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METHOD OF FORMING NON-IMMUNOGENIC HYDROPHOBIC
PROTEIN NANOPARTICLES, AND USES THEREFOR

TECHNICAL FIELD

This invention relates to methods of forming nanoparticles, and
specifically relates to methods of forming nanoparticles from hydrophobic,
water-insoluble protein-based polymers to produce non-immunogenic delivery

systems for use in pharmaceutical, therapeutic and diagnostic applications.

BACKGROUND

The references discussed herein are provided solely for the purpose of
describing the field relating to the invention. Nothing herein is to be construed as
an admission that the inventors are not entitled to antedate a disclosure by virtue
of prior invention.

Zein is a plant protein isolated from corn or maize and belongs to a family
of prolamines which are composed of high amounts of hydrophobic amino acids,
such as proline, glutamine and asparagine. Zein 1s clear, odorless, non-toxic,
biodegradable and water-insoluble. Zein has been investigated and used as a

polymer in the pharmaceutical, medical, food, cosmetic, adhesive and packaging

industries.

In the food and pharmaceutical industries, zein has been used, for
example, to film-coat matenals and to form particulate systems such as
microparticles or nanoparticles [1-5]. Various methods of forming zein particles
have been proposed. For example, U.S. Pat. 5,330,778, the contents of which are
incorporated herein, discusses a method for preparing microparticles using zein,
and uses pH alteration to form the zein microparticles[6]. However, the method
described in U.S. Pat. 5,330,778 produces zein particles with larger micron sizes
and with a wide particle size distribution, which has significant drawbacks, for
example, for in vivo use.

It 1s important to ensure that a biomaterial used for human or animal
applications 1s safe and non-immunogenic. In general, upon in vivo
administration (€.g., introduction into the body) of particles, phagocytic cells in

the blood and tissues, which are responsible for immunological recognition and
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removal of foreign particles, can initiate an immune response depending on the
physicochemical characteristics of the particles. The uptake by phagocytic cells
is dependent on both particle size and surface hydrophobicity of the foreign
particle. In general, particles in a diameter size range greater than approximately
500 nm are prone to phagocytosis. Particles with a hydrophpbic surface are
easily recognized by the phagocytic cells [7]. For example, Lopez and Murdan
[8] have recently reported that zein microspheres of a diameter of 1.36+0.036 pm
are immunogenic and, consequently, are not suitable as a drug, vaccine or other

therapeutic carrier.

SUMMARY OF THE INVENTION

In one aspect of the disclosure, the present invention generally relates to a
method for producing very small particles, or nanoparticles. The particles may
be formed from hydrophobic water-insoluble proteins including, for example,
Zeln.

In another aspect of the disclosure, methods are employed to produce
nanoparticles that reduce or substantially overcome the immunogenicity that 1s
experienced in the use of larger-sized nanoparticles or microparticles, including
those formed from, for example, hydrophobic water-insoluble proteins. The non-
immunogenic effect of the nanoparticles made in accordance with the methods of
the present invention is achieved by controlling the size of the particles formed
by the method, as well as the range of particle sizes.

In some implementations of the invention, the range of particle diameter
sizes 1s less than approximately 400 nm. In preferred implementations of the
invention, the range of particle diameter sizes is less than approximately 300 nm,
and 1n some further implementations the range of particle diameter sizes is
approximately 100 nm to approximately 300 nm. While size is discussed in this
disclosure in terms of a diameter, this should not be interpreted to imply that the
nanoparticles discussed herein are perfectly spherical 1n shape, although spherical
shapes in the nanoparticles may be achieved. It should be understood that the
dimensions disclosed herein may simply be measured between opposite sides of
the particle, or the largest dimension across the particle from opposite sidés.

In one aspect of the invention, the methods of the invention may be

carried out using water-insoluble hydrophobic proteins that may be derived from
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a variety of sources including plant, animal and synthetic sources. In various
aspects, the method may be carried out with a family of prolamines which are
composed of high amounts of hydrophobic amino acids such as, for example,
proline, glutamine and asparagine. These hydrophobic amino acids make the
protein water-insoluble. The prolamines may be found in various grains such as
corn, wheat, barley, rice, sorghum, and in other plants and animal sources. Some
examples of suitable prolamines are zein, gliadin, hordein and kafinn, although
the application of the method 1s not necessarily limited to these examples. For
the purposes of this description, and merely as one exemplar 1llustration of the
invention, the methods are described herein using zein, by way of example only.

In various implementations of the method, white zein 1s utilized to
produce nanoparticles in a desirable diameter size range of approximately 100 to
approximately 400 nm. It has been found that the use of yellow zein may
produce particles with relatively larger diameter size, and may also produce
particles with wider particle diameter size distribution. It 1s believed that the
pigments 1n yellow zein may affect the solubility of the yellow zein and the
nanoparticle formation using yellow zein.

The methods of the invention produce nanoparticles of a generally smaller
diameter size and narrower diameter size range than would otherwise be possible.
These smaller nanoparticles are achieved by implementing a pH-controlled
nanoprecipitation process using one or more particular grades of a base protein,
such as zein, and by using various combinations of buffers, surfactants, and
phospholipids that are selected to achieve nanoparticle sizes and diameters that
render the nanoparticles non-immunogenic.

The methods of the disclosure are further suitable for preparing
nanoparticles with a wide variety of molecules, particles or agents, having
varying physicochemical properties, to form encapsulated, absorbed, complexed
or conjugated materials with the nanoparticles. For example, the method may be
utihized to entrap small hydrophilic molecules, small hydrophobic molecules and
macromolecules. In each of these examples, an encapsulation efficiency of
approximately 60% to approximately 80% may be achieved. The nanoparticles
formed 1n accordance with the present invention may be able to provide sustained

delivery of the encapsulated molecule for up to a week, or possibly more, in an in

vitro and in vivo environment.
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In one aspect of the invention, methods are employed to produce
therapeutic and/or diagnostic nanoparticles, e.g., an anticancer agent-containing
nanoparticles. Such nanoparticles can provide targeted delivery and temporal
control of the release of an active agent, which is often a therapeutic agent such
as a small molecular drug, nucleic acids, protein, vaccine, antibody, chemical or
other agent or substance. In addition to the therapeutic methods described, the
invention provides means for producing nanoparticles with diagnostic moieties,
e.g., Imaging agents, probes, and the like.

In a further aspect of the invention, a kit 1s provided for preparation of
nanoparticles in accordance with the methods of the invention. The kit contains a
selected amount of a water-soluble protein, at least one buffering agent and at
least one surfactant. The kit may also include a hydroalcoholic solvent. The kit
may also include at least one phospholipid the amount of which may be selected

to provide a selected ratio of phospholipids to surfactant.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates by means of a flow chart the general steps of forming
blank zein nanoparticles in accordance with the method of the present invention.

FIG. 2 illustrates by means of a flow chart the steps of forming 6,7
hydroxy coumarin-loaded nanoparticles in accordance with the invention.

FIG. 3 depicts various electron microscopy microphotographs of zein
nanoparticles. FIG. 3(a) 1s a scanning electron microphotograph of blank zein
nanoparticles. The particles are shown to be spherical aﬁd with a smooth surface.
(Scale represents 1 mm = 1.76 um.) FIG. 3(b) 1s a transmission electron
microphotograph of blank zein nanoparticles. (Scale represents Imm= 8.038
nm.) FIG. 3(c) 1s a scanning electron microphotograph of coumarin-loaded zein
nanoparticles. (Scale represents Imm= 0.87 um). FIG. 3(d) 1s a transmission
electron microphotograph of 6,7 hydroxy coumarin-loaded zein nanoparticles.
(Scale represents 1mm = 8.04 nm.)

FIG. 4 depicts atomic force microscopy (AFM) images of blank zein
nanoparticles produced in accordance with the methods of the invention in the
tapping mode in air. Left to right are height, amplitude, and phase images of a

representative sample with z-scale of 14.19 nm, 22.2 V, and 45°, respectively.
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The scan sizeis a 1.14 x 1.14 um. The average particle size among 50 particles
measured in AFM 1s 185nm.

FIG. § 1s a graph 1llustrating the influence of buffer type on the particie
size of coumarin-loaded zein nanoparticles made in accordance with the methods

5 of the invention before and after lyophilization. Use of citrate buffer in the
precipitation method of the present invention produces consistently smaller sizes
of nanoparticles following lyophilization as compared with the use of phosphate
buffer. (* p<0.05). Each point on the graph represents the mean £SD (n=3).
Citrate buffer was composed of citric acid (0.0153g/L) and sodium citrate

10 (2.91g/L) in deionized water. Phosphate buffer was composed of dibasic sodium
phosphate (1.44 g/L), monobasic potassium phosphate (0.25g/L) and sodium
chloride (10g/L) in deionized water. Both buffers were used to maintain the
second aqueous phase at pH 7.4 1n accordance with the invention.

FIG. 6 illustrates by means of a flow chart the general steps of the method

15 of the present invention for preparing doxorubicin loaded nanoparticles.

FIG. 7 illustrates an in vitro release profile of 6, 7 hydroxy coumarin-
loaded zein nanoparticles in phosphate buffered saline (pH 7.4). Coumarin-
loaded zein nanoparticles (10mg/ml) prepared by the method of the present
invention were placed in a dialysis membrane (Spectrapor , M.wt. 5000 Da) and

20 incubated in phosphate buffered saline (pH 7.4) in the absence (non-enzymatic)
or presence (enzymatic) of trypsin (10mg/ml). Ethanol (20%v/v) was added to
the media to maintain sink conditions, and sodium azide (0.005%w/v) was used
as an anti-microbial agent. The solution was maintained at 37 C in a horizontal
shaker waterbath at 50 rpm. An aliquot (1 ml) of the dialysate was removed at

25 different time points for 7 days and replaced with fresh media to maintain the
sink conditions. Dialysate was analyzed for coumarin released from the zein
nanoparticles using spectrofluorimetry (Ax= 490nm; A\er,= 520 nm). Each data
point 1s a mean of three experiments (+SD). Enzymatic release was higher
compared to non-enymatic release at all time points (p< 0.05).

30 FIG. 8 illustrates the in vitro release profile of doxorubicin from zein
nanoparticles in phosphate buffered saline (pH 7.4). Doxorubicin-loaded zein
nanoparticles (10mg/ml) prepared by the nanopreciptation method of the present
invention were incubated in 1ml of phosphate buffered saline (pH 7.4) in a

centrifuge tube and the solution was maintained at 37 C in a horizontal shaker
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water bath at 50 rpm. The sample was centrifuged at 10,000 rpm for 10 minutes

- and the supernatant was analyzed for doxorubicin released from the nanoparticles

using HPLC. A C-18 column was used and the mobile phase (flow rate 1ml/min)
was 0.1 % TFA: Acetonitrile (acetonitrile gradient from 5 to 80% was used). A
fluorescence detector (Aex= 505nm; Aeri= 550 nm) was used to detect doxorubicin.
The release study was conducted for up to four days. Each data point 1s a mean
of three experiments (£SD).

FIG. 9 illustrates by means of a flow chart the general steps of a method
of the present invention for the preparation of dextran-FITC
(fluoroisothiocyanate)-loaded nanoparticies. The molecular weight of dextran 1s
4000 Da.

FIG. 10 1llustrates an in vitro release profile of dextran-FITC from zein
nanoparticles in phosphate buffered saline (pH 7.4). Dextran-FITC-loaded zein
nanoparticles (10mg/mi) were prepared by a method of the present invention,
were incubated 1in 1ml of phosphate buffered saline (pH 7.4) 1n a centrifuge tube
and were maintained at 37 C in a horizontal shaker water bath at 50 rpm. The
sample was centrifuged at 10,000 rpm for 10 minutes and the supernatant was
analyzed for dextran-FITC released from the nanoparticles by use of
specti'oﬂuorimetry (Aex= 490nm; A= 520 nm).‘ The study was conducted for
eight days. Each point represents the mean +SD (n=3).

FIG. 11 1llustrates by means of a flow chart the general steps'of the
method of the present invention for the preparation of plasmid DNA-loaded
nanoparticles. The plasmid DNA (pDNA) encoding for green fluorescent protein
(GFP) that was used 1n the study was propagated using a DHS5« strain of E. coli,
which was grown in LB medium. The plasmid was isolated using Qiagen’s
‘EndoFree Plasmid Mega Kit’. The purified pPDNA was characterized using UV-
spectrophotometer, by calculating the ratio of UV absorbance at 260/280nm, and
also characterized by agarose gel electrophoresis.

FIG. 12 1llustrates the influence of particle size on uptake of zein
nanoparticles by porcine polymorpho-nuclear cells. The figure shows the percent
area under the curve for luminal chemiluminescence (over 90 minutes) in the
presence of zein particles and positive control zymosan. Each experiment is an
average of four experiments (:SEM). Uptake is significantly low in smaller

particle sized (p<0.05) compared to other groups.
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FIG. 13 illustrates anti-zein antibodies (optical density) measured after the
third and fifth weeks of primary and booster subcutaneous injections of zein
particles, respectively. Each value is represented as mean £ SEM (n=4). Both
the primary and booster titres were statistically not significant (p>0.05) compared

5 to the saline group. A coarse zein suspension or zein particles in saline
(equivalent to 100 ng/50ul) were injected subcutaneously in female Balb/c mice.
Blood was withdrawn from the orbital plexus and the anti-zein antibody levels in
the diluted serum (1/16) were measured using a mouse ELISA kait.

FIG. 14 is a graph illustrating the influence of yellow zein (Y) and white

10 zein (W) on cell viability of porcine intestinal epithelial cells (IPEC-J2 cells) (at
20,000 cells /well) expressed as the relative activities of mitochondnal
dehydrogenase after four hours of treatment using a dimethylthiazol-2-yl-2,5-
diphenyltetrazolium bromide (MTT) assay. The plate without any treatment was
used as a control and was considered to be 100 % viable. Zein powder was

15 dissolved in 55 % v/v ethanol and subsequent dilutions were made from 5 mg/ml
stock in serum-free media. At all concentrations, both yellow and white zein do
not differ significantly from the control with no treatment (* p<0.05). Each data
point is an average of three experiments + SEM.

FIG. 15 1llustrates an in vitro cytotoxicity profile of doxorubicin solution

20 and doxorubicin-zein nanoparticles prepared in accordance with the invention in
OVACAR-3 cells (human ovarian cancer cells). Cells were exposed to
doxorubicin solution and doxorubicin-loaded nanoparticles at a concentration of
0.0001 to 10 uM for 24 hours. The drug treatment was removed after 24 hours
and the cells were incubated with blank medium (medium changed every 48

25 hours) for five days, and the cell viability was measured on the fifth day by MTT
assay. Each data point 1s an average of four experiments. The ICsq for
doxorubicin solution and doxorubicin-zein nanoparticles were 3.1nM and
0.20nM, respectively. (Dox = doxorubicin solution; Dox-NP = doxorubicin
nanoparticles.)

30 FIG. 16 1llustrates an in vitro cytotoxicity profile of doxorubicin solution
and doxorubicin-zein nanoparticles prepared in accordance with the invention in
doxorubicin- resistant human breast cancer cells (NCI/ADR-RES cells). Cells
were exposed to doxorubicin solution and doxorubicin-loaded nanoparticles at a

concentration of 0.0001 to 10 uM for 24 hours. The drug treatment was removed
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after 24 hours and the cells were incubated with blank medium (medium changed
every 48 hours) for five days, and the cell viability was measured on the fifth day
by an MTT assay. Each data point is an average of four experiments. The ICs,
for doxorubicin solution and doxorubicin-loaded nanoparticies were 81.73nM
S and 6.41nM, respectively. (Dox = doxorubicin solution; Dox-NP = doxorubicin-
loaded nanoparticles.)
FIG. 17 illustrates by means of a flow chart a method of the present
invention for preparing cross-linked blank zein nanoparticles.
FIG. 18 is a graph demonstrating the extent of cross-linking of zein
10 nanopartiéles as a function of cross-linking agent for 24 hrs. The extent of cross-
linking was determined using a TNBS assay. The cross-linking agents used were
GTA- Glutaraldehyde (500 pul of a stock solution of 25% w/v), EDC: 1-Ethyl-3-
[3-dimethylaminopropyl] carbodiimide (0.6%w/v), and NHS: N-hydroxyl
succinimide (0.6%w/v). The concentration of genipin used was 0.05%w/v.
15 - “Blank” represents zein nanoparticles without any cross-linking agent. Data is a
mean of two experiments.
FIG. 19 1llustrates by means of a flow chart a method of the present
invention for preparing rhodamine-123-loaded cross-linked zein nanoparticles.
FIG. 20 1llustrates the in vitro release profile of rhodamine-123 from zein
20 nanoparticles in phosphate buffered saline (0.1 M) pH 7.4. Results represent
mean £ SEM (n=4). NCS = non-cross linked particles; CS = cross linked
particles. The drug release from cross-linked nanoparticles was significantly
| (p>0.05) lower than the non cross-linked nanoparticles. Rhodamine-loaded zein
nanoparticles (20mg) prepared by the method of the present invention were
25 placed in a dialysis membrane (Spectrapor , M.wt. 10,000 Da) and incubated in
Sml of phosphate buffered saline (pH 7.4). The solution was maintained at 37 C
in a horizontal shaker water bath at 100 rpm. An aliquot (1 ml) of the dialysate
was removed at different time points over 48 hours and replaced with fresh media
to maintain the sink conditions. Dialysate was analyzed for rhodamine release
30 from the zein nanoparticles using spectrofluorimetry (Aex= 485nm; Aem= 530 nm).
FIG. 21 1llustrates the 1n vitro release profile of rh(;damine-123 from zein
nanoparticles in the presence of trypsin at pH 7.4. Results represent mean £+ SEM
(n=4). ENCS = non-cross linked particles; ECS = cross linked particles. The

drug release from cross-linked nanoparticles was significantly (p>0.05) lower
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than the non cross-linked nanoparticles. Rhodamine-123-loaded zein
nanoparticles (20mg) prepared by the method of the present invention were
placed in a dialysis membrane (Spectrapor , M.wt. 10,000 Da) and incubated in
Sml of phosphate buffered saline (0.1M, pH 7.4) containing 205ug/ml of trypsin.
The solution was maintained at 37 C in a horizontal shaker water bath at 100
rpm. An aliquot (1 ml) of the dialysate was removed at different time points over
48 hours and replaced with fresh media to maintain the sink conditions.

Dialysate was analyzed for rhodamin-123 released from the zein nanoparticles
using spectrofluorimetry (Aex= 485nm; Aery= 530 nm).

FIG. 22 illustrates in a flow chart the general method for preparation of
blank PEGylated zein nanoparticles.

FIG. 23 is a graph illustrating an intensity of weighted size distribution of
PEGylated nanoparticles. The particle size of PEGylated zein nanoparticles was
131+1 nm, with a Polydispersity Index (PDI) 0f 0.282 + 0.01. The data also
shows that the surface modification of zein nanoparticles with PEG does not

increase the particle size and that the nanoparticles are in the desired size range

for drug delivery applications.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

As used herein, the term “nanoparticle’ 1s generally known to refer to a
particle that is not more than 1000 nm in at least one dimension. However, the
nanoparticles formed by the methods of the present invention will have a
diameter of a specified value as defined herein. Further, the use of the term
“nanoparticle” is also meant to refer generically to blank nanoparticles and
nanoparticles loaded with a molecule and formed by methods of the present
Invention.

As used herein, unless defined otherwise (1.e., FIG. 18), “blank
nanoparticle” refers to and means nanoparticles formed in accordance with the
methods of the invention that do not have a selected particle, molecule or
material formed with or in conjugation with the nanoparticle.

As used herein, the term “diameter,” when used 1n the context of
nanoparticle dimensions, refers to the mean linear dimension of the particle for
lines passing through the center of mass of the particle. Acceptable

approximation of the diameter of non-spherical particles may be provided, for
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example, by taking the mean of the thickness of the particle along three orthogonal axes
of a coordinate system, with one of the axcs aligned with the longest dimension of the

particle.

As used herein, the term "administered” or "administration," when used 5 1n the
context of therapeutic and diagnostic uses for nanoparticles, refers to and includes the
introduction of a selected amount of nanoparticles into an 1n vivo or 1n Vilro
environment for the purpose of, for example, delivering a therapeutic agent to a

targeted site.

As used herein, "in vivo" means ol or within the body of a subject, such as 10
that of a patient, and includes administration of nanoparticles by a variety of means
includiﬁg, but not limited to, oral, intravenous, intraperitoncal, parenteral,
subcutaneous, topical, opthomogical and nasal routes of administration. As used herein,

"in vitro" means or refers to environments outside of the body of a subject or patient.

As used hercin, the terms "subject” or "patient" both refer to or mean an
individual complex organism, e.g., a human or non-human animal. As uscd hereln,
"orades of zein" refers to a vanety of types or forms of zein, including white zcin and

yellow zein, derived by various means, such as 1s disclosed 1n U.S. Pat. No. 5,254,673.

As used herein, the term “therapeutic agent," and similar terms referring (o a
therapeutic or medicinal function mean that the refercnced molecule, macromoleculce,
drug or other substance can beneficially affect the initiation, course, and/or one or more

symptoms of a disease or condition in a subject, and may be used in conjunction with

nanoparticles in the manufacture of medicaments for treating a discase or other

condition.

As used herein, the term "biocompatible" means that the nanoparticle produced
by the disclosed method of the invention docs not cause or clicit significant adverse
eficcts when administered 1n vivo to a subject. Examples of possible adverse eftects
include, but are not limited to, excessive inflammation and/or an excessive or adverse

immune responsc, as well as toxicity.

As used herein and 1n the appended claims, the singular forms, for example, "a",
'

an", and "the," include the plural, unless the context clearly dictates othcrwise. For

example, relerence to "a nanoparticle" includes a

REPLACEMENT SHEET



10

15

20

25

30

CA 02723563 2010-11-04

WO 2009/137112 PCT/US2009/0029335

11
plurality of such nanoparticles, and reference to a "molecule" 1s a reference to a
plurality of molecules, and equivalents thereof.

As used herein, “about” or “approximately” means reasonably close, to or
a little more or less than, the stated number or amount.

As used herein, "comprising,”" "including,” "having," "containing,"
"characterized by," and grammatical equivalents thereof, are inclusive or open-
ended terms that do not exclude additional, unrecited elements or method steps,
but also include the more restrictive terms "consisting of" and "consisting
essentially of."

The present invention relates to methods of producing non-immunogenic
nanoparticles from hydrophobic water-insoluble proteins by controlling the
particle size of the nanoparticles within a size range of approximately 100 nm to
400 nm, and most suitably within a size range of between approximately 100 nm
and 300 nm. FIG. 1 illustrates by means of a flow chart the general steps of
preparing non-immunogenic nanoparticles by the method of the present
invention.

In an initial step or phase of the method, a water-insoluble protein (0.4 to
1.25 %w/v) 1s dissolved 1n a hydroalcoholic solvent that may contain ethanol and
deionized water. The composition of the solvent may be 90:10 %v/v or
92:8%v/v, for example. For methods where a selected molecule is to be
encapsulated 1n the nanoparticle, the molecule (0.03 to 0.3%w/v) to be

encapsulated is added to the solution of this first aqueous phase. The molecule to

- be encapsulated 1s approximately 5 to 50%w/w of the protein polymer.

The pH of the solution may be altered to bring the pH of the solution to
between about pH 6 and about pH 7 by the addition of 0.01NaOH or 0.01N HC.
If the water pH changes after addition of an acidic molecule, such as coumarin, or
by a basic molecule, the pH 1s to be adjusted to pH 6 to 7. The solution of the
first phase may be processed by probe sonication to aid is the dissolution of the

protein.

In a subsequent step of the method, the aqueous solution of the initial step
or phase 1s added to a buffering agent under ultrasonic shear. Citrate buffer is
particularly preferred. The choice of the buffering agent utilized for the second

aqueous phase 1s considered to be significant for maintaining the pH during
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nanoparticle formation, and is also significant for subsequent lyophilization of the
formed nanoparticles as described later in this disclosure. If no bufter 1s used, or
if, for example, 0.IN HCl is used to adjust the pH of the second aqueous phase
solution, the particles produced tend to be larger than those produced with the
citrate buffer, and the particles tend to demonstrate a wider size range. Use of a
citrate buffer produces some of the smallest particle diameter sizes, such as
approximately 100 nm. Use of other buffers may produce particles in the same or
similar diameter size range of approximately 100 nm to approximately 300 nm,
but after the lyophilization step, the size of the nanoparticles formed using other
buffering agents tends to increase by two to three times.

Significantly, the pH of the second aqueous phase solution 1s preferably
between approximately pH 6.8 and approximately pH 7.4 to obtain the desired
size of nanoparticles. If the pH is outside of this range, the particle size tends to
become larger, and the polydispersity index (PDI) of the particles produced 1s
higher. The PDI 1s a measure of the distribution of the particles in different size
ranges. The method thus may utilize the solubility difference of a protein, such
as zein, in the hydroalcoholic solution and an aqueous solution with a selected pH
of approximately 6.8 to approximately 7.4 close to the isoelectric point of zein.

Further, the addition of a buffering agent to the secohd aqueous phase
solution may be performed under high ultrasonic shear or under high pressure
homogenization, or a combination of both ultrasonic shear and high pressure
homogenization. The ultrasonic energy and duration of ultrasonic shear may be
particularly significant to the formation of particles in the desired diameter size
ranges. The ultrasonic shear energy may be carried out from 0.6 kW/h to
1.39kW/h, for a duration of approximately 2 to 10 minutes with a pulse on-time
of from 5 to 10 seconds and an off-time of from 1 to 5 seconds. The ultrasonic
processing may be significant to the production of particles in the desired size
range. When employing high pressure homozenization, the process may be
carried out using an orifice size of between 0.1 mm and 0.25 mm, and for a time
period of between five to ten minutes at a pressure of from 5000 to 40,000 psi.

The buffering agent of the second phase may also preferably contain a
surfactant and a phospholipid in a selected ratio. The ratio of surfactant to
phospholipid may be approximately 2:1 % w/w, which is believed to produce the

most desirable results. The ratio may also be 1:0.5%w/w or 1:1 %w/w or 1:2
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%w/w. Significantly, the utilization of the combination of a surfactant and a
phospholipid is highly desirable to stabilize the particles produced and to help
prevent aggregations of the particles. By way of example only, the surfactant
may be a poloxamer, such as Pluronic® F68, and the phospholipid may be
lecithin. Other surfactants that may be used in the method include other nonionic
surfactants such as poloxamers (Pluronic®), polyoxyethylene alkyl ethers (Brij),
sorbitan esters (Span), polyoxyethylene sorbitan fatty acid esters (Tween), and
ionic surfactants such as sodium dioctyl sulfosuccinate, sodium lauryl sulfate,
benzalkonium chloride, cetyl trimethyl ammonium bromide, n-dodecyl trimethyl
ammonium bromide, and polymer such as polyvinyl alcohol, polyvinyl
pyrrolidone. Other phospholipids that may be used in the method include non-
ionic and charged lipids or phospholipids such as egg lecithin, soy lecithin,
phosphatidyl choline, phosphatidyl ethanolamine; 1,2-dioleoyl-3-trimethyl
ammonium propane.

A combination of poloxamer and lecithin (e.g., 0.9% w/w:0.45%w/w) 1n
the selected ratio has been found to produce nanoparticles in the desired diameter
size range of approximately 100 nm to approximately 300 nm. Use of either of
the surfactant or phospholipid alone has generally been found to result in larger
particle sizes outside of the desired diameter size range. However, the use of
either a surfactant or a phospholipid in accordance with the methods disclosed
herein will result in nanoparticles of a desired size for non-immunogenicity.

After the application of ultrasonic shear or/or high pressure
homozenization to the solution of the second phase, the mixture may be stirred to
evaporate the ethanol or other solvent to form the nanoparticles. The stirring may
be performed by a mechanical stirrer, and may be performed at a rate of from
approximately 300 rpm to approximately 500 rpm at room temperature for
approximately three hours.

The nanoparticles may preferably then be subjected to ultracentrifugal
filtration for the purpose of separating the nanoparticles from the residual
material. Ultracentifugation may be carried out using centrifugal filters of
molecular weight cut-off of about 5000 Da (or other appropriate filters with a
higher or lower Mwt cut-off than 5000 Da), and at between 2000 g and 40,000 g,

depending on the encapsulated molecule or drug, or on the particular treatment of
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the nanoparticles, such as PEGylation. The time of the ultracentrifugation can
vary from between 20 and 50 minutes.

A cryoprotectant may then be added to the nanoparticles. For example,

2 % w/v trehalose may be added as a cryoprotectant. Other cryo- or lyo-
protectants can also be used, such as sugars, including glucose, sucrose, lactose,
ficoll, betaine or mannitol or poyols such as manmtol, sorbitol, which can be used
as lyoprotectants. The nanoparticles may be kept at -80° C to form a solid cake,
which is then lyophilized, such as by drying the nanoparticles in a frozen state
under high vacuum. The duration of ultrasonic energy, type of surfactant,
concentration of surfactants, and buffer may be vaned.

By way of example, nanoparticles having a size range distribution of
between approximately 100 nm and approximately 400 nm were prepared as
follows:

Example 1

In a first aqueous phase, 0.0135 g of white zein was dissolved in a
mixture of 3 ml of ethanol and 0.25 ml of water. The concentration of zein or
solvent combination used was optimal; however, nanoparticles in the desired
different size range can be produced by modifying the zein concentration or
solvent composition. Dissolution of the zein was aided by the application of
probe sonication for about 20 seconds. The resulting solution of the first aqueous
phase was then added drop-wise into a 15 ml solution of citrate buffer, with a pH
7.4, and a combination of lecithin (0.45 % w/v) and Pluronic® F68 (0.9 % w/v)
under constant application of ultrasonic energy (1.39kW/h, 37% amplitude) for
10 minutes with a .pulse on time of 10 seconds and off time of 1 second. During
the ultrasonic shearing process, the dispersion was kept in an ice bath to maintain
the temperature at about 10° C. The dispersion was then placed on a magnetic
stirrer at between 300 to 500 rpm, at room temperature, until the ethanol was
completely evaporated. After complete evaporation of the ethanol, the
nanoparticles were purified to remove any residual materials and/or surface active
agents. Purification was accomplished by repeated washing with deionized pH
7.4 citrate buffer and ultracentrifugation using centrifugal filters of MWt cut off
of 5000 Da, at 3950 g for 50 minutes. To 4 ml of the resulting aqueous
suspension (pH 7.4 citrate buffer) of zein nanoparticles was added 2 % w/v

trehalose as a cryoprotectant, and the nanoparticles were then kept at -80° C to
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form to a solid cake. The material was then lyophilized at -47° C and at 60
mTorr vacuum for 12 to 14 hrs. The nanoparticles were then stored 1n a
refrigerator at 10° C in a dessicator.

In an alternative method of the invention, the ultrasonic shear of the
second phase solution can be supplemented or replaced by high pressure
homogenizer by passing the dispersion under high pressure through a narrow
orifice for reducing the particle size. This is especially useful to produce
nanoparticles in the smaller size range when a high concentration of zein is used.
Also high pressure homogenization can be used as a scale-up method for
preparing zein nanoparticles. An example of the method is described below.
Example 11

An amount of 0.65% w/v white zein was dissolved 1n a mixture of 6 ml of
ethanol and 0.50 ml of water. The composition of the resulting solution of the
first aqueous phase was altered to obtain a desired pH of about pH 6 to about pH
7. Dissolution of the zein was aided by the application of probe sonication for
about 20 seconds. The resulting solution of the first aqueous phase was then
added drop-wise into a 30 ml solution of citrate buffer, having a pH 7.4, and a
combination of lecithin (0.45 % w/v) and Pluronic® F68 (0.9 % w/v) under
constant application of ultrasonic energy (1.39kW/h, 37% amplitude) for 2
minutes with a pulse on time of 10 seconds and off time of 1 second. During the
ultrasonic shearing proc‘ess, the dispersion was kept in an ice bath to maintain the
temperature at about 10° C. The resulting coarse suspension was then passed

through a high pressure homogenizer (Nano Debee®, USA) having an orifice size of
between 0.1 and 0.25mm for five minutes at 20,000 psi. During the high pressure

homogenization process the temperature of is maintained at approximately 10°C by
circulating water in the high pressure homogenizer using a chiller. Subsequently, the
dispersion was kept on a magnetic stirrer at 300 to 500 r.p.m and at room
temperature until the ethanol was completely evaporated. After complete
evaporation, the nanoparticles were purified to remove any residual materials or
surface active agents. Purification was accomplished by repeated washing with
pH 7.4 citrate buffer and ultracentrifugation using centrifugal filters of MWt cut
off of 5000 Da, at 3950 g for 50 minutes. Four milliliters of aqueous suspension

(pH 7.4 citrate buffer) of nanoparticles was mixed with 35 mg of 2 % w/v
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trehalose, and was kept at -80° C to form a solid cake. The cake was then
lyophilized at -47° C and 60 mTorr vacuum for 12 to14 hrs.
The methods of the invention described in Examples I and II can be
adapted for the formation of nanoparticles where a selected molecule, such as a
therapeutic drug, is encapsulated within a nanoparticle (FIG. 2). An example of a

method of the invention for forming a molecule-encapsulated nanoparticle 1s as

follows:

Example 111

White zein in the amount of 0.0135 g was dissolved in a mixture of 3 ml
ethanol and 0.25 ml of 0.01 N NaOH to adjust the pH between 6 and 7. To the
solution was added 0.0066 g of 6, 7-hydroxy coumarin and the mixture was
subjected to probe sonication for 20 seconds to assure dissolution. The resulting
solution was added drop-wise into 15 ml of citrate buftfer (pH 7.4) containing
0.0675g of lecithin and 0.135 g of Pluronic® F68 under constant ultrasonic
energy at 1.39kW/h and 37% amplitude for 10 minutes, with a pulse on-time of

10 seconds and an off-time of 1 second. During the sonication process, the

~ solution was kept 1n an ice bath to maintain the temperature around 10° C.

Subsequently, the dispersion was placed on a magnetic stirrer at 300 to 500 r.p.m
and at room temperature until the ethanol was completely evaporated. Following
complete evaporation of the alcohol, the nanoparticles were purified to remove
any excess drug and/or surface active agents. Purification was accomplished by
repeated washing with pH 7.4 citrate buffer and ultracentrifugation using a
centrifugal filter of MWt cut off of 5000 Da, at 3950 g for 50 minutes. Four
milliliters of the aqueous suspension (pH 7.4 citrate buffer) of coumarin-ioaded
nanoparticles were added with 35mg of trehalose and was kept at -80° C to form
a solid cake. The sohd cake was then lyophilized at -47° C and 60 mTorr
vacuum for 12 to 14 hrs.

It has been shown that white zein may be suitably used in the methods of
the present invention as the base protein. White zein gives reproducible
nanoparticles in a desired narrow size range of approximately 100 nm to
approximately 400 nm, while yellow zein gives larger particles with wider
particle size distribution. This difference 1s illustrated in Table 1 and Table 2,
below. Table 1 provides data of nanoparticles made from yellow zein by the

method of Example I and Example III, above. Both blank and coumarin-loaded
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nanoparticles are shown. It can be seen that the particle size of each 1s
approximately 460 nm and 610 nm, respectively. By comparison, as shown in
Table 2, below, blank and coumarin-loaded nanoparticles made from white zein
by the method of Example I and Example III are smaller. FIGS. 3 and 4 show

electron microscopic and atomic force image of the blank and coumarin-loaded

zeln nanoparticles.

Table 1.

Enc;psulatio-h |

__Ei__gnlg Zeln nanoparticles 224420 (0.31+0.06
| 6,7 Hydroxy coumarin I 26630 |[0.44+0.08

Size index Potential | Efficiency
o (nm) PDI m Yo N
Blank zein nanoparticles [ 460 £63 ]0.46+0.06 | -10.28+2 licable
6,7 Hydroxy coumarin | 610+ 123 l 0.62+0.08  |-16.28+3 ]

Each value is an average of three experiments with + SD.

Table 2.
Model compound Particle | Polydispersity | Zeta Encapsulation
Size index Potential | Efficiency
- | (nm) (PI mV) (o)

| -11.34+1.8 {62+17

-16 + 3 Not applicable

Each value is an average of three experiments with £ SD.

The pigments in yellow zein appear to affect the solubility of zein and the
formation of nanoparticles of the desired size distribution. It has been found in
the prior art to be particularly challenging to prepare particles using natural
polymers, such as proteins, that are consistently within the desired size range.
However, the present invention can produce nanoparticlies consistently in the
desired size range using a suitable grade of protein, such as white zein.

Significantly, the methods of the invention may produce, and have
produced, nanoparticles with a diameter size as low as 80 nm to 100 nm. If part
of the ultrasonic shear 1s replaced by high pressure homogenization, as described
in Example II, above, the resulting particle size of blank nanoparticles is also
similar to the particle sizes shown 1n Table 2, above, namely having a particle
size of approximately 220+15 nm and a PDI of 0.4+0.07.

The yield of nanoparticles produced by the nanoprecipitation methods of
the present invention that are in the desired size range has been found to be
greater than approximately 60%. The methods are significant in that the particles

produced have diameters that primarily measure in a range of less than
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approximately 400 nm, and preferably with a relatively narrow diameter size
distribution of approximately 100 nm to approximately 300 nm to avoid an
immunogenic reaction when administered into the body. Advantageously, zein
nanoparticles in the diameter size range of approximately 100 to approximately
400 nm, such as are produced by the methods of the invention, are not taken up
by phagocytic cells, while larger particles of a diameter size greater than
approximately 400 nm are rapidly taken up by phagocytic cells when tested in
vitro using porcine blood. This suggests that nanoparticle phagocytosis 1s
avoided by controlling the particle diameter size of zein nanoparticles 1n the
smaller size range.

Immunogenicity studies in mice showed that zein nanoparticles in the
diameter size range of approximately 100 to approximately 400 nm are non-
immunogenic, while zein nanoparticles having a diameter size greater than
approximately 400 nm produced a significant immune response (anti-zein
antibodies were two- to four-fold higher compared to saline control). These
results show that preparing and using nanoparticles having diameter sizes less
than approximately 400 nm helps avoid any significant immunogenicity caused
by the hydrophobic proteins of the particles. .

The ability to control size of the nanoparticles 1s achieved 1n part by
controlling the pH of the solution in the second aqueous phase of the method.
The data in Table 3, below, illustrates that smaller sizes of nanoparticles, with a

lower PDI, are achieved at a pH of between 6.8 and 7.4.

- | Table 3.
| pH of the aqueous phase | Particle Size (nm) | Polydispersity index
1.5 _ l 362124
3 [ 29115
6.8 208%10 -
7.4
10 0.317 _
12 368+10 0.438

Each value 1s an ave;age of three experiments with £SD

A further crnitical factor in controlling the size of nanoparticle formation 1s
the combination of surfactant and phospholipids which 1s required to stabilize the
nanoparticles and prevent particle aggregation. A combination of a poloxamer

and lecithin, such as in a 2:1 ratio (e.g., 0.9:0.45%w/w), produces nanoparticles
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in the desired size range. If either the surfactant or the phospholipid 1s uséd

alone, larger particles are obtained, as suggested by the data of Table 4, below.

Table 4. )
l:urfactant Yo wiv o | Particle size (nm PDI :\
| Pluronic™ (0.9) 51675 0.57+0.07
Lecithin (0.9) | 335+45 1 0.52+0.05

| Pluron10® (0.9) and Lecithin (0.4) | | 274436

0.46:£0.02

Each value is an average of three experiments with £SD.
*Lyophilization resulted in a sticky powder.

The choice of buffering agent for the second aqueous phase 1s not only
critical to maintaining the optimum pH during nanoparticle formation, but 1s also
critical for subsequent lyophilization. For example, if no buffering agent 1s used
in the second aqueous phase solution, or 1f 0.1N HCI 1s used to adjust the pH, the
resulting nanoparticles are larger in size, with a wider size range or PDI. As
shown in FIG. 5, the use of citrate buffer gave the smallest particle size (109+12
nm). The use of other buffering agents, particularly phosphate, results in the
particle size of zein nanoparticles being increased by two to three times after
lyophilization.

The graph of FIG. 5 illustrates that zein nanoparticles prepared by the
method using phosphate as the buffering agent in the solution from the second
aqueous phase and obtained after lyophilization produced much larger particles
as compared to nanoparticles prepared using citrate buffer as the buffering agent
in the second aqueous phase. The particle size increase 1n phosphate buffer 1s
probably due to the crystallization and precipitation of buffer at the freeze-drying
temperatures caused by the pH drop [10]. This problem 1s solved using citrate
buffer, which effectively resists the changes in pH during freeze-drying
temperatures. The amino groups in zein can be cross-linked by citric acid and
this also stabilizes the zein nanoparticles [11].

It 1s notable that zein is a biodegradable protein and 1s also more
biocompatible than synthetic polymers. Zein 1s a polymer that 1s listed as a
GRAS (Generally Regarded As Safe) polymer by FDA stan(iards [12]. The
method of the invention 1s, therefore, suitable for preparing zein nanoparticles
with encapsulated molecules or drugs of different physiochemical properties.
Table 5, below, 1llustrates by way of example a sampling of some molecules that

may be encapsulated by nanoparticles using the methods in accordance with the
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present invention. The number or type of molecules that may be used 1n the

nanoparticle encapsulation are not limited to those noted herein.

o L Table 5.
Model compound Particle Size Zeta Encapsulation
S | (nm potential efficiency (%
6, 7-hydroxy coumarin 173£20 - 16+3 68+6 ]
Doxorubicin 171+45 -21+2 61+16
Dextran FITC (4000 Da) | 89+12 -15+2 79+8 ]
DNA (GFP) | 185+12 -17+0.4 86.2+3 ]

Each value 1s a mean of three experiments with £SD.

An example of a nanoparticle formed with 6, 7 hydroxy coumarin is
described in Example III above and is shown in FIG. 2. Another example of a
nanoparticle containing a therapeutic agent 1s doxorubicin-loaded zein
nanoparticles, the general steps of which are illustrated in FIG. 6. A specific
method for preparing doxorubicin-loaded zein nanoparticles 1s as follows:
Example 1V

White zein 1in the amount of 0.0135 g was dissolved 1n a mixture of 3ml
of ethanol and 0.25 ml of water. To this solution of the first aqueous phase was
added 0.001 g of doxorubicin hydrochlonde and the mixture was probe sonicated
for 20 seconds to dissolve the doxorubicin hydrochloride. The resulting solution
was added drop-wise 1into 15 ml of citrate buffer (pH 7.4) containing 0.0675g of
lecithin and 0.135 g of Pluronic® F68 under constant ultrasonic energy at
1.39kW/h and 37% amplitude for 10 minutes with a pulse on-time of 10 seconds
and off-time of 1 second. During the sonication process, the solution was kept in
an ice bath to maintain the temperature at about 10 C. Subsequently, the
dispersion was placed on a magnetic stirrer at 300 to 500 r.p.m at room
temperature until the ethanol was completely evaporated. After complete
evaporation of the alcohol, the nanoparticles were purified to remove residual
material. Purification was accomplished by repeated washing with pH 7.4 citrate
buffer and subjected to ultracentrifugation, using centnfugal filters of MWt cut
off of 5000 Da, at 3950 g for 50 minutes. To the aquéous suspension (pH 7.4
citrate buffer) of doxorubicin nanoparticles was added 35mg of trehalose and the
mixture was kept at -80 C to form a solid cake. The material was then

lyophilized at -47 C and 60 mTorr vacuum for 12 to 14 hrs.



10

15

.20

235

30

CA 02723563 2010-11-04

WO 2009/137112 PCT/US2009/0029335

21

In preparation of the doxorubicin-loaded zein nanoparticles according to
the method (FIG. 6), particles were formed having a mean diameter of
approximately 171+45 nm and a PDI of approximately 0.3. The encapsulation
efficiency of doxorubicin by the zein nanoparticles was approximately 61+16 %.

Zein nanoparticles made in accordance with the present invention provide
a beneficial and/or advantageous sustained release of the encapsulated molecule
or drug due in part to the water insolubility of zein nanoparticles that enable the
particles to sustain the drug release over a period of time. For example, FIG. 7
depicts the in vitro release profiles for coumarin-loaded nanoparticles made in
accordance with the method described in Example II, above. The data indicates
that in vitro, there is a sustained release of the drug over a period of up to seven
days, with a higher release rate being observed in the presence of enzymes. The
data shows that the zein nanoparticle release 1s mediated by slow diffusion of
drug out of the nanoparticle and slow enzymatic breakdown of zein
nanoparticles. FIG. 8 depicts the in vitro release profile of doxorubicin from the
doxorubicin-loaded zein nanoparticles made according to Example IV, showing a
mixed order with an initial burst followed by a sustained release after
approximately 24 hours.

A further example of a therapeutic or diagnostic agent that may be formed
as a nanoparticle in accordance with the invention 1s Dextran-FITC (FIG. 9). An
example of preparing a Dextran-FITC- loaded zein nanoparticles 1s as follows:
Example V

An amount of 0.0135 g of white zein was dissolved 1n a mixture of 3ml of
ethanol and 0.25 ml water. To the zein solution was added 0.003 g of dextran
(Mwt 4000 Da) labeled with FITC and the dextran-FITC was dissolved 1n the
above solution. The resulting solution was added drop-wise into 15 ml of citrate
buffer (pH 7.4) containing 0.0675 g of lecithin and 0.135 g of Pluronic® F68
under constant ultrasonic energy at1.39kW/h and 37% amplitude for 10 minutes
with a pulse on-time of 10 seconds and off-time of 1 second. During the
sonication process, the solution was kept in an ice bath to maintain the
temperature at about 10 C. Subsequently, the dispersion was placed on a
magnetic stirrer at 300 to 500 r.p.m at room temperature until the ethanol was

completely evaporated. After complete evaporation of the alcohol solvent, the

nanoparticles were purified to remove the residual materials. Purification was
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accomplished by repeated washing with pH 7.4 citrate buftter and
ultracentrifugation, using centrifugal filter of MWt cut off of 5000 Da, at 3950 g
for 50 minutes. To the aqueous suspension (pH 7.4 citrate buffer) of dextran-
FITC-loaded nanoparticles was added 35mg of trehalose and the mixture was
5 kept at -80 C to form a solid cake. The material was then lyophilized at -47°C
and 60 mTorr vacuum for 12 to 14 hrs.
Dextran-FITC nanoparticles prepared in accordance with the invention
(FIG. 9) shows a sustained in vitro release profile, as shown in FIG 10.
Further in accordance with the present invention, molecules that are
10 suitable for gene therapies can also be encapsulate in nanoparticles for
therapeutic and diagnostic use, such as, for example, plasmids, DNA,
oligonucleotides and siRNA. FIG. 11 illustrates the general method for preparing
a nanoparticle containing a gene-based molecule. A specific example for making

a nanoparticle comprising pDNA (plasmid DNA) encapsulated in a nanoparticle

15 1s as follows:

Example VII
An amount of 0.0135 g of white zein was dissolved 1in a mixture of 3ml of

ethanol and 0.25 ml water. To the zein solution was added 0.187 ng of pDNA
GFP (green fluorescent protein) which was dissolved in the above zein solution.

20 The resulting solution was added drop-wise into 15 ml of citrate buffer (pH 7.4)
containing 0.0675 g of lecithin, 0.135 g of Pluronic® F68 and 7.5 mM of CaCl,
under constant ultrasonic energy at1.39kW/h and 37% amplitude for 10 minutes
with a pulse on-time of 10 seconds and off-time of 1 second. During the
sonication process, the solution was kept in an ice bath to maintain the

25 temperature at about 10 C. Subsequently, the dispersion was placed on a
magnetic stirrer at 300 to 500 r.p.m at room temperature until the ethanol was
completely evaporated. After complete evaporation of the alcohol solvent, the
nanoparticles were purified by ultracentrifugation using a centrifugal filter with a
Mwt cut-off of 5000 Da and processing at 3950 g for 50 minutes to remove

30 excess drug, and surface active agents. Two cycles of ultracentrifugation were
conducted and the nanoparticles are washed with water. To the aqueous
suspension of pDNA-loaded nanoparticles was added 35mg of trehalose and the
mixture was kept at -80 C to form a solid cake. The material was then

lyophilized at -47°C and 60 mTorr vacuum for 12 to 14 hrs.
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The drug release profiles for the various encapsulated molecules, as
shown in FIGS. 6, 8 and 10 for ekample, indicate that zein nanoparticles can be
used as a versatile and safe drug delivery vehicle by parenteral and non-parenteral
routes of administration including oral, buccal, transdermal, nasal, pulmonary and
ocular routes of delivery. Many other molecules, particles and drugs may be
encapsulated as well, including but not limited to, vaccines and cosmetic
substances (e.g., Minoxidil, Vitamin C, etc.) for therapeutic, diagnostic and
aesthetic applications or therapies.

Further, due to the relatively smaller size of the nanoparticles formed by
the methods of the present invention, molecule-loaded (e.g., drug-loaded) zein
nanoparticles can circulate in the body for prolonged periods without being
recognized and eliminated by phagocytic cells. The data of FIG. 12 illustrate that
zein nanoparticles in the size range of 100-400 nm are not taken up by the blood
phagocytic cells, while larger particles in the size of >400 nm are rapidly taken
up by phagocytic cells when tested in vitro using porcine blood. Thus, 1t can be
shown that phagocytic uptake is avoided by controlling the particle size of zein
nanoparticles in the smaller size range. Immunogenicity studies in mice showed
that zein nanoparticles in the size range of 100 nm to 400 nm are non-
immunogenic. On the other hand, zein nanoparticles having a size >400 nm
produced a significant immune response (two- to four-fold) compared to the
control, as shown 1n FIG. 13.

The cytotoxic effects of the zein used for making the nanoparticles were
investigated in cell proliferation studies using porcine intestinal epithelial cells
(IPEC-J2). The results of an exemplary cytotoxicity studies is shown in FIG. 14.
No significant degree of cytotoxicity was observed between white zein and
yellow zein, as compared to control treatment with buffer at any concentration.

The therapeutic activity of zein nanoparticles made in accordance with the
disclosed methods was tested in vitro using doxorubicin-loaded zein
nanoparticles with human ovarian cancer cells (OVCAR-3) (FIG. 15) and
doxorubicin-resistant human breast cancer cells (NCI/ADR-RES) (FIG. 16).

The cells were plated at a seeding density of 2000 cells/well/0.1ml. Following
overnight attachment, the cells were treated with 0.07 to 70 nM (OVCAR-3) and
0.1 to 10000 nM (NCI/ADR-RES) concentrations of either doxorubicin solution

or doxorubicin-nanoparticles for 24 hours. After 24 hours, the respective drug
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treatments were removed. The cells were washed twice with ice cold phosphate

~ buffer and replaced with fresh media. Media was replaced every 48 hrs. An

MTT assay was used to assess cytotoxicity on the fifth day following treatment
(NCI and OVCAR-3). The results show that the doxorubicin-loaded in zein
nanoparticles had a significantly higher potency than the free doxorubicin
solution in human cancer cells. Doxorubicin-loaded nanoparticles were
approximately 12 to 16 times more potent than the free doxorubicin. The
difference in potency is believed to be due to the difference in the cell uptake
mechanism of free drug and drug encapsulated in nanoparticles. Free
doxorubicin 1s taken up by passive diffusion dictated by the concentration
gradient, while the doxorubicin-loaded nanoparticles are taken up in an active
endocytosis process. Further 1t 1s believed that the endocytosis of doxorubicin-
loaded nanoparticles can avoid the drug efflux pumps in resistant cancer cells,
thus resulting 1n better efficacy. ‘

In a further aspect of the present invention, the enzymatic stability of the
nanoparticles produced by the disclosed methods of the invention can be further
enhanced by cross-linking. FIG. 17 illustrates the general method for preparation
of cross-linked blank zein nanoparticles using glutaraldehyde as the cross-linking
agent. A specific example of such preparation is as follows:

Example VIII

Blank zein nanoparticles were prepared using the disclosed
nanoprecipitation method. A cross linking agent was added following probe
sonication of the second aqueous phase. Nanoparticles were further incubated for
24 hours. At the end of incubation time, the nanoparticles were purified using
centrifugal filtration and were then lyophilized.

White zein in the amount of 0.0135 g was dissolved in a mixture of 3ml
of ethanol and 0.25ml of water. The first phase solution was then added drop-
wise 1nto 15 ml of citrate buffer having a pH 7.4 and containing a combination of
0.45 % w/v lecithin and Pluronic® F68 (0.9 % w/v) under constant application of
ultrasonic energy at 1.39kW/h and 37% amplitude for 10 minutes with a pulse
on-time of 10 seconds and off-time of 1 second. During the sonication process,
the solution was kept in an ice bath to maintain the temperature at about 10 C.
To the solution was added 0.5 ml of glutaraldehyde of 25 %w/v and the solution
was incubated for 3 to 24 hrs at 37 C while stirring at 300 to 500 rpm. The
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residual glutaraldehyde was neutralized with 10 % w/v metabisulfite.
Subsequently, the dispersion was placed on a magnetic stirrer at 300 to 500 rpm
and at room temperature until the ethanol was completely evaporated. After
complete evaporation of the alcohol, the nanoparticles were purified to remove
the residual material. Purification was accomplished by repeated washing with
pH 7.4 citrate buffer and ultracentrifugation, using centrifugal filter of MWt cut
off of 5000 Da, at 3950 g for 50 minutes. To the aqueous suspension of
nanoparticles was added 35mg of trehalose and the solution was kept at -80 C to
form a solid cake. The material was then lyophilized at -47°C and 60 mTorr
vacuum for 12 to 14 hrs.

Notably, for other cross-linking agents such as EDC/NHS and genipin,
when used in the method of FIG. 13, the reaction time can vary from 24 to 72
hours. The surface amino groups in zein are involved in cross-linking. Trinitro
benzene sulfonic acid (TNBS) was used to estimate the free amino groups in zein
before and after cross-linking. A standard curve was generated with increasing '
concentration of non-cross linked and cross-linked zein versus absorbance at
440nm wavelength. Cross linking efficiency was calculated using the formula,

% of Cross linking efficiency = [a-b/a] x100,
where a = slope of non-cross lined zein versus absorbance , and b= slope of
cross-linked zein versus absorbance. The concentration range of zein used for
constructing the standard curve is 0.357 mg/ml to 12 mg/ml, and correlation
coefficient 1s 0.9994.

The extent of cross-linking in zein nanoparticles using different cross-
linking agents is shown in FIG 18. The cross-linking efficiency varied from
approximately 70% to approximately 100%. The extent of cross-linking can be
varied by changing the reaction time to range from approximately 3 hours to 3
days depending on the cross-linking agent. The cross-linking agent shown here
are only examples and the methods of the invention are not limited to the use of
just the disclosed cross-linking agents. Other cross-linking agents can be used
such as polycarboxylic acids (citric acid or 1,2,3,4-butanetetracarboxylic acid).

Additionally, although the method is 1llustrated with respect to preparing
blank zein nanoparticles, cross-linking may be provided in the formation of

nanoparticles containing specific molecules. A specific example of preparing

rhodamine, a water soluble dye, in a nanoparticle is as follows:
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Example IX

White zein in an amount of 0.0135 g was dissolved in a mixture of 3 ml of
ethanol and 0.25 ml of water (0.25 ml). To the first aqueous solution was added
0.005 g of rhodamine-123. The resulting solution was added drop-wise into 15 ml of
citrate buffer having a pH 7.4 and containing a combination of 0.0675 g of lecithin
and (0.135g) of Pluronic® F68 under constant application of ultrasonic energy
at1.39kW/h and 37% amplitude for 10 minutes with a pulse on-time of 10 seconds
and off-time of 1 second. During the sonication process, the solutibn was kept in an
ice bath to maintain the temperature at about 10 C. Then 0.5 ml of glutaraldehyde of
25 %w/v was added and incubated for 3 hrs at 37 C while stirring at 300 to 500 rpm.
The residual cross-linking agent was neutralized with 10 % w/v sodium
metabisulfite. Subsequently, the dispersion was placed on a magnetic stirrer at 300
to 500 rpm at room temperature until the ethanol was completely evaporated. After
complete evaporation of the alcohol, the nanoparticles were purified
ultracentrifugation. Purification was accomplished by repeated washing with pH

7.4 citrate buffer and ultracentrifugation using centrifugal filter of MWt cut off of
5000 Da, at 3950 g for 50 minutes. To the aqueous suspension (pH 7.4 citrate

buffer) of rhodamine-loaded nanoparticles was added 35mg of trehalose and the

solution was kept at -80 C to form a solid cake, which was then lyophilized at -47°C

and 60 mTorr vacuum for 12 to 14 hrs).
The particle size, polydispersity index and zeta potential of non-cross

linked and cross-linked (using glutaraldehyde as cross-linking agent) rhodamine

particles are shown in Table 6.

Table 6.
Model compound | Particle | Polydispersity index Zeta potential
| Size (nm |
| Rhodamine 352420 0.72+0.20
Rhodamine (cross 130+35 0.72+0.32 -12+2
linked particles)

Each value 1s a mean of three experiments (£SD).

The 1n-vitro drug release at pH 7.4 is slower when the zein nanoparticles
were cross-linked (FIG 20) and similarly the enzymatic release was also slower
(FIG 21). The cross-linking of the free amino groups on the surface of zein
nanoparticles reduced the particle size, and als’o reduced the access of solvent and

slowed the enzymatic degradation of the nanoparticles. The cross-linking also
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significantly reduced the burst release. Thus cross-linking can further stabilize
the nanoparticles and sustain the drug release.

The therapeutic activity and efficacy of the nanoparticles produced by the
method of the invention, can be further enhanced by attaching polyethylene
glycol (PEG) to the nanoparticles. Among the added benefits of PEGylation is an
increase in the circulatioﬁ half-life of the nanoparticles. An additional advantage
of PEG is that it can serve as a spacer to link the targeting ligands, drugs, and
imaging agents to zein nanoparticles, if direct conjugation is not feasible.

FIG. 22 illustrates a method of preparing PEGylated zein nanoparticles 1n
accordance with another aspect of the method of the invention. An advantage of
PEGylated zein for making nanoparticles is that it can be made using only a
surfactant, such as Pluronic® F68, as opposed to the use of a combination of a
surfactant and phospholipids for non-PEGylated zein. A specific method of
forming PEGylated zein nanoparticles 1s as follows:

Example X

PEGylated zein was produced by adding 0.1g of methoxy PEG-
succinimidyl succinate (Mwt 5000 Da) to 0.1g of white zein in 5 ml of 90%
ethanol. The mixture was incubated for a period of between three hours and 24
hours at 37° C. The solution was then dialyzed (Mwt cut off 10,000 Da) against
water in a magnetic stirrer (magnetic stir bar stirred at 100 rpm) at room
temperature for 24 hours to remove any residual materials. The resulting product
was then frozen to -80° C followed by freeze drying at -47° C at 60mTorr vacuum
for 12 to 14 hours. The efficiency of PEGylation observed over various
incubation times is shown in Table 7, below, where the efficiency percentages
were determined using a TNBS assay procedure as described earlier. Other
molecular weight PEGs, such as from 500 to 5000 Da, can be used. Similarly

PEG derivatives such as methoxy PEG-N-hydroxyl succinate ester or other

derivatives can be used.

Table 7.
Incubation time Zein : mPEG ester PEGylation Efficiency (%)
hrs ratio |
- 24 1:1 65
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Fifty milligrams of PEGylated white zein were dissolved in a mixture of 3
ml ethanol and 0.25 ml deionized water. The PEGylated zein solution containing
was then added drop-wise into 15 ml of citrate buffer having a pH 7.4 and
containing Pluronic® F68 (0.9 % w/v) under constant application of ultrasonic
5 energy at 1.39kW/h and 37% amplitude for 10 minutes with a pulse on-time of 10
seconds and off-time of 1 second. During the sonication process the solution was
maintained in an ice bath to maintain the temperature at about 10° C.
Subsequently, the zein suspension was placed on a magnetic stirrer at 300 to 500
rpm at room temperature until the ethanol was completely evaporated. When
10 evaporation was complete, the nanoparticles were purified. Purification was
accomplished by repeated washing with pH 7.4 citrate buffer and
ultracentrifugation using centrifugal filter of MWt cut off of 10000 Da, at 44,000
g for 35 minutes. To the aqueous suspension (pH 7.4 citrate buffer) of zein
nanoparticles was added 30 g of 2 % w/v trehalose and the solution was kept at -
15 80 C to form to solid cake, which was then lyophilized at -47 C and 60 mTorr
~vacuum for 12 to 14 hrs. The PEGylation process disclosed above may be
carried out using high pressure homogenization as disclosed in Example II,
above. The size distribution of the PEGylated nanoparticles 1s shown 1n FIG. 23.
Because zein is a protein, a further advantage of using zein in formation
20 of nanoparticles is realized in that zein has a large number of surface functional
groups which can be used to attach targeting ligands, imaging agents, drugs and
other polymers for drug targeting to specific tissues and other biomedical
applications.
Zein nanoparticles formed using the disclosed method may have other
25 uses, particularly outside of the body. For example, drug-loaded zein
nanoparticles can be used as a coating material for cardiovascular and other
biomedical devices. Although described herein with respect to drug deiivery,
nanoparticles produced by the disclosed method may be used to encapsulate and
sustain the release of molecules of interest to the food, dairy and cosmetic
30 industries as well. In addition to human drugs, veterinary drugs may also be
encapsulated in nanoparticles using the disclosed methods. Zein nanoparticles
may be used to protect molecules from 'adverse environmental agents such as
moisture, oxidation, light etc. This utilization may include molecules of interest

to the pharmaceutical, food, dairy and cosmetic industries.
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Zein can be combined with other natural and synthctic polymers to design novcl
nanoparticles with unique properties for various applications in the biomedical,
pharmacecutical, food, dairy and cosmetic industry. For example, by attaching a pH-
sensitive polymer or linker to zein, the zein nanoparticles can be made to release the

drug 1n response to a pH stimulus.
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CLAIMS

1. A method of producing non-immunogenic nanoparticles, comprising:
providing a prolamine selected from white zein, gliadin, hordein and kafirin;
dissolving said prolamine with an ethanol-containing aqueous solvent to
provide a first aqueous phase solution;
adding a citrate buffering agent to the first aqueous phase solution in the
presence of a poloxamer surfactant and a phospholipid to produce a second aqueous
phase solution having a pH of between pH 6.8 and pH 7.4 thereby producing a first
plurality of nanoparticles;

processing said second aqueous phase solution to effect a reduction in
diameter size of said first plurality of nanoparticles within the solution comprising
subjecting the first plurality of nanoparticles to ultrasonic shear, high pressure
homogenization or a combination thereof;

evaporating any residual solvent to produce a second plurality of
nanoparticles having a diameter size of less than 400 nm; and

centrifuging said second plurality of nanoparticles.

2. The method according to claim 1 further comprising lyophilizing the

nanoparticles following centrifugation.

3. The method according to claim 2 further comprising storing the
nanoparticles under conditions that restrict exposure of the nanoparticles to

atmospheric pressure.

4, The method according to claim 1 wherein said phospholipid is lecithin.

5. The method according to claim 1 wherein the ratio of said poloxamer

surfactant to said phospholipid is 2:1 (w/w).

6. The method according to claim 1 wherein said processing of said second
aqueous phase solution to effect a reduction in diameter size of the first plurality of
nanoparticles comprises subjecting the first plurality of nanoparticles to an

ultrasonic shear.
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7. The method according to claim 1 further comprising adding to said

prolamine in the formation of the first phase solution a molecule that is selected for

nanoparticle encapsulation.

8. The method according to claim 7 wherein said molecule is a therapeutic

substance selected for administration to a subject.

9. The method according to claim 2 further comprising adding a cryoprotectant

or a lyoprotectant prior to lyophilization.
10. The method according to claim 7 wherein said prolamine is PEGylated.

11. A therapeutically-active, non-immunogenic nanoparticle formed by the
method according to claim 7, wherein said nanoparticle consists essentially of a
prolamine, a surfactant, a phospholipid, and a therapeutic agent contained within
said nanoparticle, and wherein said nanoparticle has a diameter size of less than 400

nimn.

12.  The method according to claim 7 further comprising cross-linking said

nanoparticles subsequent to ultrasonic shear, and prior to evaporation.

13. A therapeutic composition comprising a non-immunogenic nanoparticle
consisting essentially of a prolamine selected from white zein, gliadin, hordein and
kafirin, a poloxamer surfactant, and a phospholipid, formed by the encapsulation of

a therapeutic agent in said nanoparticle, wherein said nanoparticle has a size

diameter of less than 400 nm.

14.  The therapeutic composition according to claim 13 wherein said diameter

size of sald nanoparticle is between 100 nm and 300 nm.

15. The use of a substance comprising a pharmacologically therapeutic amount
of a non-immunogenic nanoparticle, wherein said nanoparticle consists essentially
of a prolamine selected from white zein, gliadin, hordein and kafirin, a poloxamer

surfactant, a phospholipid, and a therapeutic agent contained therein, and wherein
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said nanoparticle has a diameter size of less than 400 nm, for the manufacture of a

medicament.

16. The use according to claim 15 wherein said nanoparticle has a diameter size

of from 100 nm to 300 nm.

17. The use according to claim 15 or claim 16 wherein -said medicament 1s
formulated for an oral, a parenteral, an intravenous, an intraperitoneal, a

subcutaneous, a topical, a nasal, or an opthalmological route of administration.

18. A kit for producing non-immunogenic nanoparticles, comprising:

a selected amount of a prolamine selected from white zein, gliadin, hordein

and kafirin;
at least one phospholipid;
an ethanol-containing aqueous solvent for dissolving said prolamine;
a citrate buffering agent; and

a poloxamer surfactant.

19. The kit according to claim 18 wherein said at least one phospholipid is
combined with said poloxamer surfactant at a ratio between about 2:1 (%ow/w) to

about 1:2 (Yow/w).
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hydrochloride dissolved in a mixture of ethanol
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Add first solution to citrate buffer
solution drop wise

Precipitation due to Phase Change

Probe sonication
(37% amplitude)
1.39 kW/h with a
pulse of 10 seconds
on time and 1
second off time
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Temperature maintained at 10°C using ice bath
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at room temperature (3-4 hrs)

Purification by Centrifugal filtration
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Zein (0.0135 g), in ethanol (3 ml)
+ water (0.25 ml)

Disperse and probe sonicate for 20 seconds

15 ml of citrate buffer (7.4)
containing Pluronic F68 (0.135 g)
+ Lecithin (0.0675 g)

Add first solution to citrate buffer
solution drop wise

Precipitation due to Phase Change

Probe sonication for 10 minutes

Probe sonication
(37% amplitude)
1.39 kW/h with a
pulse of 10 seconds

on time and 1
second off time

Temperature maintained at 10°C using ice bath

Add 500 ul of aqueous solution of
glutaraldehyde (25% w/v) and react for 3 hours
at 37°C while stirring at 500 rpm.

The residual glutaraldehyde is neutralized by
addition of 10%w/v of sodium metabisulfite

At the end of reaction, evaporate alcohol
under magnetic stirring (500 rpm)
at room temperature for 3 to 4 hrs

Purification by centrifugal filtration
Centricon plus 20 (M.W. 5000 Da),
2 cycles at 3950 g for 50 minutes

4 ml of aqueous dispersion of nanoparticles

Add 35 mg of trehalose Aqueous dispersion
is frozen to a solid
cake at -80°C

Lyophilize (12 to 14 hrs)

at temperature of -47°C
and under 60 mTorr vacuum

| Store in refrigerator in a dessicator

FIG. 17
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Zein (0.0135 g) and 0.005 mg of rhodamine 123
dissolved in a mixture of ethanol (3 ml)
and water (0.25 ml)

Disperse and probe sonicate for 20 seconds

15 ml of citrate buffer (7.4)
containing Pluronic F68 (0.135 g)
+ Lecithin (0.0675 g)

Add first solution to citrate buffer
solution drop wise

Precipitation due to Phase Change

y . Probe sonication
Probe sonication for 10 minutes (37% amplitude)
Temperature maintained at 10°C using ice bath | 1.39 kW/h with a

pulse of 10 seconds

on time and 1
Add 500 ul of aqueous solution of second off time

glutaraldehyde (25 % w/v) and react for 3 hours
at 37°C while stirring at 500 rpm.

The residual glutaraldehyde is neutralized by
addition of 10%w/v of sodium metabisulfite

At the end of reaction, evaporate alcohol
under magnetic stirring (500 rpm)
at room temperature for 3 to 4 hrs

Purification by Centrifugal filtration
Centricon plus 20 (M.W. 5000 Da),

2 cycles at 3950g for 50 minutes

4 ml of aqueous dispersion of nanoparticles

Add 35 mg of trehalose Aqueous dispersion

Is frozen to a solid

~- cake at -80°C
Lyophilize (12 to 14 hrs)

at temperature of -47°C

and under 60 mTorr vacuum

Store in refrigerator in a dessicator

FIG. 19
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50 mg of PEGylated zein in 3m of ethanol
+ 250 pl of Dl water
Disperse and probe sonicate for 20 seconds

Citrate buffer (pH 7.4) + 0.9 % Pluronic F68

Add first solution to citrate buffer
solution drop wise

Precipitation due to Phase Change
(Milky white translucent suspension) Probe sonication

(37% ampilitude)
l 1.39 kW/h with a
pulse of 10 seconds

Probe sonication 10 minutes on time and 1

second off time

Complete evaporation of alcohol
under magnetic stirring (500 rpm)
at room temperature for 2-4 hrs

Purification of particles using ultra centrifuge at
44000 G for 35 minutes

- Add 0.030 g of trehalose to aqueous
nanoparticle dispersion

Aqueous dispersion
is frozen to a solid

cake at -80°C
Lyophilize (12 to 14 hrs)

at temperature of -47°C

and under 60 mTorr vacuum

FIG. 22
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L Zegin {(0.0135 g), in ethanol (3 ml)
_ + water (0.25 ml)

Disperse and probe sonicate for 20 seconds

15 mli of citrate buffer (7.4)
containing Pluronic F&8 (0.135 )
+ Lecithin (0.0675 q)

Add first solution fo citrate huffer
sclution drop wise

‘ Pracipitation due to Phase Change

1

Probe sonlcatlon for 10 minutes Probe sonlication
Temperature maintalned at 10°C using ice bath (37% amplitude)
139 kW/h with a
pulse of 10 seconds
Complete evaporation of alcohol —l on time and 1

under magnetic stirring (500 rpm) at room gacond off time
tampaearature (3-4 hrs}

Purification by centrifugal flitratlion

Centricon plus 20 (M.VV. S000 Da),
2 cycies at 3950g for 50 minutes

4 ml of aqueous dispersion of nanoparticles

Add 35 mg _?_f trehalase Agueous dispersion

L Is frozen to a solid
cake at -80°C

Lyophllize (12 to 14 hrs)
at temperature of -47°C
and under 80 mTorr vacuum

!

Store in refrigerator in a dessicator \
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