fig. 8. pH-dependent surface potential, Us , values for the nanocarriers with XOA/
XGMO/XLL-37 of 27/63/10 (red) and 81/9/10 (blue). The dashed and solid lines
represent the pKa

app and fits of Eq. (7), respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 9. The partial ‘‘3-D” phase diagram of pH-sensitive OA/GMO/LL-37 nanocar-
riers presented as a stack of partial tertiary phase diagrams at different pH
conditions. Each square on these diagrams represents a single SAXS measurement.
In case of coexisting structures, the dominant one is presented based on SAXS data
analysis. Colored areas and phase boundaries in the diagrams are shown only for
visual guidance. Results from Salentinig et al. [33] were used to assist in the
assignment of cubic Im3m phase boundaries.
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The integration of LL-37 into OA- and GMO-based nano-self-
assemblies at different concentrations, and the associated electro-
static and steric interactions have been discussed in our recent
reports [12,44,47]. In agreement with the published findings,
[12,44,47] our present results indicate that the positively charged
amphiphilic a-helical peptide LL-37 accommodates at the lipid-
water interface and tunes the interfacial curvature to be more pos-
itive. These LL-37 concentration-dependent changes in the interfa-
cial curvature cause the observed swelling of the internal H2 lattice
and later the structural transitions from hexosomes to cubosomes
679
with an internal cubic Im3m phase and vesicles on gradual increase
in XLL-37 from 0 to 30 wt% in the OA/GMO dispersion with XOA:
XGMO ratio of 3:7 (Fig. 4a). It should be noted that the formation
of cubosomes with an internal cubic phase of Im3m symmetry is
most likely attributed to the penetration of F127 into the nanopar-
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ticles’ interiors, as F127 is well known to induce in a concentration
dependent manner a transition from an internal inverse bicontin-
uous cubic Pn3m phase to an Im3m phase in GMO-based cubo-
somes [55,64]. Overall, LL-370s impact on the structure is also
demonstrated in the partial phase diagram (Fig. 9), where increas-
ing XLL-37 from 0 to 30 wt% induces transitions from nanoparticles
enveloping inverse-type non-lamellar structures to vesicles across
all partial phase diagrams.

Similar to GMO’s behavior, the integration of LL-37 into OA/
GMO/LL-37 nanocarriers was also associated with a decrease in
OA’s pKa

int (Table 2). However, the integration of relatively high
concentrations of LL-37 (XLL-37 = 30 wt%) into the nano-self-
assemblies prepared at XOA:XGMO of 3:7 resulted in a rather small
decrease in pKa

app and pKa
int (Fig. 5a and Table 2). Only a minor

change of Us at pH = pKa
app from�5.4 mV to �5.1 mV was observed.

Overall, the low surface potential could be responsible for the
minor effect on pKa

app (Table 2). Here, it is worth noting that the
value given by the sigmoidal fiting of Eq. (7) to the Us data at
pH = pKa

app can be used here for comparison of surface potential,
since it represents the nanocarriers’ Us at the midpoint between
fully protonated and fully deprotonated states of embedded OA
molecules.

A larger decrease in pKa
app and pKa

int was detected on loading
30 wt% XLL-37 at a constant XOA of 50 wt% (Fig. 5b and Table 2). This
is correlated with a larger decrease in Us at pH = pKa

app from –23.0
to �10.8 mV, caused by the partial replacement of GMO with the
positively charged LL-37 molecules in these nanocarriers.

Fig. 10 summarizes the observed effects of changing OA/GMO/
LL-37 nanocarriers’ composition on OA’s pKa

int. Pristine OA
(XOA = 100) dispersions have the highest density of OA at the inter-
Fig. 10. Effect of the compositional changes on OA’s pKa
int in the OA/GMO/LL-37 nanoca

samples. a) An interface composed of only OA exhibits a stronger surface potential, Us , an
higher pKa

int. b) Introduction of a sufficient GMO concentration decreases the density of O
At higher XOA of 80 wt%, the changes in the interfacial OA charge density on LL-37 int
decrease in OA density at the lipid-water interface on inclusion of GMO or LL-37 furthe

680
face, which results in the largest nanocarrier Us and OA’s pKa
int

(Fig. 10a) [44]. A decrease in OA’s density and disruption of its
ion–dipole complexes by introduction of sufficient GMO concen-
trations at the lipid-water interface can be used to decrease Us

and pKa
int (Fig. 10b,d). Integration of LL-37 at the interface also

plays a role in decreasing OA’s pKa
int, as long as OA’s densities are

sufficiently disrupted (Fig. 10c,e). Combined integration of both
GMO and LL-37 was most effective in promoting the deprotonation
of OA and the reduction of its pKa

int (Fig. 10e). The outlined effects of
compositional changes on OA’s pKa

int correlate well with the pH-
triggered nanostructural transitions depicted in the phase dia-
grams of Fig. 9. Namely, nano-self-assemblies with higher OA con-
tent (XOA � 90 wt%), and thus high pKa

int, tend to form non-lamellar
structures at higher pH values and only transition to vesicles at
pH � 7.5, whereas addition of GMO or LL-37 causes the transition
to vesicles to occur at lower pH values due to depressed pKa

int. This
‘tuning’ of pH-responsiveness of the nano-self-assemblies is high-
lighted in Fig. 6, where changing XOA:XGMO ratio from 3:7
(Fig. 6a) to 9:1 (Fig. 6b) caused a shift in the pH boundaries of
the vesicular structure by about one point from � 6.8 to � 7.7.

The observed changes in spontaneous curvature at the OA-
based lipid-water interface upon integration of LL-37 improve
our fundamental understanding of the peptide’s influence on the
molecular packing within such self-assemblies and could translate
to better understanding of AMPs’ interactions with negatively
charged bacterial cell membranes. Furthermore, the detected alter-
ations in the protonation behavior of OA headgroups at the inter-
face provide insight into the electrostatic interactions among the
nanocarrier components, as well as distribution of ions in the
viscinity of charged interfaces. The gained insight into fatty acids’
rriers. The surface potential is presented as Us at pH value equal to pKa
app in these

d facilitates close packing of the embedded OA headgroups, resulting in a relatively
A headgroups at the interface, leading to a corresponding decrease in Us and pKa

int. c)
egration are insufficient to cause a significant change in Us and pKa

int. d-e) Further
r decreases the Us and the pKa

int.
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protonation behavior in self-assembled structures could also
advance our understanding of structure formation during the
digestion of triglyceride emulsions, which is important for the
uptake of dietary fats in the intestine [65].

The findings of the current study can guide the further develop-
ment of pH-responsive lipid-based nanocarriers. Better control
over the pH range, in which the nanocarriers undergo structural
transitions, that potentially trigger release of their cargo or biolog-
ical activity, could improve targeting and thus minimize side
effects. This can be achieved by precisely tailoring the spectrum
of their pH sensitivity to match the pathological pH conditions of
the bacterially infected areas. In this regard, the demonstrated abil-
ity to shift the pH boundaries of functional pH-triggered phase
transitions by tailoring the nanocarriers’ composition could be
applied for selective targeting of Pseudomonas aeruginosa or Escher-
ichia coli biofilms that exhibit pH in the range of ~ 7.0–5.0, [18–20]
bacteria in the plaques of dental caries that exhibit pH in the range
of ~ 6.5–3.9, [21,23] infection in acute wounds which exhibit pH in
the range of ~ 6.3–5.4, [14] or bacteria causing vaginitis that exhi-
bit pH in the range of ~ 6.0–4.5 [24]. However, for the successful
implementation of the OA/GMO/LL-37 platform, future in vitro
and in vivo studies are required to assess whether the reported
nanostructural changes in these nanocarriers can be translated to
beneficial changes by modulating the biological activity or release
of LL-37 on demand.
5. Conclusion

A structurally tunable library of pH-responsive ternary OA/
GMO/LL-37 nanocarriers were prepared and characterized at dif-
ferent compositions and pH values. Decreasing the density of OA
headgroups at the lipid-water interface of these nano-self-
assemblies by the partial replacement of OA with LL-37 and/or
GMO was found to facilitate deprotonation of this fatty acid and
resulted in a decrease of OA’s pKa

app. This finding is crucial, consid-
ering our previous report on OA/LL-37 self-assemblies, which indi-
cated that pKa

app of OA dispersions was not significantly altered
upon introduction of lower concentrations of LL-37 [44]. The OA
protonation state was demonstrated to be the main driving force
behind the pH-triggered nanostructural transitions in OA/GMO/
LL-37 nanocarriers. Hence, the ability to tune the pKa

app of OA pro-
vides a strategy to tailor phase transitions and, potentially, activity
to specific pH values. Using the constructed OA/GMO/LL-37 partial
phase diagrams at different pHs as a guide, the lipid and peptide
compositions of these nano-self-assemblies can be tailored to con-
trol the pH range in which the nanocarriers undergo desired struc-
tural and surface charge alterations. The results are important for
the future development of smart lipid nanocarriers with tunable
pH-triggered nanostructure for pathology-specific pH-guided
delivery of AMPs.
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