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The focus of this study is the preparation of proteinaceous human serum albumin (HSA) nanocapsules with
biocompatible plant oil cores avoiding toxic cross-linker and noxious non-aqueous liquids. The sonochemical
preparation of HSA capsules with different plant oils yields particles with narrow size distribution forming
suspensions stable for at least 14 days and enabling long-term storage by freezing. Furthermore, wheat germ
agglutinin (WGA) as a targeting molecule was successfully embedded into the proteinaceous particle shell at a

molar ratio of 7:1 (HSA/WGA). As urothelial cell binding studies revealed up to 55% higher cell binding potential
of WGA-grafted particles than those without a targeter, targeted protein nanocapsules represent the first step
towards new and innovative formulations.

1. Introduction

Protein particles offer, encompass a wide range of biomedical ap-
plications, including their use as contrast agents for myocardial echo-
cardiography [1,2] and for magnetic resonance imaging [3], for contrast
enhancement in electron paramagnetic resonance spectroscopy [4,5],
and as drug delivery vehicles [6]. Nanoparticles in a narrow sense can be
distinguished between nanospheres, in which the API (active pharma-
ceutical ingredient) is embedded in the particle matrix, and nano-
capsules (NC’s), where the protein forms a shell around solid or liquid
API. [7] (Scheme 1)

Encapsulation of an API within a macromolecular drug delivery
system reduces the passive diffusion of the drug into highly circulated
tissue, which leads to lower toxicity and a reduced volume of distribu-
tion [11]. Lipophilic drugs with low bioavailability and thus limited
therapeutic efficacy are particularly suitable for those carriers [12].
Especially drug delivery systems made from albumin are versatile
macromolecular carriers because albumin is biodegradable, often non
immunogenic and, compared to nanoparticles made of synthetic poly-
mers, the clearance of albumin particles from the bloodstream by the
reticuloendothelial system (RES) is slowed down. [13,14] Another
benefit of albumin it is a well-established and well-studied excipient in
vaccine formulation such as FSME Immun® and it is also used as a
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natural polymer for NPs in the chemotherapeutic formulation Abrax-
ane®. As an additional utility to its functionality of transporting lipo-
philic drugs, it was reported that albumin accumulates in solid tumors,
rendering it a suitable carrier for cancer drug delivery. [14,15]

Suslick et al. [16] developed a sonochemical method to produce gas-
or liquid filled particles from various kinds of proteins such as bovine
serum albumin (BSA) [16] and HSA [2]. They stated that the shell of the
capsules is stabilized by disulfide bonds between the protein molecules.
Radicals and superoxide, which are sonochemically produced by
acoustic cavitation, are essential for this protein cross-linking. [17] The
protein shell of the capsules, which is responsible for the high biocom-
patibility, has an average thickness of 50 nm and the core contains a
non-aqueous liquid [18]. For the production of these proteinaceous NCs
usually toxic water-immiscible liquids like n-dodecane, n-hexane,
cyclohexane and mesitylene were used. [12,16] But to establish a
vehicle appropriate for drug delivery a non-toxic lipophilic inner core is
a crucial prerequisite e.g. made from plant oils.

To mediate active targeting properties to the capsules, plant lectins
were so far used for surface modification of polylactide-co-glycolide
(PLGA) nano- and microparticles [19,20]. Plant lectins bind to certain
carbohydrate structures of the cell membrane and thus can trigger
biochemical processes [21]. The lectin wheat germ agglutinin (WGA)
possesses high affinity for urothelial cancer cells due to its specific
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nanoparticle
10-1000 nm [8-10]

nanosphere nanocapsule

Scheme 1. Differentiation of nanoparticles in nanospheres and nano-
capsules [8-10].

interaction with N-acetyl-D-glucosamine and sialic acid [22]. In addi-
tion the specificity of the WGA-cell interaction was previously shown
under competitive inhibition with N,N’,N”-triacetylchitotriose, a com-
plementary carbohydrate of high affinity to WGA [23-25]. Furthermore,
binding of WGA to sugar moieties of the EGF receptor leads to a
receptor-mediated endocytosis followed by internalization of the lectin
and enrichment in lysosomal compartments [26].

As it was reported that the protein molecules building up the particle
shell are scarcely denaturated during sonication process and thus their
functional properties are maintained, glycotargeting of particles might
be accomplished by using WGA as an additional proteinaceous compo-
nent of the shell material [27]. That way, uptake of the incorporated
drug into the cell might be promoted by receptor-mediated endocytosis
of WGA.

In the present study, we aimed to develop WGA/HSA NCs as a tar-
geted drug delivery system based on exploiting the glycotargeting
properties of WGA. Here, we focused on the preparation of proteina-
ceous NCs with a narrow size distribution and aimed to ensure
biocompatibility by using various plant oils as the core component. An
additional focus was to establish a protocol for the production of pro-
teinaceous NCs with different sizes depending on the oil used, to load the
capsules with a lipophilic fluorescent dye as a model drug and to
demonstrate the targeting effect of the WGA/HSA particles.

2. Materials and methods
2.1. Chemicals

Wheat germ agglutinin (WGA) from Triticum Vulgare was purchased
from Vector laboratories (Burlingame, CA, USA) and HOECHST 33342
from Invitrogen (Paisley, UK). Human serum albumin (HSA), cottonseed
oil, Kolliphor® P188 (KP188) and the cell culture medium RPMI-1640
were obtained from Sigma-Aldrich (St. Louis, MO, USA). BodiPy®
493/503 (BodiPy®) was bought from Invitrogen (Eugene, Oregon,
USA). n-Dodecane, olive oil, almond oil, rapeseed oil and linseed oil

Ultrasonics Sonochemistry 76 (2021) 105617

were purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
All other chemicals used were obtained from Carl Roth GmbH & Co. KG
(Karlsruhe, Germany) or Sigma Aldrich (Seelze, Germany).

2.2. Sonochemical preparation of HSA/WGA NCs

In this study, a protocol using n-dodecane as a lipophilic phase was
optimized [28]. For the preparation of NC with oil as core component,
different plant oils were heated up to 40 °C and subsequently 1 ml
layered over 10 ml of 2% (w/v) aqueous HSA solution or a WGA/HSA (1
+ 2) 2% (w/v) solution. The ultrasonic micro-tip connected to a Ban-
delin HD 2070 sonifier was positioned at the interface of the two phases;
the sample was sonicated with an acoustic power of ~253 W cm™2 at
40% amplitude for 2 min. Afterwards, NCs were purified by centrifu-
gation (5204xg, 40 min and 4 °C), discarding the supernatant and
dispersing the floating pellet in 1% (w/v) Kolliphor® P188 (KP188). A
separation flask was used to achieve a complete separation of the cap-
sules from the non-encapsulated oil within 12 h at room temperature.
The residual aqueous phase containing the capsules was used for further
experiments.

Fluorescence-labelled NCs were prepared as described above, how-
ever BodiPy®, a fluorescent dye used as a lipophilic model drug, was
added to the plant oil after dissolution 1 mg in 500 pl dichlormethane
which was used as solubilizing agent. Before sonication dichlormethane
was cleared off.

2.3. Characterization of the proteinaceous NCs

Size and polydispersity index (PDI) were acquired by laser light
scattering (Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK). The
morphology of the protein capsules was disclosed by cryo-transmission
electron microscopy. Therefore, four pl sample aliquots were applied to
Quantifoil (GroBlobichau, Germany) Cu 200 mesh R3.5/1 holy carbon
grids loaded into a Leica GP (Leica Microsystems, Vienna, Austria) grid
plunger. Grids were blotted for 2-4 s and plunge frozen into liquid
ethane for instant vitrification. Cryo-samples were analyzed at a Glacios
cryo-transmission microscope (Thermo Scientific, USA) equipped with a
X-FEG and images were recorded at 200 kV in low-dose mode using the
SerialEM software (Mastronarde, 2005) with a Falcon3 direct electron
detector in low dose mode at a magnification of 28,000 and a pixel size
of 5.19 A.

Furthermore, to quantify the amount of WGA encapsulated in the
shell a fluorescence-labelled WGA was used for production of NC’s. The
quantity of encapsulated targeting molecule was analyzed after
resumption of the lyophilisate in 500 ul distilled water using a fluo-
rimeter at 485/525 ex/em.

Furthermore, to estimate the WGA-content in the shell of the parti-
cles, NC’s were prepared using the fluorescein-labelled analogue. The
lyophilized NC’s were dispersed in 500 pl distilled water and the
quantum yield was determined at 485/525 nm (ex/em).

In order to detect alterations of the surface characteristics of the shell
due to immobilization of the targeter, the number of free amino-groups
was determined by mixing 200 ul particle suspension with 50 pl Fluo-
raldehyde™ amino assay reagent and measuring the fluorescence in-
tensity at 360/455 nm (exc/em) after incubation for 5 min. The assay
was calibrated with 1,4-diaminobutane.

In addition, to investigate if the incorporated targeter molecule has
any effects on the surface condition of the particles, free amino-groups of
the capsules were analyzed using 50 ul Fluoraldehyde™ amino assay
reagent in a 96-well plate with 200 ul particle suspension following the
measurement of the fluorescence at 360 nm/455 nm (exc/em). The
amount of free amino groups was specified using a calibration curve
with 1,4-diaminobutane.
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2.4. Stability studies and freeze-thaw experiments

The stability of the NCs was tested at room temperature and at 4 °C
over a period of 14 days using dynamic light scattering (DLS). In order to
elucidate the behavior of NC under several storage conditions, different
freezing procedures (-20 °C, —80 °C and liquid nitrogen) were applied.
After gently thawing at room temperature, the average size of the NC’s
was determined.

2.5. Viscosity measurements

Rheological parameters of the oils used were collected on a MCR
Modular Compact Rheometer 302 (Anton Paar, Graz) equipped with a
thermostatic control system and a cone-and-plate measuring system
(diameter: 25 mm,; cone angle: 2°). The temperature was maintained at
40 °C + 0.2 °C throughout all measurements to mimic the temperature
used for the preparation of the particles. To describe the flow behavior of
the oil, the dynamic viscosity n (in Pa-.s) was determined while
increasing the shear stress. A shear rate ranging from 1 to 100 s~! was
applied and the plant oils were compared at a shear rate of 100 s~ 1.

2.6. Interaction of the NCs with urothelial cancer cells

2.6.1. Cell culture

The interaction between the NC and the cell surface was assessed
using 5637 cells, a cell line established from a grade 2 human urothelial
carcinoma (ATCC, Rockville, MD, USA).

Cells were cultivated at 37 °C in a humidified 5% CO5/95% air at-
mosphere in RPMI-1640 supplemented with 10% fetal calf serum (Sigma
Aldrich, St. Louis, MO, USA), antibiotics and 0.5 mM L-glutamine. 5637
cells were subcultivated at about 80% confluency by trypsination and
used for binding and internalization studies between passages 40 and
65.

2.6.2. Urothelial cell binding

Surface binding as well as a potential uptake of the particles were
examined using 5637 single cells and monolayers.

For single cell binding studies, cells were subcultivated using 0.25%
trypsin/0.038% EDTA and adjusted to a cell count of 6 x 10° cells per
ml. 50 ul of the pre-cooled cell suspension were incubated with 50 pl
particle suspension (corresponding to 2.88 ug/ml, 1.44 ug/ml and 0.72
ug/ml BodiPy®) for 30 min at 4 °C to limit active transport into the
cytosol. Afterwards, the supernatant was redispersed in 900 ul cold 3
mM phosphate buffered saline supplemented with Ca™2 and Mg*? (PBS)
and the amount of cell-bound capsules was assessed at 488/525 nm (ex/
em) using flow cytometry (Gallios, Beckmann Coulter, Brea, USA).

For monolayer studies cells were seeded at a density 1.7 x 10 per
well in 96-well microplates (Greiner Bio-One, Frickenhausen, Germany)
or on microscope slides mounted with flexiPERM® (Greiner Bio-one,
Frickenhausen, Germany) and grown to confluency. Initially, the
monolayer was washed with cold PBS followed by 30 min incubation at
4 °C with 50 pl particle suspension or 50 pul PBS as a negative control.
The particle suspensions were adjusted to a BodiPy® content of 2.88 pg/
ml, 1.44 pg/ml or 0.72 pg/ml according to their fluorescence intensity
finally corresponding to the resulting concentrations of 0.56 mg/ml,
0.28 mg/ml and 0.14 mg/ml particles. After the incubation, unbound
particles were removed by careful aspiration of the supernatant and
three washes with 100 pl of cold PBS. The cell associated relative fluo-
rescence intensity (RFI) was determined at 485/525 nm (ex/em) using a
microplate reader (Infinite M200 Pro fluorometer, TECAN, Grodig,
Austria).

For colocalization studies, single cells and monolayers were incu-
bated as described above. To elucidate localization of the particles, the
cell membrane and the nucleus were stained using fluorescent labelled
Alexa-WGA (aWGA) with a final concentration of 24 pg/ml and the
DNA-specific fluorescent dye HOECHST 33,342 (final concentration 36

Ultrasonics Sonochemistry 76 (2021) 105617

pg/ml), respectively. To prevent internalization of the particles into the
cytosol, cells were fixed for 10 min at 4 °C with 2% paraformaldehyde in
PBS. To inactivate non-reacted paraformaldehyde, ammonium chloride
was added up to a final concentration of 50 mM and subsequent incu-
bation for 10 min at room temperature. After the staining and several
washing steps, colocalization was assessed using a Zeiss Epifluorescence
Axio Observer. Z1 deconvolution microscopy system (Carl Zeiss, Ober-
kochen, Germany).

To detect potential internalization of the particles, cells were incu-
bated with the same amounts of capsules and HOECHST 33342 as above
but for 30 min at 37 °C. Prior to membrane staining, cells were cooled to
4 °C and, after staining the cell membrane with aWGA, they were
washed and fixed as described above.

2.7. Statistics

All data are presented as mean + standard deviation (SD) of at least
three independent measurements. Comparisons between groups were
calculated using Mann-Whitney Rank Sum Test and Welch’s Test; p-
values <0.05 (*) were considered statistically significant, p-values
>0.05 (n.s.) show that there is no significant difference between the
compared groups. SigmaPlot 13 software (Systat Software, Inc., San
Jose, CA, USA) was used for calculations.

3. Results and discussion

In this study, we aimed to develop protein particles featuring three
key characteristics: They should be nano-sized, toxic ingredients should
be avoided and they should possess cell-associative properties due to
targeting molecules in the shell of the capsule. This manufacturing
technology avoids the use of chemicals for cross-linking or hazardous
non-aqueous liquids as core components. Instead of glutaraldehyde as a
commonly used for cross-linker for proteins ultrasound is applied to
yield particles. During sonication a perhydroxyl radical is generated that
oxidizes cysteine residues of the protein chains to yield disulfide bridges
and finally a protein network around an oily core [2]. Thus, the resulting
NCs entrap plant oil instead of toxic non-aqueous solvents. Since further
studies [27] showed that the protein in the particle shell is not signifi-
cantly denatured during sonication and retains important functional
properties it is expected that the targeting characteristics of WGA are
still retained as well.

3.1. Preparation of HSA nanocapsules with different plant oils and their
characteristics

Adhering to the protocol described above monodisperse (PDI < 0.2)
proteinaceous NCs were successfully prepared. The size of the capsules is
mainly determined by the type of oil used as an inner phase. Rapeseed
oil yielded the largest NCs (862.2 + 59.5 nm). Slightly smaller capsules
(835.8 + 70.4 nm) were produced with olive oil. Applying linseed oil,
cotton seed oil and almond oil, resulted in NCs with small alteration of
size (760.4 + 79.3 nm, 709.4 + 80.4 nm and 816.4 + 95.6 nm,
respectively). Capsules generated using n-dodecane were smaller (655.0
+ 27.4 nm) as compared to the plant oils investigated. Particles with
WGA/HSA as a shell component and olive oil as a core component had a
slightly smaller diameter (662.1 + 7.6 nm) as compared to the HSA
particles with olive oil as core. To evaluate whether the viscosity of the
oil exerts an impact on the size of the particles rheological measure-
ments were conducted (Table 1).

The values acquired at a shear rate of 100 s~! ranged from 38 to 59
mPa- s for the plant oils tested and covered a wide viscosity range. Thus,
plant oils are complex mixtures of glycerides, fatty acids, phospholipids
and other components [30,31] with varying viscosities, nourishing the
hypothesis that complex interactions of these properties are responsible
for the different sizes of the particles. In this work we produced NCs with
oil as core component in a size range from 655 nm to 862 nm with a
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Table 1

Dynamic viscosity (1)) of plant oils determined at 40 °C (mean + SD, n = 12). The
viscosity of n-dodecane was taken from literature because it was not able to
measure the viscosity with the same parameters used for the oils.

Plant oil 1 [mPa-s] Size PDI

n-dodecane 0.91 (50 °C) [29] 655.0 + 27.4 0.11 + 0.02
Olive oil 43.0 £ 0.5 835.8 + 70.4 0.17 + 0.05
Linseed oil 29.0 £ 0.5 760.4 £+ 79.3 0.30 + 0.06
Cotton seed oil 59.0 + 1.0 709.4 + 80.4 0.21 + 0.06
Almond oil 41.0 £ 0.1 816.4 + 95.6 0.18 + 0.06
Rapeseed oil 38.0 £ 1.0 862.2 + 59.5 0.24 + 0.08

narrow size distribution.

To confirm alterations in surface characteristics due to entrapment of
the targeter, the number of amino-groups served as a measure. When the
particles were prepared without WGA, 9.5 + 0.01 pmol free amino-
groups per mg capsules were detected. In presence of WGA, however,
the number of amino groups decreased by a third amounting to 6.09 +
0.112 ymol/mg particles. Thus, a considerable number of free accessible
amino-groups of HSA are shielded due to inclusion of targeting mole-
cules. To get a closer idea of the WGA-density on the surface of the NC’s,
a fluorescein-labelled analogue (f-WGA) of the targeter was used for
manufacturing of the delivery devices. Reading the fluorescence in-
tensity revealed that 0.63 + 0.03 mg capsules contained 0.046 + 0.001
mg f-WGA corresponding to targeting molecule content of about 7%.
Due to the quite different molecular weight between HSA and WGA,
their molar ratio matrix and targeting molecules is 7:1.

The morphology of the NCs was visualized by cryo-TEM imaging and
confirms the spherical shape (Fig. 1). Most probably due to the sample
preparation method for cryo-TEM imaging, the measured diameter of
HSA NCs with n-dodecane core is slightly smaller than the mean size of
the capsules determined by dynamic laser light scattering.

3.2. Storage stability

Apart from preparation of NCs in a reproducible manner, storage
stability of the nano-formulation is a prerequisite for any application.
For that purpose, the NCs were stored for two weeks at room tempera-
ture and at 4 °C. According to DLS measurements, the particle

Fig. 1. Cryo-TEM micrograph of proteinaceous NCs filled with n-dodecane.
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suspensions made with olive oil, rapeseed oil, almond oil and linseed oil
can be stored for at least 14 days at 4 °C as well as at room temperature
without any change in size (p > 0.05) (Fig. 2). The diameter of the
particles prepared with cotton seed oil did not significantly change until
day eight (p > 0.05). Thereafter, it significantly decreased (p < 0.05) at
both temperature levels. The size of particles made with n-dodecane
significantly (p < 0.05) increased due to aggregation and it is not
possible to store a suspension, neither at 4 °C nor at room temperature
(Fig. 2).

Slight differences were observed in the mean zeta potentials of par-
ticles prepared with olive oil (—12.3 £+ 3.2 mV), almond oil (—14.8 +
2.7 mV) and rapeseed oil (—12.4 + 9.4 mV). On average the zeta po-
tential of the mentioned NCs was around —13.17 mV. Capsules made
with cotton seed oil and linseed oil showed a considerably more positive
zeta potential (—4.8 + 0.5 mV and —1.2 + 1.4 mV, respectively). As a
rule of thumb, a zeta potential exceeding + 30 mV is an indicator for
electrostatic stabilization of a nano-suspension [32]. Considering the
results of our experiments, however, no significant aggregation of the
particles made with plant oils occurred over a period of at least eight
days both at 4 °C and at room temperature. To complete the stability
testing, also the PDI was examined over a period of 14 days. Comparison
of the initial PDI of particles made from olive oil, rapeseed oil, almond
oil and linseed oil with those determined at day 8 and day 14 revealed no
significant (p > 0.05) changes. The PDI of particles produced with cot-
ton seed oil are comparable with the size measurements, until day 8 the
PDI did not significantly (p > 0.05) changed. Afterwards the PDI
significantly (p < 0.05) increased at the same time as the size mea-
surements also showed a significant change. Independent of storage
temperature the size as well as the PDI of n-dodecane particles contin-
uously and significantly (p < 0.05) increased over 14 days indicating
agglomeration and thus instability of the formulation (Fig. 2).

To examine their long-term storage stability the NCs were frozen at
different temperatures and after a gentle thawing process the particle
size was determined by DLS. Storage of particles at subzero tempera-
tures should mitigate potential risks associated with aggregation. After
freezing at —20 °C, the size as well as the PDI of nearly all particle
suspensions increased. Freezing the particles at —80 °C did hardly
change the particle size as compared to the initial values in case of olive
oil and almond oil as an inner phase (Table 2). Upon long-term storage at
temperatures below —20 °C, NCs produced with n-dodecane, rapeseed
oil, olive oil as well as almond oil showed no considerable alteration in
particle size. The experiments also revealed that the size of olive oil
particles and almond oil particles did not significantly increase by
freezing neither at —80 °C nor at —196 °C in liquid nitrogen. Similarly,
rapeseed oil and n-dodecane particles are storable in liquid nitrogen
with no significant increase in size. The results further showed that
freezing the suspension at —20 °C leads to growth of all particle prep-
arations, which is due to aggregation of the proteinaceous capsules.
Furthermore, it was observed that particles prepared with linseed oil
and cotton seed oil cannot be stored frozen without significant particle
aggregation. Due to their advantages in terms of zeta potential, mid-
range size (835.8 + 70.4 nm), the good stability in suspension as well as
the benefit of long-term storage via freezing, capsules made with olive
oil were used for further cell experiments.

3.3. Cell studies

To confer the cell-associative properties of WGA to the NCs, the
lectin was incorporated as a targeter into the protein shell. That way,
targeted and non-targeted particles were manufactured and their
cytoadhesive potential was compared.

To assess the targeting effect of the WGA/HSA capsules via the lectin
domain, 5637 single cells were incubated with plain and WGA-grafted
HSA NCs, respectively. The particle suspensions were labelled by
incorporation of the fluorescent dye BodiPy®. For comparability of data,
particles with and without targeting moiety were adjusted to the same
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Fig. 2. The diameter (upper graph) and PDI (lower graph) of HSA-NCs prepared with different lipophilic phases after storage at 4 °C (A) and at room temperature
(B). For p-values the sizes at day 4, at day 8 and at day 14 were compared to the initial size of the particles.

fluorescence intensity. The initial WGA/HSA particle suspension (2.88
ug/ml BodiPy®) — and for comparison also the HSA particle suspension —
was diluted to 1.44 pg and 0.72 ug BodiPy® per ml particle suspension.
Single cell-association was determined by flow cytometry and mono-
layer association by reading the cell-associated fluorescence intensity at
488/525 nm (ex/em).

In order to minimize energy consuming transport processes and to
reduce fluidity of the cell membrane the assay was performed at 4 °C.
Thus, mainly binding of the NCs to the cell membrane and not uptake is
investigated. Monitoring the cell-associated relative fluorescence in-
tensity (RFI) revealed that the amount of cell-bound NCs concurrently
increased with concentration of NCs independent from surface modifi-
cation of the HSA-NCs (Fig. 3). However, regarding the extent of cell-

binding, the specific interaction between WGA-grafted HSA-NCs and
cells exceeded the non-specific interaction between plain HSA-NCs and
cells. Although plain HSA-NCs possess a high inherent cell-binding ca-
pacity that even withstands the shear forces during flow cytometry,
grafting their surface with the bioadhesive lectin increases the cell-
binding by 55% (2.88 pg/ml), 37% (1.44 pg/ml) and 28% (0.72 pg/ml
BodiPy®) at the mean.

The highest cell-associated RFI (19.23 + 0.49) was measured for the
WGA/HSA capsules with the highest concentration of BodiPy® (2.88
ug/ml) decreasing to an RFI of 9.63 + 0.28 (1.44 ng/ml BodiPy®) and
6.43 + 0.18 (0.72 pg/ml BodiPy®), respectively. Compared to the
capsules with targeting moiety, the particles without WGA showed a
significantly lower cell-association. The RFI, however, also decreased in
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Table 2
Hydrodynamic diameter of NCs produced with different oils after freezing/thawing. For p-values the initial size and the size of the thawed particles were compared.
n-Dodecane Rapeseed oil Olive oil Linseed oil Cotton seed oil Almond oil
Size PDI Size PDI Size average = PDI Size average  PDI Size average  PDI Size average = PDI
average average [nm] [nm] [nm] [nm]
[nm] [nm]
Initial size 655.0 £ 0.11 + 862.2 + 0.24 + 835.8 £ 0.17 £ 760.4 + 0.30 £ 709.4 + 0.21 + 816.4 + 0.18 +
27.4 0.02 59.5 0.08 70.4 0.05 79.3 0.06 80.4 0.06 95.6 0.06
Liquid 673.7 £ 0,1 + 903.3 + 0.22 + 856.4 + 0.12 + 1098.3 + 0.32 + 998.5 + 0.24 + 814.6 + 0.21 +
nitrogen 22,3 0.02 139.7™ 0.08 69.9™% 0.05 178.1 * 0.04 59.6 * 0.02 121.4™% 0.12
—-80°C 722.1 + 0.21 + 1005.9 + 0.29 + 891.3 + 0.22 + 1984.3 + 0.14 + 972.5 + 0.26 £ 896.9 + 0.34 £
16.3 * 0.03 182.4 * 0.05 8.4™% 0.09 414.0 * 0.06 69.6 0.04 155.1™% 0.09
—20°C 852.2 + 0.18 + 2374.0 + 0.45 + 2500.0 + 0.52 + 2032.0 + 0.94 + 1782.9 + 0.81 + 3119.0 + 0.51 +
9.2* 0.04 592.9 * 0.31 1336.1 * 0.07 1320.3 * 0.10 1019.4 * 0.04 3005.2 * 0.06
Single Cell Binding

25+

WGA/HSA capsules
= HSA capsules

relative cell-associated fluorescence intensity (RFI)

Fig. 3. Cell surface binding of olive oil particles with and without WGA targeting molecule at urothelial 5637 single cells. For comparability, particle suspensions
were adjusted to 2.88 pg, 1.44 pg and 0.72 pg BodiPy® and cell-association was determined at 488/525 nm (ex/em) (Mean + SD, n = 3).

case of that particle suspensions with decreasing concentrations of
BodiPy® from 12.43 + 1.13 (2.88 pg/ml) to 6.98 + 0.40 (1.44 ug/ml)
and 5.0 + 0.01 (0.72 ug/ml BodiPy®) (Fig. 3). Differences between
capsules with and without targeting molecule were statistically signifi-
cant for higher concentrations. A small amount of protein particles
without a targeting molecule bound via non-specific protein interactions
to the cell surface compared to the capsules with WGA, which showed a

1.5-fold higher cell-associated RFI. At the lowest concentration of Bod-
iPy® no significant difference between the non-specific proteinaceous
interaction and the specific interaction via WGA could be detected.
Binding characteristics depending on the target component WGA
were also assessed on monolayers to confirm the previously shown
concentration-dependent interaction of the capsules with the cells. The
cell-associated fluorescence intensity of bound WGA/HSA capsules

WGA/HSA capsules
= HSA capsules
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Fig. 4. Interaction of targeted and non-targeted particles with 5637 cell monolayers. For comparability the particle suspensions were adjusted to the same con-
centrations of BodiPy® (2.88 ug/ml, 1.44 ug/ml and 0.72 ug/ml) as used in single cell experiments (Mean + SD, n = 3).
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increased from 137.00 + 4.54 via 152.67 £+ 1.00 to 173.00 £+ 14.72
corresponding to the amount of particles specifically interacting with
the cell glycocalyx (Fig. 4). Considering the amount of NCs added, the
RFI of the capsules without targeting moiety did not vary significantly
from 132.00 % 7.35 (0.72 yg/ml BodiPy®) to 146.00 + 6.00 (1.44 pg/ml
BodiPy®) and 143.33 + 6.94 (2.88 pug/ml BodiPy®). Thus, a tendency
for the interaction of HSA capsules with cells could not be observed
within the concentration range tested (Fig. 4). In contrast, the cell-
binding potential of HSA/WGA capsules was 1.2-fold higher than that
of targeter—free NCs (2.88 ug/ml BodiPy®), which is comparable to the
single cell results. Again, at lower concentrations (0.72 pg/ml BodiPy®
and 1.44 pg/ml BodiPy®) the binding potential of targeter-grafted NCs
was higher at the mean although being not significant. Obviously,
floating of the oily capsules and thus timely limited duration of the
monolayer - capsule interaction contributes to low significance.

3.4. Colocalization analysis

To examine and discriminate between the cytoadhesive potential
due to protein as well as lectin and the cytoinvasive potential mediated
by the lectin colocalization studies were performed using human uro-
thelial 5637 single cells as well as monolayers. In general, nano-sized
protein particles offer certain advantages in-vivo: they can deeply

4°C

>

WGA/HSA capsules

HSA capsules

B .
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penetrate into tissues through fine capillaries and are generally taken up
efficiently by the cells [33].

When the cells were incubated with plain HSA-NCs at 4 °C (Fig. 5B) a
lonesome green NC is associated with the cell membrane stained in red.
In contrast, grafting the surface with bioadhesive lectin results in
accumulation of a lot of NCs within the cell membrane (Fig. 5A). Raising
the temperature to 37 °C and thus allowing energy consuming transport
processes like endocytosis yielded quite different images: In case of non-
grafted HSA-NCs a few green NCs with low fluorescence intensity are
observed within membrane regions. There are weak green irradiation
points in the area of the blue nucleus which appear to be inside the cells.
Most probably, however, they are due to a crossover effect deriving from
strongly fluorescent NCs out of plane at the cell membrane (Fig. 5B,
37 °C). In case of WGA-grafted HSA-NCs a high number of strongly
fluorescent the green particles accumulate within the red stained cell
membrane around the blue nucleus in the cytoplasm (Fig. 5A, 37 °C).

According to studies with WGA [26], this lectin is internalized and
enriched in lysosomal compartments due to its binding to the sugar
structures of the EGF receptor, which induces a receptor-mediated
endocytosis, suggesting that WGA can transfer its cytoadhesive and
cytoinvasive characteristics to bigger particles like HSA-NCs in a pig-
gyback manner. Furthermore, this principle also works in artificial
urothelial tissue as confirmed by images of cell monolayers incubated

Fig. 5. Microscopic analysis of the interaction be-
tween WGA/HSA-NCs and HSA-NCs with human
urothelial 5637 cells. Interaction of WGA/HSA parti-
cles with single cells at 4 °C and at 37 °C one cell was
selected which represents the entire cells observed (A)
Interaction of HSA capsules with single cells as well at
4 °C and at 37 °C (B) Interaction of WGA/HSA par-
ticles with confluent cell monolayers at 37 °C (C).
(Nucleus blue, cell membrane red, NCs green). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

37°C

WGA/HSA capsules
monolayer
| I
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with WGA/HSA-NCs at 37 °C, where a high number of green particles
are enriched around the blue nuclei of the tissue (Fig. 5C).

4. Conclusion

To the best of our knowledge, this is the very first publication which
deals with the production of proteinaceous NCs with a narrow size
distribution and different plant oils as core component. In particular,
these NCs are manufactured avoiding toxic water-immiscible core
components and/or toxic cross-linkers. Moreover, the NCs are stable and
can be stored at 4 °C as well as at room temperature for at least two
weeks. For long-term storage, they can be frozen at — 80 °C or in liquid
nitrogen.

In addition, the NCs possess inherent non-specific bioadhesive
characteristics most probably due to the proteinaceous shell. Never-
theless, the adhesion to cells can be further increased and even uptake
into the cell can be mediated by coupling a targeter as confirmed by
binding studies to urothelial cells. Due to the availability of carboxylate,
amino and thiol-groups of the protein shell an array of different coupling
techniques is available to increase functionality. Cell association studies
as well as microscopic analyses revealed not only adhesion at the cell
membrane, but also uptake into urothelial cells with a preference for
cancer cells [22].

The WGA/HSA particles produced during this study might be useful
for delivery of lipophilic therapeutic agents while targeting especially
urothelial cancer cells. Because conventional therapeutic approaches for
the treatment of non-muscle invasive bladder cancer has its shortcom-
ings such as the high resistance of the bladder wall itself [34,35],
keeping urothelial drug uptake, if at all, extremely low [36]. Addition-
ally, dilution of the instilled drug solution, either with the continuously
produced urine or residual urine in the bladder cavity, limits the ther-
apeutic success. Moreover, the administrable instillation volume has to
be considered, since a filling volume above 150 ml is rather inconve-
nient for the patient [37]. Therefore, WGA equipped particles could
improve the treatment of bladder cancer by prolonging the drugs resi-
dence time in the bladder cavity and/or by enhancing the permeation
rate of the incorporated drug. Consequently, further investigations will
focus on establishing a protocol for loading the NCs with lipophilic drugs
and further elucidating the drug release characteristics.
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