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ABSTRACT: Nature’s biomaterials such as peptides and
proteins represent a valuable source of highly defined
macromolecules. Herein we developed a nanoparticle drug
delivery system based on the assembly of surface-modified
proteins that can be transferred into organic solvents and
represent the structural material of the carrier system. The
particles are prepared by an oil-in-water nanoemulsion
technique without the need of additional denaturation or
cross-linking steps for stabilization. We achieve the
necessary lipophilic solubility switch of the protein
material by high surface PEGylation under conservation
of the native three-dimensional protein structure. This
study focuses on lysozyme as model enzyme for the
preparation of empty and doxorubicin-loaded nano-
particles with an average diameter of 100 nm. The
particles are stable in physiological buffers and only release
their therapeutic payload into cancer cells after a time-
dependent cellular uptake. We also transferred this
approach to various proteins, exemplifying the universal
applicability of our new preparation method for protein-
based nanoparticles.

D 1 any synthetic drug delivery systems for therapeutic

applications are very similar in size and shape to biological
nanostructures, like exosomes or viruses. Polymer-based particles
are especially interesting because they provide high flexibility in
their design and can be easily chemically modified." However,
they often lack in biocompatibility and degradability. Alternatives
are nature’s biopolymers such as carbohydrates, polypeptides,
and proteins. These biomaterials are readily accessible,
structurally well-defined, and trigger in most cases only a low
reaction of the immune system.”

In particular, proteins are attractive as material for the
formation of nanoparticles. They have several advantages over
synthetic polymers in aspects of biodegradability, immunoge-
nicity, stability, and toxjcity.3 It is easy to functionalize the
polypeptide backbone via a range of bioconjugation methods.
Because of these unique properties, protein-based nanocarriers
are promising candidates for the delivery of drugs.* A variety of
proteins such as albumin,’ collagen,6 silk,” or elastin® have been
utilized for the preparation of nanoparticles. Notably albumin is a
popular choice as macromolecular carrier, based on its natural
function as transport protein. A solvent-free formulation of the
anticancer drug paclitaxel bound to albumin (Abraxane) forms
nanoparticles with a size of 130 nm and is approved by the FDA
for the treatment of metastatic breast cancer.’

The preparation of protein nanoparticles can be classified into
three main techniques: emulsification,’® desolvation,'' and
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thermal gelation.'> Other methods are spray drying"® and the
self-assembly in micelles.””'* However, basically all methods
include the dissolution or denaturation of the native protein
structure into hydroyhobic materials that can assemble into
biohybrid materials."”"® In addition, these materials are often
stabilized by an irreversible cross-linking step using glutaralde-
hyde> or diisocyanate™ for the reaction between neighboring
proteins. However, this modification and possible residual toxic
cross-linker raised concerns about in vivo applications.'®

Herein we present a versatile approach for the preparation of
protein-based nanoparticles as delivery system for therapeutic
payloads (Figure 1). We perform a lipophilic surface
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Figure 1. Emulsion-based nanoparticle preparation using surface-
modified proteins as particle material. The native protein (green) gets
highly PEGylated (purple) to increase its lipophilicity making it fully
soluble in dichloromethane. Sonication forms an oil-in-water emulsion,
followed by the evaporation of the organic solvent, which leads to a
stable nanoparticle suspension without additional cross-linking.
Therapeutic drugs like doxorubicin (red dots) can be encapsulated
into the hydrophobic protein matrix.

modification of lysozyme to enable a mild solvent evaporation
technique for the particle formation. This emulsion-based
preparation method requires no cross-linking, denaturation, or
the use of additional surfactants to form stable nanoparticles. It is
possible to successfully encapsulate and transport doxorubicin
(DOX) as model drug to cancer cells. Different to previously
reported approaches that also use proteins as particle material,
we applied a mild surface modification, which renders the protein
fully soluble in water-immiscible organic solvents while still
preserving the initial native three-dimensional structure.
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As shown with other biopolymers like nucleic acids'” and
polysaccharides,"® it is possible to introduce hydrophobic
moieties to obtain a solubility switch of the material. It is well
documented that proteins can be stable in organic solvents
without the denaturation of secondary structures."” Enzymes
have been shown to even retain their catalytic activity, making
them interesting for biotechnological applications in organic
synthesis”” and biocatalysis.”' Among several methods, surface
modification is most commonly used to increase protein stability
and solubility in lipophilic environments like polymer thin
films,** lipid membranes,”® and organic solvents."” This can be
achieved, for example, with the introduction of high amounts of
polyethylene glycol (PEG). It is the gold standard for stealth
polymers and represents the only clinical approved protein
conjugate.”* Even though it is not biodegradable and there are
concerns about its immunogenicity,”> PEG is generally regarded
safe by the FDA. Currently, ten PEGylated proteins are already
used for therapeutic applications.”® Its hydrophilic nature allows
reactions with proteins in aqueous solution.”” At the same time
the hydrophobic character enables modified enzymes to be
soluble and active in organic solutions.”® Inada et al. reported that
various PEGylated enzymes become soluble and exhibit
remarkable high activity in organic solvents.*’

We used hen egg white lysozyme (LYZ) as model protein for
our surface modification and the following nanoparticle (NP)
preparation. LYZ is a bacteriolytic enzyme frequently found in
nature®® and human body fluids.”" Tt has a catalytic center for
cleavage of 1,4-f-linkages in peptidoglycan and chitodextrins,
e.g, in bacterial cell walls.”” Lysozyme is also used as food
preservative, for pharmaceutical applications, and can inhibit
tumor metastasis in mice.”’ The protein consists of 129 amino
acids, has a total molecular weight of 14.3 kDa and a compact
ellipsoid form (4.5 X 3.0 X 3.0 nm).>*

To achieve a high PEGylation we attached multiple trichloro-s-
triazine (TsT) activated methoxy-PEG chains (mPEG) to the
protein surface. The TsT linker is highly reactive toward
nucleophilic amino acids such as lysine, histidine, cysteine, and
tyrosine.” This bioconjugation method is well studied, results in
materials with minimal toxicity, and has proven successful in
various therapeutic in vitro and in vivo applications.*® While
alternative linker strategies are preferred for site-specific and
often mono-PEGylated protein conjugates, we benefit from the
high TsT reactivity for the production of our lipophilic material.
We were able to increase the molecular weight of the protein
from 14.3 to 34.9 kDa by the attachment of 10 mPEG chains with
an individual weight of 2 kDa (shown by SDS-PAGE, FPLC, and
MALDI-ToF MS, see Figures S3—SS5). The degree of
functionalization corresponds with the number of available
nucleophilic groups on the surface of lysozyme. Dynamic light
scattering (DLS) shows an increase of the hydrodynamic
diameter of lysozyme from 3.6 to 10.8 nm (Figure S6). This
corresponds with transmission electron microscopy (TEM)
images of LYZ(TsT-mPEG),, indicating a PEG corona around
the protein core (see Figure S16). The structural integrity of the
modified protein was analyzed by circular dichroism (CD, Figure
S7 and Table S1). In addition we exposed the material to
sonication conditions as used during particle preparation (Figure
S8). In both cases no loss of secondary structure elements was
observed. We also compared the activity of native lysozyme with
the PEGylated form. The catalytic activity was lowered to 19%
(Figure S9), which resembles similar reports of other protein
modifications.®’ Together with the structural data, we conclude
that the reduced activity most likely can be attributed to shielding
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effects of the dense surface PEGylation and possible
modifications of amino acids close to the active site.

After PEGylation the protein is fully soluble in dichloro-
methane (DCM) without precipitation. The now predominant
lipophilic character was confirmed by solvent extraction
experiments (see Figure S11). Once in DCM the PEGylated
protein LYZ(TsT-mPEG);, cannot be transferred back to the
aqueous phase, even after vigorous mixing for 24 h. This is
important for the following emulsion-based nanoparticle
preparation. For this step LYZ(TsT-mPEG);, was dissolved in
DCM and layered with a S-fold excess of phosphate buffered
saline (PBS). A sonication step creates an oil-in-water (o/w)
emulsion. Interestingly, due to the amphiphilic character of PEG
no additional surfactant is necessary to stabilize the nano-
emulsion droplets. In the following step the volatile DCM
evaporates, and the protein material in each droplet self-
assembles into a particle matrix of tightly packed individual
proteins. Now, the PEGylated proteins prefer the hydrophobic
intermolecular interactions, and the particles, even empty ones,
are stable without the need of additional cross-linking (Figure 2;
Figures S15 and S17).

A B 15 L
6
T T
Tat g0y
X X
gz | — Empty NP g 5 | ——DOX NP
o o
0 . | 0 . )
10 100 1000 10 100 1000
d/nm - d/nm -
C

Figure 2. Nanoparticle tracking analysis results in a mean particle
diameter of 94.6 nm for empty LYZ(TsT-mPEG),, particles (A) and
101.9 nm for DOX-loaded nanoparticles (B). TEM images of empty
nanoparticles (overview (C) and magnification (D)) show the assembly
of multiple proteins inside of single particles.

Interestingly, empty nanoparticles still show an enzymatic
activity of 14% compared to the same amount of single
PEGylated proteins (Figure S19). This decrease in activity can
most likely be attributed to the effect that only lysozymes on the
particle surface are accessible for substrates.

In addition to empty particles we encapsulated doxorubicin as
hydrophobic model drug.*® It represents a highly potent drug in
the class of anthracyclines that are known to address a broad
number of cancer types. Its cellular uptake is unspecific and leads
to serious side effects like hematologic and cardiac toxicity.””
Doxorubicin was added together with the modified proteins to
the organic phase prior to the first emulsion step. During DCM
evaporation the drug is physically entrapped in the particle
matrix. Size measurements by nanoparticle tracking analysis
(NTA) determined a mean diameter of 94.6 nm for empty
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particles and 101.9 nm for DOX-loaded particles (Figure 2A,B).
Additional DLS measurements confirmed a hydrodynamic
diameter of around 100 nm (Figure S15). The nanoparticle
suspension is stable for several months without aggregation or
precipitation. TEM measurements of empty particles confirm the
assembly of multiple proteins into single particles (Figure 2D).
The drug loading was determined by absorbance measurements
at 488 nm resulting in a DOX concentration of 33 uM, with an
entrapment efficiency of 9% and drug loading of 0.9 wt % (see
section 3.7 in SI). The nanoparticles are stable in different
physiological relevant buffer systems (at neutral pH) without
leakage of the payload. A release was only detected under acidic
conditions, in the presence of proteases or a reductive
environment similar to the cytosol of cells (Figure S20).

We followed the cellular uptake of DOX-loaded nanoparticles
by confocal laser scanning microscopy (CLSM) and analyzed the
drug delivery. In order to monitor the fate of the particle material
independent from the red fluorescent payload, we additionally
labeled free acids on the surface of the PEGylated proteins with
6-aminofluorescein (F_LYZ(TsT-mPEG),,, see section 2.2 in
SI). We incubated these DOX-loaded and fluorescence-labeled
nanoparticles (drug concentration: 4 pM) with cervical cancer
cells (HeLa) and monitored the cellular uptake over time (Figure
3).

DOX [NP] F [NP]

DAPI Merged

Figure 3. Time-dependent cellular uptake of doxorubicin, encapsulated
in fluorescent-labeled nanoparticles. The particles are readily taken up
by the cell within 1 h. After 4 h, endosomal release of red DOX into the
cytosol can be observed. Released DOX finally accumulates in the
nucleus after 24 h, whereas the fluorescent protein material is spread
over the cytosol of the cell. Individual channels from left to right: red
DOX signal (DOX [NP]), green fluorescence signal (F [NP]), blue core
staining (DAPI), and a merged image of all channels with additional
transmitted light images.

Confocal microscopy revealed that DOX-loaded lysozyme
nanoparticles exhibit a time-dependent cellular uptake. After 1 h
the particles concentrate in intracellular compartments. At this
point both the red DOX signal and the green fluorescence of the
particle material (F_LYZ(TsT-mPEG),) is colocalized. This
shows that the nanoparticles are still fully assembled when taken
up by the cells, presumably via an endosomal uptake mechanism.
After 4 h, we observe a release of doxorubicin into the cytosol and
the start of accumulation in the nucleus. Finally, after 24 h of
incubation all doxorubicin can be found in the nucleus of the cell,

whereas the green signal of the particle material is spread over the
cytosol of the cell. This time-dependent uptake of DOX-loaded
NPs observed by CLSM was additionally confirmed by flow-
cytometry (Figure $23). Once taken up by cells, the encapsulated
drug is most likely released due to the disassembly of the
nanoparticles by proteases and changes of protein integrity under
the reductive intracellular conditions. In comparison, free DOX
X HCI enters the cell rapidly and uncontrolled by passive
diffusion through the membrane, and fully colocalizes in the
nucleus of the cell already after 1 h (Figure S25).

The successful delivery of DOX is reflected by the test on cell
viability. Despite the different uptake mechanism, DOX-loaded
nanoparticles and free DOX X HCI show similar therapeutic
effects in concentrations up to 10 zM (see toxicity test, Figure 4
and Figure $22). In comparison, both the protein material itself
and empty nanoparticles show no toxicity.
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Figure 4. MTT toxicity assay with HeLa cells after 48 h. Free DOX X
HCl (white bars) and DOX-loaded nanoparticles (striped) show
comparable dose-dependent toxicity. Empty nanoparticles have no
effect on cell viability (dark gray; *diluted in the same ratio as DOX-
loaded nanoparticles to achieve the same particle concentration).

We were also able to transfer our nanoparticle preparation
method to various proteins with molecular weights up to 67 kDa.
Analogous to the procedure described above, we performed a
high surface PEGylation resulting in lipophilic materials. The
emulsion-based protein assembly results in nanoparticles with
mean diameters from 94.6 to 207.7 nm (Table 1; Table S3 and
Figure $26).

Table 1. Nanoparticles Prepared from Various Proteins

protein mol wt (kDa) particle diameter (nm)
lysozyme 14.3 94.6 +£ 1.9
P-lactoglobulin 183 207.7 £2.9
ovalbumin 43.1 173.3 £ 5.9
human serum albumin 66.5 178.8 £5.3

In summary, we present a new concept for the preparation of
protein-based drug delivery systems. The nanoparticles are
formed in an emulsification process that entraps therapeutic
payloads between lipophilic-modified protein building blocks.
Furthermore, our method preserves the initial structure of the
protein and does not require additional cross-linking to form
stable particles. We were able to demonstrate in our model
system that lysozyme-based nanoparticles show a controlled
cellular uptake and can successfully deliver doxorubicin into
cancer cells without loss of its therapeutic activity.
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Unlike the only commercially available protein-based drug
delivery system (Abraxane), we are not limited to serum
albumins as particle material. Our new approach for particle
preparation has the potential to be universally applied to any
protein or enzyme of choice. This will extend the range of
possible biopolymer building blocks for the formation of protein
nanoparticles considerably and open up new technological and
pharmaceutical innovations for the delivery of drugs.
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