
Development and Characterization of Nanoscale Gel-Core
Liposomes Using a Short Self-Assembled Peptide Hydrogel:
Implications for Drug Delivery
Geneviev̀e Duché,* Celine Heu, and Pall Thordarson

Cite This: ACS Appl. Nano Mater. 2023, 6, 14745−14755 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Targeted drug delivery systems, delivering drugs to
specific locations, are an emerging research interest spanning the
fields of nanotechnology, bionanotechnology, and precision
medicine. Topical or transdermal delivery has many advantages
over traditional injection and oral delivery. Not only can it reduce
the risk of systemic exposure and overdose but also it is better
tolerated by certain patients. However, skin penetration remains a
challenge given the protection conferred by the outermost skin
layer (stratum corneum), preventing foreign materials, such as
pathogenic substances, from infiltrating the body. A promising alternative to overcome the stratum corneum delivery challenge
combines the self-assembling properties of nanoscale systems, like liposomes, with peptide hydrogelators, creating an effective topical
drug delivery system that couldcross the protective skin barrier. Presented herein is the successful production of gel-core liposomes
using two short self-assembled peptide hydrogels. The subsequent composite gel-core liposomes were extensively characterized using
a range of techniques including microscopy and SANS.
KEYWORDS: hydrogel, liposomes, self-assembly, AFM, gel-core liposomes, delivery, characterization

1. INTRODUCTION
Nanoscale systems combining both gels and liposomes, such as
gels inside liposomes (termed gel-core liposomes), are of
growing interest. These new materials provide novel
approaches to new materials with unusual properties by
combining advantages conferred by both the gel and liposome
structure. Materials developed optimizing these properties will
enable topical drug delivery systems, capable of bypassing the
stratum corneum (outermost layer of skin, made of horny,
keratinized dead cells).1

Gels, though having a long history, remain a material
difficult to precisely define and without a technically rigorous
generally accepted formal definition. They are usually
described as a two-component system consisting of a three-
dimensional (3D) matrix of fibers encapsulating a solvent, with
the solvent often composing the majority of the gel.2 Self-
assembled hydrogels, also referred to as supramolecular
hydrogels, consist of low molecular mass organic gelators,
such as peptides, in water.3 Hydrogels, with their important
industrial relevance, particularly in the cosmetics industry as
topical products, are the focus of this study. They are also
gaining relevance in the pharmaceutical industry for their ease
of application, accessibility, biocompatibility, and drug delivery
capabilities.4 Furthermore, hydrogels have greater appeal to
patients compared to topical systems such as creams or
ointments, as they leave no sticky residue on the skin, are easily
removed with water, and administration can be stopped at any

time.5 Despite the advantages of hydrogels as topical drug
delivery systems, few reports exist on their use in topical drug
delivery. Previous reports on hydrogels used for topical release
noted significant impediments to stratum corneum penetration
without prior treatment,6 reinforcing the necessity of a two-
component system.

Liposomes, or lipid vesicles, are spherical polymolecular
aggregates generally formed in an aqueous solution in the
presence of a dry lipid film.7 As their complex structure
incorporates both hydrophilic and hydrophobic compartments,
additives can be compartmentalized and transported. Hydro-
philic components localize within the inner aqueous phase,
while lipophilic components accumulate within the bilayer
walls. Thus, the sections separate potentially reactive
components and minimize the encapsulated material decom-
position.8 These systems also present good biodegradability,
biocompatibility, and low toxicity, which are ideal drug delivery
system characteristics.9 Phospholipid liposomes are also
reported to readily interface with skin lipids, presenting an
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interesting and versatile transdermal delivery vector.10

However, these liposomes are vulnerable to physical
disruption, with vesicle aggregation, fusion, and rupture
resulting in uncontrolled and rapid drug release, decreasing
drug efficacy and yielding potential off-target effects.11 Thus,
addressing liposome structural weakness is essential to develop
robust liposome drug delivery systems with controlled or
delayed-release profiles.

One strategy to overcome liposome structural weaknesses is
to use the rigidity of gels to reinforce structural definition. By
combining gels and liposomes within a composite system, drug
delivery may be improved and enable precisely controlled drug
release.6 Aqueous gel-core inclusion within liposomes (forming
gel-core liposomes) is known to improve mechanical proper-
ties, stability, and influence release patterns.12 Several examples
exist of gel-core liposome systems using either polymeric
gels9,12 or biopolymeric gels.6,10 Previous reports of hybrid
lipid−peptide systems yielding micelles and cubosomes proved
to be viable targeted drug delivery systems.13,14 However, no
examples of gel-core liposome systems incorporating self-
assembled peptide hydrogels are reported.

Self-assembled peptide hydrogels confer many advantages
over polymeric or biopolymeric gels, including being chemi-
cally well-defined, high encapsulation efficiency, improved
biocompatibility for the absence of cross-linkers, and nontoxic
degradability.15 Self-assembled peptide hydrogels are unique in
their sole reliance upon noncovalent intermolecular forces such
as π−π stacking or hydrogen bonding to form their gel state.16

This avoids the use of cross-linkers that may compromise the
gel biocompatibility. Furthermore, the peptide hydrogel
structure presents advantages, over both synthetic and
naturally derived hydrogels, as they are composed only of
naturally occurring amino acids.17

In this work, the peptide gelator Fmoc glycine diphenyla-
lanine (Fmoc-GFF), was selected for its relatively good
biocompatibility, ease of synthesis, and similarity to other
well-known short peptide gelators such as Fmoc-diphenylala-
nine (Fmoc-FF).18,19 Though less studied than other peptide
sequences, Fmoc-GFF is advantaged by the reduced hydro-
phobicity of the glycine residue, which increases gelation pH.
This increases gel biocompatibility, supporting its use in this
study.20 The Fmoc group, as an N-terminal capping group, is
extensively studied and enhances gelation efficiency by
promoting π−π stacking.21 Herein, we report the formation
and characterization of gel-core liposomes using the Fmoc-
GFF self-assembled small peptide hydrogelator.22

2. EXPERIMENTAL SECTION
All reagents were purchased from Chem-Impex International, Nova
Biochem, Auspep, Sigma-Aldrich, Avanti Polar Lipids, Inc., and
Sapphire Bioscience and used without modification unless specified.
Phosphate buffer solution (PBS) was prepared using stock solutions
of sodium dihydrogen phosphate (0.1 M) and disodium hydrogen
phosphate (0.1 M) diluted with Milli-Q water or by dissolving PBS
tablets in the corresponding volume of Milli-Q water to reach a final
concentration of 20 mM. The pH was then adjusted with aqueous
solutions of sodium hydroxide and hydrochloric acid.

The Fmoc-GFF peptide gelators were synthesized following
standard solid-phase peptide synthesis protocols previously developed
using a 2-chlorotrityl chloride resin, with HBTU and HOBt as
coupling reagents.20 Amide coupling completion was determined
using a ninhydrin-based Kaiser test. Mixtures were then purified by
semipreparative HPLC using a Shimadzu Prominence UFLC HPLC
system and then lyophilized yielding the hydrogelators as a powder.
The resulting Fmoc-GFF solutions were made of 0.5% (w/v) Fmoc-
GFF in PBS buffer (20 mM, pH 7.4). The Fmoc-GFF solutions were
vortexed, sonicated, and heated to ca. 40−60 °C before allowing to
cool in ambient conditions and undergo gelation. Gelation was
confirmed by an inversion test.

Liposomes were prepared following a thin film hydration method.
Egg phosphatidylcholine (egg-PC) and cholesterol (1:0.15) were
dissolved in chloroform. The solvent was removed under reduced
pressure in a rotary evaporator until complete removal to obtain a thin
film on the flask wall. The dry film was then hydrated with PBS (20
mM, pH 7.4) to reach a final lipid concentration of 15 mg/mL.
Rehydration was ensured by using vortex mixing and sonication. The
solution was then extruded at room temperature through polycar-
bonate membranes with a pore size of 400 nm and then 200 nm at
room temperature. Gel-core liposomes (see Scheme1) were prepared
using the same method except for the rehydrating buffer. The dry
lipid film was rehydrated using a solution of Fmoc-GFF (1% (w/v))
made by dissolving the gelator in PBS buffer (pH 10.0) to reach a
final lipid concentration of 15 mg/mL. Once extruded, the solution
was dialyzed overnight against PBS pH 5.4 to ensure gelation inside
the liposomes and solution pH reduction to 7.4. Dispersions were
then hermetically sealed and stored at 4 °C.

Biotinylated liposomes and gel-core liposomes were prepared by
following the same methods. Biotinylated egg-PC (1 mol % of the
total egg-PC volume) was added during the formation of the thin lipid
film.

2.1. Characterization. The average diameter size and poly-
dispersity index (PDI) of liposomes and gel-core liposomes were
measured via dynamic light scattering (DLS) using a Malvern
Zetasizer Nano ZS. Liposomes and gel-core liposome samples for
DLS were dissolved 100-fold in PBS buffer (20 mM, pH 7.4). The
solution was left to equilibrate at room temperature for 5 min.
Measurements were taken using a viscosity of 0.8872 cP and refractive
indices of 1.330 and 1.45 for lipids.

Scheme 1. Visual Representation of Gel-Core Liposomes and Its Components
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Transmission electron microscopy (TEM) micrographs were
recorded on a JEOL 1400 (100 kV) and an FEI Tecnai GG2 20
(200 kV). A drop of sample was cast onto a carbon-coated grid and
left for 1 min before blotting. The grid was then negatively stained
using 2% uranyl acetate for 1 min and then blotted. Cryo-TEM
micrographs were recorded on an FEI Tecnai G2 20 (200 kV) with
samples prepared by an EM GP vitrification robot by Leica
Microsystems. A drop of sample was cast onto a glow-discharged
holey support carbon-coated grid, left to sit for 30 s, blotted for 1.8 s,
left to sit for 1.0 s, and then plunged into liquid ethane. The grids
were maintained under liquid nitrogen to avoid thawing and ice
formation, which could impact imaging.

Confocal microscopy was performed on a Leica SP5 2 P STED
instrument with a fluorescent optically active hydrogelator. For
confocal imaging, liposomes with cores of the optically active perylene
gelator (N′-alanyl-perylene-3,4,9,10-tetracarboxylic monoimide dibu-
tyl ester)1 were used. These were formed following a previously
described protocol. Within 2 days of liposome formation, the
suspension was highly diluted (1%) before being dispersed in
Fmoc-GFF (1% (w/v)) and imaged on a concave glass slide with a
coverslip.

Atomic force microscopy (AFM) was performed on a Bruker
Multimode 8 and Bruker Bioscope Catalyst. For dry liposome
imaging, a small sample droplet was air-dried on a mica sheet
overnight before imaging at room temperature using PeakForce
Tapping. For solution imaging, liposomes were modified using
biotinylated egg-PC (1 mol % of the total egg-PC volume). AFM
surfaces were prepared for immobilization as follows: mica disks were
freshly cleaved, and glass slides were cleaned for 2 h in aqueous
potassium hydroxide (2 M). Glass slides were then rinsed using
ethanol and Milli-Q water. Surfaces were then covered with a solution
of streptavidin (17 mg/mL) in PBS buffer (20 mM, pH 7.4) to which
acetic acid (20%) was added, for at least 1 h, and no longer than 2 h.
Surfaces were then dried under a gentle stream of nitrogen. The
liposomal solution (40 μL) was then cast on the surfaces and allowed
to settle for 40 min. Excess liquid (20 μL) was removed and replaced
with fresh PBS buffer (20 μL). Samples were analyzed in Peakforce
tapping mode with a Bruker Scanasyst fluid probe (nominal spring
constant of 0.7 N/m).

For gel imaging, Fmoc-GFF solutions at different concentrations
(1:12 and 1:16) were prepared by dissolving the gelator in the
corresponding amounts of PBS buffer. A sample (40 μL) was cast
onto a freshly cleaved mica disk, air-dried overnight, or dried under a
gentle stream of nitrogen. Peakforce tapping mode with the Bruker
Scanasyst air probe (nominal spring constant of 0.4 N/m) was used.

Small-angle neutron scattering (SANS) measurements were
performed at Australia’s Nuclear Science and Technology Organ-

isation on the QUOKKA instrument. Hydrogel samples were
prepared by dissolving Fmoc-GFF (1% (w/v)) in deuterated water.
The samples were then vortexed, sonicated, and slightly warmed
before transfer to a demountable titanium cell with a 2 mm path
length to reach an ambient temperature. Data reduction was
performed using IgorPro software and modeled using SasView.

3. RESULTS (WITH DISCUSSION)
3.1. Fmoc-GFF. To successfully form gel-core liposomes,

identification of the appropriate gelation method is essential.
However, this is complicated by partitioning of the gelator
within the liposome. Several potential gelation methods were
considered, such as salt screening using Dulbecco’s modified
Eagle’s medium or a pH switch with slow glucono-δ-lactone
hydrolysis. Ultimately, to avoid additional components and
minimize system complexity, a temperature switch to induce
gelation was employed. Higher temperatures disrupt the
intermolecular interactions that form gels and increase the
gelating molecule solubility; then, upon cooling, a one-
dimensional self-assembly occurs.23 To form gel-core lip-
osomes, the peptides must be fully dispersed in the thin lipid
film rehydration solution. To ensure Fmoc-GFF solubility in
PBS, solution pH was investigated (pH 3−11.8). Gelation was
triggered via the temperature switch approach, with gel
formation monitored via the inversion test. Optimal pH values
for temperature switch gel formation were found to be 7, 8,
and 9. At these pH values, the Fmoc-GFF easily dissolved with
sufficient gel formation in less than 2 h to withstand the
inversion test. At low pH values (pH < 7), the gelator was
insufficiently soluble, despite sonication, vortexing, and
heating, thus rendering gels impossible under these conditions.
Higher pH values (pH > 10), while solvating the gelator,
greatly slowed the gelation rate (as observed using the
inversion test) and presented the additional risk of cleaving
the Fmoc capping group at high pH. The Fmoc-GFF dissolved
well in PBS at a pH 10.0 and maintained the gelator in solution
without gel formation, making it a good option for the
liposome encapsulation process. Once encapsulated, gelation
may then be initiated inside the liposomes, forming the gel-
core liposomes, using dialysis to lower the pH to a
physiologically relevant range.

Native gel sample topography imaging in liquids by AFM is
a nontrivial task; thus, the Fmoc-GFF from PBS buffer at pH

Figure 1. AFM images of dried-out sample of Fmoc-GFF gels on a mica substrate formed in 20 mM PBS buffer at pH 7.4 and 1/12 of the normal
concentration. Images were obtained on a Bruker MultiMode 8.
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7.4 fiber morphology was initially studied in the dry state using
atomic force microscopy (Figure 1). The observed fibers
appear flat, without coils and without branching. Fibers cross
over each other and associate, forming bundles of up to three.
Fiber diameters measured ranged between 11 and 25 nm. As
features observed by AFM commonly appear wider than they
are due to profile broadening artifacts, the diameter of
cylindrical features is usually determined by height. However,
for these films, imaging single fibers was impossible, even in the
most dilute areas of the sample due to interference from
residual buffer salts. The fiber diameter was therefore
determined using other techniques to compliment the AFM
measurements.

Small-angle neutron scattering (SANS) is one technique
used to evaluate soft materials like gels and here was used to
determine the Fmoc-GFF fiber radius. Fmoc-GFF was
dissolved in a PBS buffer of deuterated water, vortexed,
sonicated, and gently heated before being allowed to cool in a
SANS cell and undergoing gelation. Samples were analyzed at
25 °C. Data obtained for Fmoc-GFF in deuterated PBS at pH
5.4 were compared to data for Fmoc-GFF in deuterated PBS at
pH 10.0 (Figure 2). As the scattering data show, there is no
significant difference between these two extremes with strong
similarity between the data from both pH 5.4 and pH 10.0.
The similarity of the SANS data indicates that at both pH
values, similar structures exist and are likely to exist over the
entire pH range between those two points, implying that these
structures are also present at a pH of 7.4.

Data were modeled using a flexible cylinder model with
parameters selected for each scattering pattern based upon the
AFM data. The scattering length density (SLD) of the peptide

was calculated to be 1.93 × 10−6 Å−2, and that of the solvent
(D2O) was fixed at 6.3 × 10−6 Å−2. Other parameters were
allowed to vary freely, and following a few optimization cycles,
the background was subtracted. Once this was complete,
further parameter optimization was performed using multiple
starting values for the Kuhn length, radius, and cylinder length
and then minimized to ensure that a physically realistic global
minimum was found.24

The scattering data were fitted to a flexible cylinder model
using variables determined by AFM imaging, a method
successfully employed in previous self-assembled peptide gel
studies.25,26

The fitted data (chi-squared value of 0.990) gave a fiber
radius of 35.2 Å−or 3.5 nm, a fiber length of 1483 Å (previous
work points toward this being the average length between fiber
overlap in the hydrogel and not the fiber physical length),27

and a Kuhn length of 527.5 Å was obtained, indicating a
flexible fiber. The fiber radius obtained is smaller than that
obtained using AFM imaging (around 5−13 nm per bundle),
but represents a more realistic radius as AFM profile
broadening is avoided.

As previously mentioned, the similarity between scattering
data for pH 5.4 and 10.0 suggests that within this range
scattering patterns are independent of pH. This implies that
the fundamental Fmoc-GFF gel structures exist at both pH
values and thus are inferred to exist within the spectrum of pH
values between. Overall, this supports the propensity for gel
formation to occur within the liposome confines, indicating the
potential of the Fmoc-GFF gelator to act as a structurally
rigidifying component within gel-core liposomes.

Figure 2. SANS scattering patterns for (A) Fmoc-GFF in 20 mM deuterated PBS buffer at pH 5.4 and (B) Fmoc-GFF in 20 mM deuterated PBS
buffer at pH 10.0. Fmoc-GFF concentration: 1% (w/v). Panel (C) represents a superposition of both graphs. (D) Fmoc-GFF in 20 mM deuterated
PBS buffer at pH 5.4 (red) and its fitted data using a flexible cylinder model (black).
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3.2. Gel-Core Liposomes and Liposomes. To stabilize
the liposome and gel-core liposome structures, a sterol,
cholesterol, was added to the egg phosphatidylcholine to
modulate the lipid bilayer fluidity. This increases the
phospholipid-based liposome stability by preventing the
crystallization of the acyl chain of the phospholipid, which
provides steric hindrance to their movement. Ultimately, this
reduces liposome permeability, making them more efficient
drug delivery systems.7 The subsequent liposomes (empty,
containing the Fmoc-GFF gelator, or containing a perylene-
based gelator) were analyzed using a variety of microscopy
techniques. Transmission electron microscopy (TEM) and
cryo-TEM were used to characterize the range of liposome

sizes and shapes. Confocal microscopy was used to observe the
successful encapsulation of a fluorescent gelator inside the
liposomes. Atomic force microscopy (AFM) was used to
compare the mechanical properties of liposomes and gel-core
liposomes.

DLS was used to compare the liposome and gel-core
liposome size and dispersity. When carried out on liposomes
prepared at 0.15 mg/mL and then extruded (400 and then 200
nm), a relatively monodisperse sample was observed, as
indicated by the presence of a single defined peak in the size
distribution shown in Figure 3. The z-average diameter was
found to be 173 ± 1 nm (maximum of 210 nm at max
intensity) with a polydispersity index (PDI) of 0.1. The gel-

Figure 3. Left, DLS measurements on liposomes (0.15 mg/mL) in 20 mM phosphate buffer saline, pH 7.4, extruded through 400 and then 200 nm
membranes. The z-average diameter of the aggregates is 173 ± 1 nm. Right, DLS measurements on liposomes (0.15 mg/mL) with Fmoc-GFF in
their core in a 20 mM phosphate buffer saline, pH 7.4, extruded through 400 nm and then 200 nm membranes. The z-average diameter of the
aggregates is 161 ± 1 nm.

Figure 4. AFM on biotinylated liposomes (A−E) and gel-core biotinylated liposomes with 1% (w/v) Fmoc-GFF (F−J). (A, B) Imaging of a dry
sample (MM8 AFM instrument) on a mica disk; 2D and 3D representations. Scale bar 100 nm. (C, D) Imaging of a liquid sample (catalyst AFM
instrument) on a streptavidin-covered mica disk. 2D and 3D representations. Scale bar 100 nm. (E) Height section in liquid (catalyst) on a
streptavidin-covered mica disk. Red: 90.2 nm, gray: 158.1 nm, purple: 105 nm, and pink: 91.4 nm. (F, G) Imaging a dry sample (MM8 AFM
instrument) on a mica disk, 2D and 3D representations. Scale bar = 200 nm. (H, I) Imaging of a liquid sample (catalyst AFM instrument) on a
streptavidin-covered mica disk; 2D and 3D representations. Scale bar is 200 nm. (J) Height section of the biotinylated liposomes in liquid (catalyst
AFM instrument) on a streptavidin-covered mica disk. Red: 140.5 nm, gray: 113.8 nm.
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core liposomes presented a monodisperse sample with a z-
average diameter of 161 ± 1 nm (maximum of 190 nm at max
intensity) and a PDI of 0.1, roughly 7% smaller than normal
liposomes.

However, DLS does suffer from an extreme sensitivity to
large particles.28 The presence of a small number of large
particles in a sample greatly skews the measurement, as they
scatter significantly more light, dominating the signal. Thus,
the mean-diameter is often overestimated. This sensitivity
shows that DLS, although excellent for monodisperse samples,
may give inaccurate results should particle size populations be
nonideal. Hence, to obtain robust values for the liposome and
gel-core liposome physical properties, multiple characterization
techniques are necessary.

AFM was used to visualize both dried and native (wet)
samples. Both techniques were employed to avoid artifacts that
arise from the imaging of dry samples, as previously discussed,
and to verify observations in the liquid state of materials that
contain gels, which, as also previously discussed, are nontrivial
materials to image. From comparisons of these analyses, a
greater understanding will be obtained on the variations in
sizes and shapes of liposomes and gel-core liposomes.29 An
additional advantage of AFM, for both dry and wet imaging, is
that once liposomes and gel-core liposomes are located and
imaged, physical evaluations such as surface nanoindentation
can be performed.30 Imaging liposomes in liquid, in the
absence of surface or lipid modification, is a challenging task.31

Thus, to facilitate liposome and gel-core liposome immobiliza-
tion on the imaging substrate, biotinylated liposomal systems
were used as well as nonmodified liposomal systems.
Biotinylated liposomes were used only for AFM imaging.
First, gel-free liposomes were imaged to evaluate liposome
indentation. Data for the imaging of gel-free biotinylated
liposomes is shown in Figures 4A−E and 5A. Imaging of dry
gel-free liposome samples shows only large or very angular
aggregates of dried lipids (Figure 4A,B), presenting very little
resemblance to the expected liposome structure (confirmed by
DLS and TEM, shown later). This disparity between the
observed and expected liposomal structure is hypothesized to

be due to sample preparation effects. Particularly, the drying
step, which may cause liposomes to adhere, forms large
aggregates. Dry AFM of liposomes gave a population with an
average size of 35 nm (median of 34 nm, standard error of
mean of 2 nm). Liquid imaging with a small z-range (2.5 mm)
revealed craters (Figure 5A), which may indicate previous
liposome adhesion sites, resulting from a destructive
interaction between the AFM tip and liposome during
scanning. With a larger z-range (20 mm), spherical structures
between 50 and 150 nm in diameter and 10−40 nm in height
are observed (Figure 4C,D). The discrepancy between the
height and diameter may be due to profile broadening artifacts,
a combination of sample concentration variation over time,
and physical deformation of the soft liposomal structures upon
interaction with the AFM tip. In this situation, liposome
physical deformation may be exacerbated as the membrane-
bound biotin irreversibly binds to the functionalized AFM
substrate. With each deformation, induced upon interaction
between the AFM tip and flexible liposome, the liposome is
progressively flattened as it associates with the surface. This
technique gave a liposome population with an average size of
64 nm (median 60 nm standard error of 4 nm).

These data indicate that even with surface immobilization
via biotinylation, AFM imaging on gel-free liposomes is
challenging and does not yield reliably accurate character-
ization data. Contrary to gel-free liposomes, dry samples of the
gel-core liposomes were much simpler to image by AFM
(Figure 4F,G), with spherical structures clearly visible. The
structural rigidity enabling observation by AFM is likely due to
the core of the gel-core liposomes. The solid-like core material
appears to confer a resistance to deformation during the drying
process and to indentation by the AFM tip. Dry AFM of
liposomes containing Fmoc-GFF gave a population with an
average size of 115 nm (median of 108 nm, standard error of
the mean of 5 nm). Similarly, when imaged in liquid with a low
z-range sample scanning instrument (Figure 5B), these gel-
core liposomes displayed the same features as observed for the
gel-free liposomes. The presence of craters indicates that gel-
core liposomes were located in that area; however, the AFM

Figure 5. Images of AFM on (A) biotinylated liposomes in liquid (low z-range sample scanning) on a streptavidin-covered mica; (B) biotinylated
gel-core liposomes in liquid (low z-range sample scanning) on a streptavidin-covered mica. The white arrows point out to the craters formed by
liposomes before being washed away by the AFM tip.
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tip again appears to be destructively interacting with the gel-
core liposomes. This is likely similar to the behavior observed
for the gel-free liposomes. When a higher z-range sample
scanning was used (Figure 4H,I), gel-core liposomes were
successfully observed on the substrate as spherical structures
with a diameter of roughly 130 nm (median 127 nm, standard
error of mean 19 nm). For the liposomes and gel-core
liposomes that remained spherical, there was no significant
difference in their heights, as measured by AFM. However, the
gel-free liposomes tended to flatten more easily than when
filled with a gel. This is especially noticeable with dry sample
AFM imaging. The biotin distributed over the membrane
interacting with the streptavidin-treated surface as the AFM tip
moved influenced the shape of the liposomes, possibly
flattening the liposomes over time. From these observations,
the incorporation of a gel-core to the liposomes confers
significantly greater physical stability and prevents deformation
of these structures caused by the AFM tip.

Further supporting evidence for gelator encapsulation inside
the liposomes was obtained by using TEM, cryo-TEM, and
confocal microscopy. Negatively staining liposomes for TEM
imaging using a uranyl acetate solution is necessary as
phospholipids have poor electron-scattering properties and

are not visible in the micrographs. The negatively stained TEM
micrographs of gel-core liposomes containing Fmoc-GFF only
showed a black spherical structure (Supporting Information
Figure 1; average size 326 nm, median 318 nm, standard error
of mean 19 nm). Unstained samples were also imaged
(Supporting Information Figure 2), the micrographs of
which revealed no discernible features. No proof of gel
encapsulation could therefore be made using the Fmoc-GFF as
the only observable feature was the staining of liposome
membranes.

Contrary to Fmoc-GFF, the perylene gelator is both
optically active and a good electron acceptor in solution.
This electron acceptor capability results in a greater capacity
for the gel component to absorb electrons from an electron
beam, creating a contrast in the TEM imaging. This means that
gel-core liposomes made using the perylene gelator should
image well in TEM. Prior to imaging, the liposomal solution
containing the perylene gelator was dialyzed to ensure full
removal of any nonencapsulated gelator. Negatively stained
samples were compared to the unstained samples. For both
stained and unstained samples (Figure 6), spherical structures
of roughly 200 nm (stained: 261 nm, median 260 nm, standard
error of mean 12 nm, unstained: 204 nm, median 175 nm,

Figure 6. (A) Stained transmission electron micrographs of gel-core liposomes (15 mg/mL) containing a solution of a perylene gelator in PBS
buffer (20 mM, pH 10.0). (B) Unstained transmission electron micrographs of gel-core liposomes (15 mg/mL) containing a solution of perylene
gelator in PBS buffer (20 mM, pH 10.0). Images were taken on a Tecnai microscope (200 kV).

Figure 7. Confocal microscopy images of gel-core liposomes (15 mg/mL) prepared in a solution of a perylene gelator in PBS buffer (20 mM, pH
10.0) after dialysis against PBS (20 mM, pH 5.4). The resulting gel-core liposomes were diluted to 1% of their initial concentration and then
immobilized prior to imaging in a nonfluorescent 1% (w/v) Fmoc-GFF gel. Images taken on a Leica SP5 2P STED using a 100.0 × 1.40 oil
objective at room temperature.
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standard error of mean 15 nm) scattered across the stained
grids are observed. This demonstrates that the presence of a
perylene gelator does not hinder liposome formation. In the
stained micrographs (Figure 6A), the phospholipid shells are
clearly distinguishable as the uranyl acetate solution preferen-
tially stains the membrane. When the samples are imaged in
the absence of negative staining, the membranes are no longer
visible on the micrographs (Figure 6B) but spherical
structures, liposomes, are still apparent thanks to the
encapsulation of the perylene gelator. There is relatively
good agreement between the sizes obtained using DLS and
TEM (same order of magnitude). However, some variations in
TEM may be due to sample preparation.

Interestingly, imaging of stained (diameter including the
membrane) and unstained (diameter not including the
membrane) gel-core liposomes using TEM can give an
approximate volume of the inside of a liposome as well as an
approximate volume of the shell. Using the =V r4

3
3 formula,

a shell volume of roughly 5 mm3 was obtained, with a volume
of core encapsulation of roughly 4 mm3. This information can
prove to be important for further encapsulation studies.

Further evidence supporting gel encapsulation was obtained
by using confocal fluorescence microscopy (Figure 7). Gel-
core liposome samples made incorporating the fluorescent
perylene gelator (of a bright red color) were diluted to 1% of
their initial concentration into a gel formed from 1% (w/v)
nonfluorescent Fmoc-GFF to create an immobile matrix that
was imaged by confocal microscopy. Images of these samples
showed bright red spherical structures, which are assumed to
be the encapsulated perylene gelator, forming the gel-core
liposomes. As the perylene dye fluorescence is very strong, a
1% solution made of the original liposomal solution is
necessary as to not saturate with the perylene fluorescence.

As with the TEM micrographs, the particle size observed
using confocal microscopy (100−600 nm, with an average of

342 nm, a median of 346 nm, and a standard error of mean of
20 nm) differed from the average size obtained using DLS
(160−180 nm depending on the batch). This is likely due to
the ultimate resolution limit of the microscope according to
Abbe’s law (200−300 nm).

A common challenge encountered in imaging liposomes and
gel-core liposomes, resulting in size discrepancies, is partially
attributable to the drying effect. An imaging technique that
may avoid this issue is cryogenic transmission electron
microscopy. This technique enables liposome imaging in a
snap-frozen aqueous solution, which should side-step the
drying issues and provide results that may validate liquid AFM
imaging. This technique eliminates the need for negative
staining and drying of the samples and allows analysis in a
native solution state. Gel-core liposome samples for cryo-TEM
were plunged into liquid ethane at −183 °C and cooled using
liquid nitrogen. During this snap-freezing step, the nanostruc-
tures are instantaneously embedded in vitrified amorphous ice,
trapping them in a near-native hydrated state.32 Figure 8
presents typical cryo-TEM images of the gel-core liposomes
encapsulating Fmoc-GFF (which has poor electron-scattering
properties) in their core. Some observed gel-core liposomes
appear to be multilamellar (red arrows in Figure 8), instead of
unilamellar (white arrows). This may be due to negatively
charged impurities, present in naturally isolated egg-PC, which
disrupted and complicated liposome formation.33 However,
more than 75% of the liposomes obtained were unilamellar.

The gel-core liposomes observed in the cryo-TEM images
appear to be somewhat smaller than 200 nm in diameter,
averaging a size of around 131 nm, with a median of 127 nm
and a standard error of the mean of 10 nm agreeing with the
DLS results in Figure 3. This supports the hypothesis that
drying of the liposomes and negative staining is responsible for
the size variations between imaging techniques.

Figure 8. Cryo-TEM images of gel-core liposomes (15 mg/mL) containing the Fmoc-GFF gelator. The white arrows point to unilamellar
liposomes, while red arrows point to multilamellar liposomes. Images taken on a Tecnai microscope (200 kV).
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Using hydrogen/deuterium contrast matching methods,
SANS measurements were attempted to investigate the
aggregate formed by the gelator in the core of the Fmoc-
GFF gel-core liposomes to see whether the gelator formed a
gel or stays solvated. These measurements were not sensitive
enough to obtain a clear signal, and the incorporation of
deuterated lipids changed the liposome system drastically.
More information on this can be found in the Supporting
Information.

3.2.1. Comparison and Contrasting of the Different
Techniques Used to Characterize Liposomes and Gel-Core
Liposomes. As shown throughout this study, several different
techniques were used to try and analyze gel-core liposomes and
compare them to normal (empty) liposomes. Table 1 shows
the different population studies obtained from these various
techniques (distribution plots can be found in the Supporting
Information).

Liposomes (empty) were found to have statistically different
mean sizes (see the Supporting Information) between the
different technique used (196, 64, and 35 nm). It is important
to note that the value obtained from TEM (196 nm, dry
sample) is the closest to the value obtained via DLS (173 nm,
native sample).

Gel-core liposome samples measured using cryo-TEM (131
nm, native sample) and using AFM in liquid (127 nm, native
but modified using biotin) gave mean sizes very close to that
obtained via DLS (161 nm, native sample), indicating that
these methods might be the most appropriate to obtain a
clearer picture of gel-core liposomes.

It is of importance to also note here that the population of
gel-core liposomes, contrary to that of liposomes (empty),
analyzed using dry and liquid AFMs did not present a
statistical difference, indicating that adding a gel-core to
liposomes may result in greater size homogeneity than when
empty.

Similar to hydrogels, nanoscale composite systems (such as
the gel-core liposomes presented in this work) are difficult to
characterize using a single technique and require a
combination of techniques to obtain a clear understanding of
their sometimes contrasting and complex properties.

4. CONCLUSIONS
In summary, this study demonstrated the simple formation and
promising properties achievable by gel-core liposomes using
the small self-assembled peptide hydrogel Fmoc-GFF. The
liposomes and gel-core liposomes were extensively charac-
terized and evaluated. Due to the complicated structure of
these nanoscale gel-core liposomes, a range of techniques were
required to adequately characterize them. To evaluate the two
different component features, namely, the liposome and the
gel-core liposomes, no single technique is capable of fully
evaluating each important property; indeed, the use of some
imaging techniques necessitates destructive sample preparation
(for example, sample drying for imaging). To overcome the
challenges posed by the nanostructural complexity of these
materials, an array of advanced imaging techniques are
necessary and often yield varied results. Techniques such as
TEM, cryo-TEM, AFM, and DLS provide different average
sizes for liposomes and gel-core liposomes. Only cryo-TEM,
and to some extent AFM of liquid samples, provides reliable
(free of skewed particle size sensitivities) data for the native
(nondried and unmodified in the case of cryo-TEM) structures.
The variation in results obtained by various techniques
confirms the influence of sample drying in inducing size
discrepancies and highlights the importance of native imaging.
AFM images in liquid gave data more consistent with the
expected physical properties of the liposome and gel-core
liposome structures and other liquid-based characterization
techniques compared to techniques involving sample drying.
However, imaging of dried biotinylated Fmoc-GFF gel-core
liposome samples was more readily obtained than those of the
gel-free liposomes, indicating significant structural rigidity
conferred by the gel-core in preventing the destructive
deformation of these structures caused by interactions with
the AFM tip. Solution AFM images of the Fmoc-GFF gel-core
biotinylated liposomes showed spherical structures of roughly
130 nm. Comparison of the liposome and gel-core liposome
highlighted the greater tendency of liposomes to flatten out
compared to the gel-core liposomes. Thus, liposome structural
integrity is greatly improved by the inclusion of a gel-core.

More importantly, with the ease at which the highly complex
gel-core liposome structure can be created, it can now be
applied to a wide variety of new applications, from increasing
the stability and shelf life of cosmetics and medicines, as well as

Table 1. Summary of the Population Studies Done on the Data Obtained While Characterizing Liposomes and Gel-Core
Liposomes Using Several Techniquesa

system N min (nm) max (nm) mean (nm) median (nm) std dev (nm) std error of mean (nm) CI of mean (nm)

TEM (liposomes) 30 125 325 196 188 51 9 177−215
TEM (Fmoc-GFF stained) 10 228 429 326 318 60 19 283−369
TEM (perylene Unstained) 38 79 517 204 176 89 14 174−233
TEM (perylene stained) 39 128 423 261 260 76 12 237−286
AFM (liposome liquid) 18 42 92 64 69 17 4 56−73
AFM (liposome dry) 33 19 66 35 34 12 2 31−39
AFM (Fmoc-GFF liquid) 2 114 141 127 127 19 13 −43−297
AFM (Fmoc-GFF dry) 33 63 197 115 108 30 5 104−126
cryo-TEM (Fmoc-GFF) 24 54 243 131 127 49 10 110−151
confocal (perylene) 36 71 679 342 346 123 20 301−384
DLS (liposomes) n/a n/a n/a 173 n/a n/a n/a n/a
DLS n/a n/a n/a 161 n/a n/a n/a n/a
aN indicates the population counted; min is the size of the smallest structure; max is the size of the biggest structure; std dev is the standard
deviation of the sample; std error of mean is the standard error of the mean of the samples; and CI of mean represents the 95% confidence interval
of the mean of the sample.
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compartmentalizing storing molecules for potential nanosized
chemical reactors. The next step in exploring these easily
synthesized, yet highly complex materials, involves evaluating
the compartmentalizing capacity, solution stability, and
influence on the lifetime of sensitive compounds stored within
the gel-core compartment of the liposome.

These nanoscale systems also have clinical applications and
are viable, stable delivery systems. When dispersed in a gel
matrix (creating gel-core liposomes within a gel), a slow
controlled release profile of fluorescein was obtained,22 in
opposition to the burst release traditionally observed with gel
delivery. Delivery through skin is also promising and will be
the subject of further studies.22

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.3c02172.

Further transmission electron micrographs of liposomes
and gel-core liposomes (Figures S1−S3), further
explanation and scattering patterns (Figure S4) of
small-angle neutron scattering experiments done on
liposomal systems; stability studies performed on
liposomes and gel-core liposomes (Table S1); and
rheological data for Fmoc-GFF at 0.5 wt %, as well as a
summary table (Table S2) of the plot distributions and
results of Mann−Whitney tests of samples of liposomes
and gel-core liposomes obtained using different
characterization techniques (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Geneviev̀e Duché − School of Chemistry, The University of
New South Wales, Sydney 2052 NSW, Australia; Australian
Centre for Nanomedicine, The University of New South
Wales, Sydney 2052 NSW, Australia; Present
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