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We present studies of protein (insulin) efflux rates from nano-sized
core-shell systems with a gelled core and a lipid bilayer (nano-
lipogels). The efflux control mechanism is the manipulation of mesh
size, and we show that diffusion control via crosslinking is the domi-
nant mechanism for efflux control. The concept is inspired by the
macromolecular crowding effect in human cells, which may be
considered as a physical network of undefined mesh size. Our bio-
inspired system is made of chemically crosslinked water-swellable
poly(ethylene glycol) diacrylate cores, whose mesh size can be
manipulated to yield a quantifiable crowding effect that then leads to
predictable release rates for biomacromolecules.

Treating diseases using therapeutic biomolecules (proteins,
peptides, and genes) has been fast becoming a preferred
strategy, and over 200 bio-therapeutics (also called “biologics”)
have already been approved." Therapeutic biomolecules are
currently mainly administered by subcutaneous or intravenous
injections. For chronic conditions, the cost and inconvenience
to the patient can be formidable;* thus sustained-release bio-
therapeutics are of great benefit to patients. The key factors to
successful protection and prolonged action of singularly
administered therapeutic biomolecules include the ability to
encapsulate sufficient quantities of biologics into carriers and
to thus protect the biologics from harsh environments and
sustain the release over several days while maintaining their
bioactivity.* Very few such sustained-release systems have been
approved to date mainly because it is challenging to load
carriers with sufficiently high amounts of biologics while still
having to modulate their release, especially initial burst release,
upon administration for prolonged therapeutic effects.*
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Among several US Food and Drug Administration (FDA)-
approved nanocarriers, lipid-based nanocarriers such as lipo-
somes, solid lipid nanoparticles, and micelles are the dominant
types.>® Liposomes can deliver both hydrophobic and hydro-
philic drugs (including proteins, peptides, and small interfering
RNA) in their lipid bilayers and aqueous cores, respectively.®®
Doxorubicin encapsulated inside a PEGylated liposome was the
first liposomal nanocarrier approved by the FDA.° Although
liposomal nanocarriers have the above-mentioned advantages,
they are not ideal candidates for protein and peptide delivery,
because of their low encapsulation efficiencies, high burst
release, and insignificant sustained-release.*

To overcome these drawbacks, we use the concept of the
macromolecular crowding (MMC) phenomenon in cellular
cytoplasm to develop hybrid nanocarriers termed nanolipogels
(NLGs). In nature, cells are densely packed by various biological
macromolecules in the cytosol, which is covered with lipid
membranes; the combination slows down the efflux of bio-
macromolecules from cells. The current literature on macro-
molecular mobility and barriers for diffusion has focused on the
crowdedness of the cytoplasm and the effect of crowding on
protein diffusion within various cells and simply indicated that
macromolecular crowding of cellular cytoplasm delays the
molecular diffusion in live cells.**™* To be more specific, there is
no quantification of the effect of macromolecular crowding, nor
is there a definition of what constitutes this diffusional barrier.
To the best of our knowledge, there are no studies demon-
strating the extent to which macromolecular crowding affects
protein release in nanosized entities, or on how the under-
standing can be used for nanocarrier drug delivery systems.
This is because the crowding entity is not defined; we hypoth-
esize that it is a physical network of macromolecules which are
packed (“crowded”; concentrations range from 300-400 mg
mL ™" of macromolecules) inside the cell so that there are
entanglements between the macromolecules, leading to
a physical network that offers a diffusional barrier. It is also
believed that the membrane offers a secondary barrier to the
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efflux of macromolecules from within the cell, via negligible
partitioning of the macromolecule into the bilayer.

In this study, we designed a NLG system that mimics the
MMC effect via chemical crosslinking, with a synthetic
membrane bilayer to gauge the relative contributions of diffu-
sion and partitioning for the efflux of insulin from within the
core nanogel (Fig. 1). Thus insulin was employed as a model
protein drug and encapsulated into a poly(ethylene glycol)
diacrylate (PEGDA) based NLG to mimic the reservoir-
membrane system (Fig. 1A). PEGDA served as a crowding
agent and the idea was to use crosslink density variations
(“mesh size” of network) to mimic molecular crowding and then
control diffusion in order to gauge the role of diffusion in
insulin efflux at the nanoscale.

It should be noted in this context that at the micron-scale,
protein efflux from microparticles has been demonstrated to
be controllable with solid microparticles such as poly(lactide-co-
glycolide) or PLGA; here the control is entirely through a diffu-
sional barrier provided by the sub-T, matrix of PLGA. In fact at
the micron scale, sufficient diffusional control can be obtained
without the use of a bilayer coating. This is not possible at the
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nanolevel, because the diffusional path lengths are significantly
reduced, and hence the perceived need for a coating layer
significantly different chemically from the semi-aqueous core.
To the best of our knowledge there is no study that sheds light
on the relative extents of diffusional control and partition
control at the nanoscale, for core-shell systems.

As illustrated in Fig. 1B, the preparation process of NLGs is
divided into four steps: (1) lipid thin film preparation, (2)
hydration of the thin film with the PEGDA monomer, insulin
and Irgacure 2959, (3) extrusion of multilamellar vesicles
(MLVs) to unilamellar vesicles (ULVs), and (4) dialysis (removal
of unencapsulated insulin and PEGDA) and UV photo-
polymerization. As mentioned above, different amounts of
PEGDA were used in the lipid-film hydrating solution in order to
achieve NLGs with different macromolecular crowding effects.
The morphology and core structure of NLGs formed using
different amounts of PEGDA were analyzed by cryo-
transmission electron microscopy (TEM), dynamic light scat-
ting (DLS) and static light scatting (SLS). All NLG formulations
under study (10%, 30%, and 50%) showed the formation of
spherical nanostructures (Fig. 2A) under cryo-TEM.

1= (kx3)(G)

:: ftri't‘i:r:;eg A b’ = %’Z/é:‘% J: The flux(or rate of efflux per unit area, kg m2 s’);
. \ _| . ya \x. = L: The thickness of the bilayer;
l % A \.% /#\\ i N =
Drug out Ojﬁz% D'ff\us}b“ /,/ R J ig K: The interfacial partitioning of the drug between
Cg//yfﬁ \fv' - %\;\\OO the core and the membrane;
% @)O D: Diffusion constant(m?s);
i A\
(4 gé g g %}\%ﬁ)ﬁj\) o concentration difference(kg m#).
\/"\ :Macromolecular crowder
Cell-mimicking Nanolipogel
— Lipid bilayer
Nanogel core with
encapsulated insulin
Membrane
NORMAL CELL NANOLIPOGEL
PEGDA \U ™\
Insulin @ i |
PBS
Irgacure 2959 Extrusion @ @ Dialysis @ @

Lipid thin film

Fig. 1

Multilamellar esicles(MLVs)

@ @ UV polymerization @ @

Unilamellar Vesicles(ULVS) Nanolipogel

(A) Schematic representation of a cell-mimicking nanolipogel with the macromolecular crowding effect in the core and membrane

structure. In a steady state, the drug flux can be estimated using the Fickian diffusion equation after modeling the cell as a reservoir-membrane
system. (B) The fabrication process of a cell-mimicking NLG. Multilamellar vesicles (MLVs) and unilamellar vesicles (ULVs).
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(A) Cryo-TEM images of bare liposomes, 10% NLGs, 30% NLGs, and 50% NLGs (scale bar: 200 nm). (B) DLS results of 30% NLG and 30%

NLG with 1% Triton X-100. (C) (a) Morphology of 30% NLG characterized by AFM in liquid mode (scale bar: 1 um); (b) representative force—
distance curve for Young's modulus measurement, where the cantilever probe is brought down into contact (curve 1), and cantilever indents the
sample causing cantilever deflection (curve 2) and then retracted from the surface (curve 3) until the cantilever is fully detached (curve 4). Young's
modulus E was determined from the indentation part of the approach curve (2);** (c) Young's modulus results of 10%, 30% and 50% NLGs.

Furthermore, DLS measurements showed that all NLGs
exhibited a similar hydrodynamic size of ~180 nm and neutral
zeta potential. The polydispersity indexes (PDIs) of these
samples were less than 0.15, indicating homogeneous and
narrow size distribution. The DLS and zeta potential of all NLGs
are similar to those of liposomes fabricated under the same
conditions (190.3 nm, PDI 0.05) (Table S1, ESI{). In terms of
long-term stability of the obtained NLGs, the average size, size
distribution, and zeta potential of the NLGs remained unaltered
for at least 28 days, when stored at 4 °C, as proved by DLS
measurements (Table S3, ESIY).

To confirm the nanogel formation, DLS was employed to
evaluate the formation of the nanogel core inside NLGs. Triton
X-100 was employed to solubilize the lipid bilayers.'>'® After
adding 1% Triton X-100 to NLG solution, a micelle peak (~10
nm) and a separate nanogel peak (100-200 nm) were observed
as shown in Fig. 2B. The micelle is formed by lipids stripped
from the NLG cores; thus the observed bimodal structures
indicated the existence of a nanogel-core interior surrounding
by a liposomal vesicle. In combination with TEM observation,
the structural morphology of NLGs in aqueous solutions was
studied by determining their R,/Rj, ratios (R,: radius of gyration;
Ry,: hydrodynamic radius) as shown in Table S2 (ESIT). Ry/Ry,
defined as the shape factor (p) is a sensitive tool for monitoring
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the structures of the nanoparticles by reflecting the radial
density distribution of the particle.'” Theoretically, the p values
for a uniform solid sphere, vesicle, and random coil are 0.775,
1.0, and 1.5, respectively.'®** In our study, the p values for bare
liposomes and NLGs were calculated to be 0.98 and 1.05
respectively, corresponding to the vesicle structure. Collectively,
these results show the following:

(1) Our system is a core-shell system, with a spherical gel
core and a synthetic bilayer “membrane”; although we cannot
categorically state that the surface coverage by the bilayer is
“complete”, it is likely to be so, especially in view of the size
stability of these core-shell particles (ESI, Table S37);

(2) The bilayer lipids are certainly integrated with the gel
core, because if they were free-floating, they would form
micelles, which is not shown by the DLS data (single peak at
about 100 nm and no micelle peak (~10 nm)).

To further probe the crosslinking density of the hydrogel
core inside the NLG, the Ry, R, and p values of the nanogels were
measured after lipid bilayer removal (Table S2 and Fig. S1,
ESIt). Our results show that the R, decreases with increasing
PEGDA concentration, indicating an increase in crosslinking
density.>*?* The p values of nanogels after bilayer removal are in
the range between 0.62 and 0.91 for various PEGDA concen-
trations suggesting a spherical geometry.”> Compared to the

This journal is © The Royal Society of Chemistry 2020
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relatively homogeneous crosslinked structure of 10% and 30%
nanogels (NGs) (p > 0.775), the lower p value of 50% NG suggests
having a “corona”-type structure, that is, a denser or highly
crosslinked core surrounded with a less dense layer.>>** This
observation is in agreement with the mesh size data as shown in
Table S1 (ESIt) when the PEGDA concentration increases with
reducing mesh size corresponding to a tighter hydrogel
network. NLG with 50% PEGDA has, as expected, the smallest
mesh size at 0.86 nm. As the PEGDA concentration decreased,
the mesh size increased to 1.21 and 2.55 nm, respectively. Small
peptides, such as insulin with a monomeric radius of 1.3 nm,*
can be easily encapsulated into the nanogel core of NLGs, and
their release may be modulated at these mesh sizes (crosslink
densities or macromolecular crowding). Therefore, we selected
insulin as a model drug to study the effects of diffusion control
over the release.

Subsequently, we assessed the morphology and elasticity of
NLGs using contact mode Atomic Force Microscopy (AFM) for
mechanical properties to control the stability, size, shape, and
fusion of the liposomes as well as the drug release profile.>
Fig. 2C(a) shows the morphology of NLGs adsorbed on a PEI
coated mica surface in a liquid environment. This image
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consisted of spherical particles on a flat surface. The average
diameter of the NLGs was measured to be 235 + 53.8 nm.
Fig. 2C(b) shows the typical force-distance curve for Young's
modulus measurement. Young's modulus was estimated using
the Hertz equation. The results in Fig. 2C(c) showed that the
elasticity of 50% NLG (138 MPa) was the highest, while those of
10% and 30% NLG were 21.3 MPa and 68.8 MPa, respectively.
The results, therefore, revealed that 50% NLG had the highest
elasticity because of its higher crosslinking density. These
results correlate with the study conducted by Peng Guo et al.
that Young's modulus of alginate-core NLG increased with
increasing crosslinking density.*”

Next, we encapsulated insulin into NLGs and investigated
the drug encapsulation and release ability of our engineered
NLGs. As shown in Table S1 (ESIf), increasing the PEGDA
amount decreased the encapsulation efficiency (EE) but
enhanced the loading efficiency (LE). It was observed that
during the NLG fabrication, increasing PEGDA amount in the
hydration buffer made it increasingly difficult to hydrate the
lipid thin film and extrude MLVs, presumably due to the higher
viscosity. Thus, it resulted in a lipid loss and subsequent less
amount of liposomal formation, especially for the NLG
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(A) Cumulative insulin release from bare liposomes, uncrosslinked NLGs and crosslinked NLGs (PEGDA concentration used is 50%). (B) The

insulin release profile of NLGs with various PEGDA concentrations (10%, 30%, and 50%) and schematic graph of drug release from NLGs with
different mesh sizes. (C) The model parameters for the releases of NLGs based on the Ritger—Peppas equation. (D) Calculated mesh sizes for the

3 networks compared to insulin size.
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formulation with 50% PEGDA. Nonetheless, we have indicated
the successful encapsulation of insulin into the engineered
NLGs with a high loading efficiency (up to 27.8%). For release
kinetic studies, the insulin release from bare liposomes,
uncrosslinked NLGs, and NLGs was monitored over a period of
28 days under physiologically relevant in vitro conditions (pH
7.4 and 37 °C) as shown in Fig. 3A.

The fastest release of insulin was observed from bare lipo-
somal nanocarriers with 90% release in the first day and
complete release on day 3. Under physiologically relevant in
vitro release conditions, that is close to the isoelectric point of
human recombinant insulin being studied here (pH 7), insulin
is weakly protonated and more likely to partition across the
neutrally charged EggPC lipid membrane, resulting in rapid
insulin release from the liposomal nanocarriers. This shows
that partitioning is not the rate-controlling mechanism for
efflux, at least for insulin.

In contrast, NLGs that have an additional element in their
structure, the nanogel core (un-crosslinked and crosslinked),
can significantly suppress the initial burst and prolong the
release time as compared to conventional liposomes. As
compared to simple liposomes that display a burst release of
insulin, the NLGs provide a more controlled release of the
insulin with a lower initial burst and longer release time. These
dual-structure NLGs have a distinct lipid bilayer encompassing
a hydrogel core and the rate of drug release can readily be
tailored by changing the crowding agent concentration or mesh
size of the nanogel core.

In general, nanogels consist of crosslinked polymeric
networks with open spaces (or “meshes”) between the network
polymer chains; and drug release from hydrogels may proceed
through 3 mechanisms: simple diffusion, swelling of the core,
or degradation of the network. In all our release experiments,
the nanogel core did not swell if the membrane bilayer is kept
intact; there was no measurable degradation of the network
over 28 days (this is also additional proof of an integral bilayer).
Therefore, the observed release kinetics reflect the effect of
mesh size on molecular diffusion through the network. The
mesh size determines how drugs diffuse through a hydrogel as
it controls not only the diffusional path length (the NLG may be
considered a porous network) but also steric interactions
between the drugs and the polymer network.?® The interactions
become important when the mesh size approaches the molec-
ular size of the diffusant: more on this below.

The initial burst release of insulin from uncrosslinked NLGs
is reduced to 45% in the first day, with an average time to 50%
release (“half-life of release”) of about 4 days. The slower drug
release kinetics from uncrosslinked NLGs is attributed to the
presence of the PEGDA polymer chains within the liposomal
core, resulting in a significant drag on the diffusing drug (a
small “crowding” effect) and increasing the path length for
insulin transport.”® Once the PEGDA precursor solution is
crosslinked, the crosslinked NLGs further slow down the
insulin release, resulting in a drastic reduction in the initial
burst to about 15% and a sustained release of 45% up to day 28.
Furthermore, to demonstrate the impact of crosslink density in
the NLGs on the release profile of insulin, we compared the
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release of insulin from NLGs with different PEGDA concentra-
tions, as shown in Fig. 3B. Clearly, the crosslinking density of
the PEGDA nanogels within the lipid bilayer has a profound
influence on the release of insulin. The higher the PEGDA
concentration of the nanogel core (i.e. higher crosslink density)
in NLGs, the slower the drug release; in 28 days a release of 94%
for 10% NLGs and 90% for 30% NLGs was achieved, while only
60% of the insulin was released for 50% NLGs.

In order to gain more insight into the release mechanism,
the experimental release data of NLGs with different PEGDA
concentrations were fitted to the Ritger-Peppas equation:**=°
M,/M ., = kt", where M, is the mass of the drug released at time ¢,
M., is the total mass of the drug released, & is a kinetic constant,
and n is the diffusional exponent. For Ritger-Peppas models, n
= 0.5 represents the Fickian diffusion release from spheres, 0.5
< n < 1.0 for non-Fickian release (anomalous) and n = 1.0 for
surface erosion. The model parameters for the release of various
NLGs are shown in Fig. 3C. The diffusional exponents, n, for
10%, 30% and 50% NLGs were 0.505, 0.237, and 0.389,
respectively, a mix of Fickian (10% PEGDA) and non-Fickian
(30%, 50% PEGDA) diffusional release.

In our study, NLGs with increasing PEGDA crowding
concentration display a higher crosslink density in the nanogel
core, which leads to a smaller mesh size, and correspondingly to
a lower rate of drug release. Similar behavior was observed by
Censi et al. in methacrylate triblock copolymer hydrogels, which
showed a lower release of model proteins (lysozyme/BSA/IgG)
with increasing polymer concentration from 20% to 35%.** To
put these mesh sizes into context, the model drug insulin has
a hydrodynamic radius of 1.3 nm.*> When the mesh size
approaches the protein size of 30% NLG (Fig. 3B, schematic
graph), the effect of steric hindrance and/or interaction on
protein diffusion becomes prominent, resulting in slow protein
diffusion and extended release. In the table in Fig. 3 above, at
30% and 50% PEGDA concentrations, the mesh size is similar
to or less than the insulin size for the dimer (1.2 nm). The
transition from Fickian to non-Fickian behaviour starts around
the same mesh size (1.3 to 1.1 nm) and below.

As compared to the NLGs reported previously, our NLG
platforms can significantly prolong the protein release time by
controlling the mesh size of the hydrogel core. For instance,
a NLG made of a PLA-PEG-PLA polymeric nanogel core released
80% of IL-2 (M,, 15.5 kDa) in 4 days,*® whereas the time for 50%
release of lysozyme (M,, 14.4 kDa) for polyglycerol-based NLGs is
3 days.** In comparison, the macromolecular crowding achieved
in our PEGDA-based NLGs offers the possibility of longer-term
sustained delivery of insulin and similar molecules. The mesh
size is a tunable parameter to be adjusted based on diffusant
size.

Conclusions

Cell-mimicking, PEGDA-based NLGs are a promising
controlled-release system for biologics, such as proteins/
peptides/siRNA. We show here that release profiles may be
modulated by controlling the diffusion of the biomolecule
(insulin) inside the gel core, and the release correlates with the

This journal is © The Royal Society of Chemistry 2020
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mesh size (the degree of MMC) of the gel network. Our insulin-
encapsulated NLGs also exhibit high encapsulation efficiencies.
These systems have the potential to expand their application to
other peptides and proteins, as well as to siRNAs. The concept
of NLGs is not new and a few studies have already reported on
the promise of controlled release. However, a systematic
understanding of the control parameters is lacking, and our
studies are the first step to addressing this. In this paper, we
systematically characterized PEGDA based NLGs by several
analytical techniques and demonstrated that manipulation of
the nanogel mesh size is the key approach to controlled release.
Other factors that remain to be studied include bilayer
membrane composition and transition temperatures, addition
of cholesterol (which is a component of human cell
membranes), and increasing interaction between the network
and the biologic species. Future studies will address the quan-
tification of the effects of these variables.
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