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Encapsulation of RNA Molecules in BSA Microspheres
and Internalization into Trypanosoma Brucei Parasites

and Human U20S Cancer Cells

Ulyana Shimanovich,* Itai Dov Tkacz, Dror Eliaz, Artur Cavaco-Paulo,

Shulamit Michaeli, and Aharon Gedanken*

RNA was encapsulated in bovine serum albumin (BSA) microspheres using

a one-step sonochemical process from an water—oil solvent biphasic system.

Confocal microcoscopy and fluorescence-activated cell sorting indicate that
a CY3-RNA (RNA labeled with red fluorescent indocarbocyanine Cy3 dye)
sphere is encapsulated in the BSA outer sphere. The diameter of the sphere
depends on the number of nucleotides of the RNA, ranging from 0.63 to
2.74 um. Total RNA (t-RNA) was used as a prototype for the future small
interfering RNA (siRNA) delivery. A very broad size distribution characterizes
the RNA spheres and therefore, among the loaded BSA spheres, there were
sufficiently small spheres to be successfully introduced into trypanosoma
brucei parasites and human osteosarcoma U20S cancer cells.

entrapped in the microcontainer are pro-
tected from the outer environment.

RNA encapsulation and delivery is a
new field of research that has coalesced
during the past decade from independent
studies on various organisms. There are
many obstacles to in vivo delivery of RNA,
such as degradation by enzymes in blood,
interaction with blood components and
non-specific uptake by the cells, which
govern the biodistribution of the RNA in
the body. The main goal that scientists are
facing is to find a way to deliver RNA into

1. Introduction

In recent years, pharmaceutical research has led to the devel-
opment of several novel drug-delivery systems. Complex drug-
delivery mechanisms are being developed, including the ability
of the drugs to permeate the cell membranes and reach the cell
cytoplasm. Micelles have attracted much attention as prom-
ising drug-delivery agents because their size and structure
are similar to those of some viruses and lipoproteins that are
natural carriers in biological systems.? Another advantage of
micelle drug carriers arises from the specific core-shell struc-
ture of the micelles. The hydrophobic inner core surrounded by
a hydrophilic outer shell forms a microcontainer that is sepa-
rated from the outer environment. Therefore, the molecules
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cells and to protect RNA from degradation

due to the influence of the outer environ-

ment. Since the late 1980s, scientists stud-
ying plants and fungi have known that interactions between
homologous DNA and/or RNA sequences can silence genes
and induce DNA methylation.B] The gene silencing by RNA
interference (RNAi) and by double-stranded RNA (dsRNA)
became possible by using small-interfering RNA (siRNA)
<30 bp in mammalian cells;*>! siRNA and dsRNA have become
the tool for gene function studies.®'!] However, owing to its
relatively large size and anionic charge, one of the key prob-
lems in utilizing siRNA as a therapeutic tool is the availability
of effective delivery systems.'!] A number of approaches for
delivering siRNA have been explored recently.l!>15] Examples of
these systems include polymer-based microparticules, micelles,
and liposomes.

In the present work, ultrasonic waves were used for the for-
mation of proteinaceous microspheres (PMs) and RNA encap-
sulation in the PMs. The role of PMs is to protect RNA from
the outer environment and to control time and rate of RNA
release. For the encapsulation studies, a total RNA (t-RNA)
was used as a prototype for siRNA delivery. Micrometer-sized
gas- or liquid-filled microspheres could be produced for various
kinds of proteins, such as bovine serum albumin (BSA),[16-18]
human serum albumin (HAS),*! and hemoglobin (Hb),2% by
using an ultrasonic emulsification method. Moreover, we have
recently shown that PMs could be produced from a mixture of
two kinds of protein.?!l The mechanism of the sonochemical
formation of microspheres has been discussed previously.?>~2°]
According to the mechanism of the sonochemical formation of
PMs, the microspheres are formed by chemically crosslinking
cysteine residues of the protein, which undergo oxidation by
a HO,- radical formed inside or around a micrometer-sized
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gas bubble or a non-aqueous droplet. The formation of S-S
bonds is the chemical crosslinking process that is responsible
for the formation of the microspheres, and is a direct result
of the chemical effects of ultrasound radiation on an aqueous
medium. We have also demonstrated that, if a drug, e.g., Tetra-
cycline,?! Taxol,?”l and Gemzar,?® is present in the precursor
mixture for the preparation of PMs, it is encapsulated in the
PM. Proteases released the drug in a fast release mode and its
activity was measured.

The creation of BSA microspheres and the encapsulation
of RNA in the spheres were achieved by a one-step process,
starting with the native BSA protein, dodecane or oil (soya bean
oil, canola oil, or olive oil) and RNA. Total RNA was used for
the initial studies of RNA encapsulation, it was followed later
by employing other types of RNA. We have previously reported
sonochemical synthesis of RNAP®? and DNA nanospheres*”!
and their introduction into mammalian cancer cells. The idea
of the current research is to find the method to protect RNA
molecules by encapsulating it in a protein scaffold.

The main objective of this research was to study the effi-
ciency of the sonochemical method for RNA encapsulation
in PMs, and to study the possibility of using PMs as a drug-
delivery agent to trypanosoma brucei (Tb.) parasites and to mam-
malian cells (human U20S cancer cells). Trypanosomes are
parasitic protozoans that include several medically and a variety
of economically important parasites, such as Tb., the causative
agent of sleeping sickness. Trypanosomatids poses and active
RNAi machinery. Unlike mammalian cells, endocytosis and
exocytosis is mediated via a 100 nm flagella pocket. The flagella
pocket is responsible for the entry of nanovehicles and RNA
delivery into the body of the cell. Currently, new drugs to treat
trypanosomas are under demand, and siRNAs are such poten-
tial novel drugs. The human osteosarcoma U20S cell line is one
of the first generated cell lines and is used in various areas of
biomedical research. It was in our interest to demonstrate the
possibility of spontaneous internalization and RNA delivery
into two different types of cells: parasites (host cells) and cancer
human cells.

2. Results and Discussion

The efficiency of the sonochemical method in encapsulating
RNA within PMs was studied using spectrophotometric anal-
ysis. The amount of RNA loaded was assayed using a Nano-
Drop 1000 spectrophotometer at 260 nm. The amount of RNA
loaded in the BSA microspheres was determined by subtracting
the amount of RNA in the residual microsphere phase (the
lower phase in the separation flask) from its total amount in
the precursor solution. For the initial studies t-RNA was used
as a phenotype of siRNA. About =40% of the t-RNA was found
in the residual microsphere phase, which means that =60% was
encapsulated in the BSA microspheres. No residue of t-RNA
was found in the excess dodecane (the upper phase). To rein-
sure the results (percentage of loaded t-RNA) and to check if
during the sonication process the t-RNA was damaged or not, a
“primer extinction” method was used. This method is based on
the identification of the number of bases and their sequence in
the RNA. The percentage loading results were quite similar to
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Figure 1. 1) RNA elution from PMs, 2) RNA elution from the lower phase
of the PMs (RNA molecules that were not encapsulated within PMs).
The ratio between the amount of RNA outside the spheres and inside the
spheres is 1:1.2, which means that about 56% of the RNA was encapsu-
lated inside the microspheres.

results obtained by using spectrophotometric analysis. Figure 1
presents the results of the application of the primer extension
technique to RNA loaded in BSA spheres. About =56% of t-RNA
was found to be encapsulated in the BSA microspheres. The
obtained t-RNA band proves that during sonochemical micro-
spherization, the encapsulated RNA was not damaged.

The lower value of encapsulated t-RNA (4% difference from
the spectroscopic method) obtained using the “primer exten-
sion” technique (56% vs. 60% by the spectrophotometric anal-
ysis) could be explained by the destruction of the PMs during
t-RNA elution.

The influence of different organic solvents on the efficiency
of RNA encapsulation was checked. The results are presented
in Table 1. The results indicate that with an increase in the
viscosity and density of the organic solvent, the percentage of
encapsulated RNA decreased. Moreover, the biocompatibility
of the organic solvents used in the current experiments was
checked, and the soya-bean oil was found to be the most bio-
compatible organic solvent for Tb. parasites and U20S cells.
The biocompatibility of organic solvents for parasites and
cancer cells was studied by following (using light microscopy)
changes in the morphology and life times of the parasites and
cells. Soya bean oil does not cause any damage, neither to para-
sites nor to cells. It is well documented that the formation of
the acoustic bubble is strongly dependent on the viscosity of the
solvent. The correlation between the yield of the PM formation
and the organic solvent viscosity is just another demonstration
of this dependence. In addition, the size dependence of the
RNA encapsulated in BSA spheres was studied as a function

Table 1. Dependence of the PM formation yield on the viscosity of the
organic over layering solvent.

Dodecane  Canola oil Soya oil Olive ol
Viscosity [cP=mPa.s] 13,4 57 69 81
Density g cm™3 0.7493 0.92 0.92 1.0
% encapsulated RNA within 65 47 43 31

BSA spheres
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Table 2. Size dependence of the RNA encapsulated in BSA spheres
as a function of the number of nucleotides in the RNA chain. The
size of the spheres was determined by dynamic light scattering (DLS)
measurements.

RNA type RNA length [number Size of RNA-loaded
of nucleotides] PMs [um]

t-RNA (total RNA) ~8000 2,74

T.b. RNA 200 1.6

S.L.RNA (Splice Leader RNA) 180 15

Colosoma-RNA 95 0.8

CY3 oligo RNA 40 0.63

of the number of nucleotides in the RNA chain. The change in
size was studied using dynamic light scattering, and the results
are presented in Table 2. The results show that the size of the
microsphere (BSA microsphere with RNA inside) increases
with an increase of the number of nucleotides in the RNA
chain.

In order to understand the amount (in%) of RNA encapsu-
lated in BSA spheres versus the type of organic solvent, the
“coloring test” was performed. The dodecane made, unloaded

www.afm-journal.de

and loaded (with t-RNA) BSA spheres, were colored with Nile
Red dye, as described in the Experimental Section and analyzed
by fluorescence-activated cell sorting (FACS; a specialized type
of flow cytometry). It provides a method for sorting a heteroge-
neous mixture of microspheres into two or more containers, one
group of spheres at a time, based upon the specific light scat-
tering and fluorescence characteristics of each group of spheres.
It is a useful scientific technique as it provides a fast, objective,
and quantitative recording of fluorescent signals from indi-
vidual microsphere as well as the physical separation of spheres
of particular interest. Nile Red is a dye with a solvent-dependent
absorption spectrum. It is an uncharged hydrophobic molecule
whose fluorescence is strongly influenced by the polarity of its
environment. With an increase in the polarity of the environ-
ment, the maximum of emission shifts to a shorter wavelength
(from about 650 in water to 470 in 0il).3Y The dye is photostable
and the working wavelength range is broad and removed from
wavelengths at which many biomolecules absorb. The fluores-
cence of Nile Red is unaffected in the pH range between 4.5
and 8.5.3% Nile Red is widely used to detect the hydrophobicity/
hydrophylicity of the environment. The results of FACS meas-
urements are also presented in Figure 2. The changes in size
between RNA-loaded PMs and unloaded-PMs are detected by
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Figure 2. Flow cytometry analysis of a mixture of microspheres. a) Size distribution of BSA microspheres with an average size of about 1.6 um. b) Size dis-
tribution of t-RNA-loaded BSA microspheres with an average size of 2.7 um. c) Overlaid histograms of the fluorescence of BSA microspheres (red line) with
an emission peak at 525 nm and t-RNA-loaded BSA microspheres (blue line) with an emission peak at 540 nm. d) The fluorescence of BSA microspheres
(red line) with emission peak at 555 nm and t-RNA-loaded BSA microspheres (blue line) with an emission peak at 595 nm. e) The fluorescence of BSA
microspheres (red line) with an emission peak at 605 and t-RNA-loaded BSA microspheres (blue line) with an emission peak at 635 nm. For all fluorimetric
measurements (a—c) excitation was measured at 488 nm. Before fluorimetric measurements, samples were washed twice with double-distilled water.
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FACS and presented in Figure 2a and b.  (a)
Figure 2a represent the size distribution
of the BSA spheres with average size of
1.6 um. Figure 2b represent the size dis-
tribution of t-RNA-loaded PMs with an
average size of 2.7 um.

The fluorimetric measurements of BSA
spheres and t-RNA-loaded BSA spheres are
presented in Figure 2c—e. When a pristine
BSA protein was microspheridized, the flu-
orescence spectra of Nile Red showed emis-
sion peaks at 525 nm, 555 nm and 605 nm
(Figure 2c—e, red line). When the t-RNA
was encapsulated within BSA spheres,
the environment in the inner part of the
BSA spheres slightly changed to be more
hydrophilic. The increase in hydrophilicity
of the inner part of PM results in a red
shift of the fluorescent signal that emits
from the inner part of the RNA loaded
sphere. The change in the environment
resulted in changes in the fluorescence
spectra (red shift) with emission peaks at
540, 595, and 635 nm (Figure 2c—e, blue
line). The changes in the intensity of the
fluorescence could be explained as a result
of the bonding of Nile Red molecules to
the RNA. The quantity of the molecules
(BSA, t-RNA, water and dodecane) in the
sample of t-RNA-loaded BSA spheres is
much higher than that of BSA molecules
in the pristine BSA spheres. More Nile
Red molecules are bonded in the case of
RNA-loaded spheres.

The results of fluorimetric FACS measurements were con-
firmed by fluorescent microscopy analysis. Two samples (BSA
spheres and RNA-loaded BSA spheres) were analyzed using an
Apo-Tome fluorescent microscope. The following microscope
fluorescent filters were used for the current analysis: Rhod
(excitation 550 nm, emission 573 nm), YFP (excitation 514 nm,
emission 527 nm), GFP (excitation 489 nm, emission 509 nm)
and CFP (excitation 435 nm, emission 476 nm). Figure 3a
shows fluorescent images of BSA spheres colored with Nile Red
dye. The red fluorescence of the BSA spheres emanates from
the shell of the spheres and the yellow, green, and blue flores-
cent signals emanate from the inner part of the spheres. The
fluorescence with longer a wavelength (red fluorescence) indi-
cates a more hydrophilic environment. The yellow, green, and
blue fluorescent signals with emissions at shorter (compared
to red) wavelengths, indicate a more hydrophobic environment.
It is clearly observed in Figure 3a that the nature of the BSA
sphere shell is more hydrophilic (has a red fluorescent signal)
than the inner part of the sphere, which is more hydrophobic
(with the yellow, green, and blue fluorescent signals). When
the RNA was encapsulated within the BSA spheres the hydro-
phobicity of the environment of the inner part of the sphere
changed significantly to be less hydrophobic. The decrease in
the hydrophobicity of RNA-loaded BSA spheres is depicted in
Figure 3b. The red fluorescent signal of the RNA-loaded BSA

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Fluorescent microscopy image of dodecane-filled BSA microspheres colored with Nile
Red dye. b) Fluorescent microscopy image of dodecane-filled RNA-loaded BSA spheres colored with
Nile Red dye using a Rhod. filter =red fluorescent signal (excitation at 550 nm, emission at 573 nm);
YFP filter = yellow fluorescent signal (excitation at 514 nm; emission at 527 nm); GFP filter =
green fluorescent signal (excitation at 489 nm; emission at 509 nm); CFP filter = blue fluorescent
signal (excitation at 435 nm; emission at 476 nm). The merged figures represent the fluorescence
data obtained when two fluorescent filters are used. Scale Bare = 2 um.

spheres emanates from the shell and from the inner part of the
spheres, indicating that the environment became less hydro-
phobic due to the RNA molecules encapsulated within the BSA
spheres.

The results obtained for soya-bean oil-filled BSA spheres
and RNA loaded BSA spheres are identical to dodecane filled
spheres. The dodecane filled spheres were chosen to be pre-
sented in Figure 3 due to better resolution and stronger fluo-
rescent signal.

The increase in the hydrophilicity of the inner volume of the
loaded BSA spheres points out to the successful encapsulation
of the RNA molecules inside the BSA spheres. The morphology
of PMs and the localization of RNA molecules inside the BSA
spheres were studied using confocal microscopy. CY3-RNA was
used for those studies. CY3 is a reactive fluorescent marker
with an excitation wavelength of 554 nm and an emission at
566 nm. CY3(red)-RNA were encapsulated inside the BSA fluo-
rescein isothiocyanate conjugate, Fitc(green)-BSA. The results
of the confocal microscopy analysis are presented in Figure 4.
After sonication, we could identify two different kinds of micro-
spheres synthesized sonochemically: 1) the major product
exhibited a red RNA sphere (proof of its spherical structure is
depicted in the 3D image) located inside a surrounding green
BSA sphere; 2) mixed microspheres, where red RNA and green
BSA construct the walls of the sphere. Figure 4a presents the

Adv. Funct. Mater. 2011, 21, 3659-3666
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Figure 4. Confocal microscopy images of CY3-RNA (red) encapsulated within fitc-BSA (green).
a) z-stack confocal image of PMs,where the red CY3-RNA was encapsulated inside green Fitc-
BSA. b) z-stack confocal image of PMs with CY3-RNA after 24-25 h (the encapsulated RNA,
which was found previously to be spread inside the BSA sphere is now delocalized close to the
walls of the sphere). c) z-stack confocal image of a mixed sphere (CY3-RNA and fitc-BSA con-
struct the walls of PM). On the upper part of the image the reconstruction of the 3D structure
of PM with encapsulated CY3-RNA is presented. Left image = view from the side; right image =
view from the front. The reconstruction was done from z-stack confocal images using “Imaris”

image analysis software. Scale bar = 0.5 um.

z-stack confocal image of PMs illustrating the red CY3-RNA
encapsulated inside green Fitc-BSA. Moreover, after 24-25 h the
encapsulated RNA sphere, which was found previously to be
located inside the BSA sphere, is now delocalized and is found
closer to the walls of the sphere (see Figure 4b). An example of
the mixed sphere is depicted in Figure 4c. In addition, Figure 4
also presents the reconstruction of the 3D structure of the green
BSA sphere with red RNA spheres inside. The sonochemical
formation of RNA spheres is now reported.?”! The reconstruc-
tion (reconstruction of z-stack confocal images) was done using
the “Imaris” image analysis software.33] The green and red
fluorescent signals are emitted from the walls of the sphere.
This result indicates that the wall of the sphere was formed by
the simultaneous contribution of red RNA and green BSA to the
construction of the walls. Moreover, when the 3D image of the
sphere was reconstructed, the weak green signal emitted from
the inner part of the sphere was recognized, which points out
to the presence of fitc-BSA in the inner part of the sphere.
Since both RNA and BSA form spheres, the question why
the RNA is encapsulated in the BSA and not the reverse can
be explained as follows: 1) kinetically the formation of RNA
spheres is faster; 2) the ratio of BSA: RNA is so large that their
interaction leads first to the formation of the BSA outer sphere
carrying the RNA inside. The morphology of the loaded- and
unloaded-PMs in the solution was also determined by using
scanning electron microscopy (SEM). No difference is found in

Adv. Funct. Mater. 2011, 21, 3659-3666
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the morphology of the loaded- and unloaded-
PMs; Dboth depicted spherical structures.
Figure 5 presents a SEM image of the Tb
RNA-loaded BSA spheres that were fabri-
cated sonochemically. The spheres, shown in
Figure 5, have an average size of 1.63 um.

The size of the RNA-loaded PMs in the
solution was also measured using a dynamic
light scattering (DLS) apparatus. After the
sonochemical emulsification, a polydispersed
solution was obtained. The average size
of unloaded PMs was found to be 2.5 um
(for dodecane-filled BSA spheres). The size
of the loaded PMs increases with the increase
in the length of encapsulated RNA molecules
(Figure 5). On the other hand, the electrical
charge of loaded PMs does not differ from
unloaded PMs, and was found to be about
—40 meV.

The above presented results substantiate
our explanation that the RNA spheres are
formed first and determine the size of the
complex RNA-BSA sphere.

The results of the SEM measurements and
statistic calculations of the size distribution
of the spheres (Figure 5) are in a good agree-
ment with the DLS data. The loaded PMs
were found to be stable for about 5 months
(+4 °C). The solution was checked every week
and each time the presence of the spheres
in the solution was checked by light micro-
scopy. The number of spheres that remain
untouched were obtained from statistic cal-
culations using the “Scion” program.3* The results of the cal-
culations for the stability of the RNA-loaded PMs (the number
of BSA spheres that remain stable in solution versus time)
are as follows: after 1 week, about 2.3 + 0.5% of BSA spheres
were destroyed; after 1 month, 10 £ 0.5%; after 2 months, 20 +
0.5%; after 3 months, 47 £ 0.5%; and after 5 months, 100%
of the t-RNA-loaded BSA spheres were destroyed (no micro-
spheres were found in the solution). Moreover, the results were
confirmed by UV spectroscopy. Each time (every week) the
absorption of a free BSA protein (at 280 nm) in the lower part
of the solution was measured. The measured value was then
subtracted from the initial amount of protein. The stability, size,
and zeta-potential changes of t-RNA-loaded spheres at different
pH values was checked using the DLS apparatus equipped with
a multipurpose titration device (MPT?2). To reach an acidic envi-
ronment, a 0.1 M aqueous solution of HCL was titrated to the
t-RNA-loaded BSA spheres and to the unloaded BSA spheres.
To reach the basic environment, 0.1 M aqueous solution of
NaOH was titrated to the t-RNA-loaded BSA microspheres and
to unloaded BSA spheres. Two samples were compared: a) BSA
spheres and b) t-RNA-loaded BSA spheres. The results of the
titration test are presented in Figure 6. With an increase in pH
values the electrical charge of BSA spheres and t-RNA-loaded
BSA spheres decreases (from positive values to negative values).
The average size of both types of PMs (loaded and unloaded
t-RNA) changes dramatically when the pH was decreased to
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Figure 5. SEM image of T.b. RNA-loaded BSA microspheres. A histogram
of statistic calculations of the size of T.b. RNA-loaded BSA spheres is
presented underneath the image. The statistic calculations were done
using the “Scion” program. The average size of T.h. RNA-loaded BSA
spheres is about 1.6 pm.

under 6, meaning that at very acidic pH, PMs tend to degrade.
Both types of PMs are completely destroyed at a pH below 3.
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The percentage of RNA released from the inner part of the
PMs versus time was checked by measuring the UV absorption
of RNA at 260 nm (using a NanoDrop 1000 spectrophotometer).
BSA does not absorb at this wavelength. The amount of RNA
was measured for the aqueous lower phase, where only the
residues of free protein and RNA molecules are presented. The
results indicate that after 1 week about 2% of RNA was released;
after 1 month, 11%; after 2 months 21%; after 3 months, 47%;
and after 5 months 100% of the RNA was found in the aqueous
phase and the microspheres were completely destroyed.

The transfer of RNA into non-viral cells is a complicated pro-
cedure because it involves the use of different mediators. In the
current study, RNA (encapsulated within BSA) was successfully
introduced into human U20S cancer cells and Tb. parasites
without any additional agents. Small RNA-loaded PMs sponta-
neously penetrated parasites and human cells due to the pres-
ence of small size PMs. First, the influence of the parasite and
cancer cell medium on the stability of RNA-loaded spheres was
checked. The medium of the parasites, as well as the medium
where the cancer cells were grown, have no influence on the
stability of the RNA-loaded BSA spheres. We could follow the
existence of the spheres in these media by light microscopy
for 24 hours. The spheres were found to be stable in both
media environments. The parasites and cancer cells with the
PMs were analyzed and characterized by fluorescent micro-
scopy. The nucleus of the cancer cells as well as Tb. parasites
was colored with a DAPI marker, which gives a blue fluores-
cent signal (excitation was measured at 359 nm and emission
was measured at 457nm). The fluorescence collected from the
cancer cells and the Tb. parasites passed through three filters,
each filtering a different wavelength region. The filters were
DIC (light microscopy), DAPI (excitation at 359 nm; emission
at 457 nm) and GFP (excitation at 489; emission at 509 nm).
Figure 7 is a combination of the images of the Tb. parasites
(and the cancer cells) when all three filters are employed. Thus,
any green fluorescence is related to the presence of Fitc-BSA.
The blue fluorescence originates from DAPI, a dye known to be
found in the nucleus. Figure 7 shows clearly PMs (green) inside
the parasites (Figure 7a) and inside the human U20S cancer

3664 wileyonlinelibrary.com
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Figure 6. DLS measurement of average size distribution (um) and zeta-potential (mV) changes at different pH values: a) BSA microspheres,

b) t-RNA-loaded BSA microspheres.
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Figure 7. Fluorescent microscopy images of T.b. parasites with PMs as well as human U20S
cancer cells with PMs. a) Combination of the fluorescence originating from PMs (RNA-loaded
PMs) entering trypanosome brucei parasites. The image combines light passing through DIC,
DAPI and GFP filters. b) Fluorescence of PMs (RNA-loaded PMs) which entered human U20S

cancer cells using only DAPI, Rhod and GFP filters. Scale bar =5 um.

cells (Figure 7b). We could see that very few PMs entered the
nucleus (see for example the green point in Figure 7b)

The estimated size of the spheres that were able to pen-
etrate the Tb. parasite is about 150 nm and the sphere size,
which found to be able to penetrate the cancer cells, can reach
400-500 nm. The relative size of T.b. parasites and U20S cancer
cells are about 5 um and 20 pm, respectively.

3. Conclusions

In the current research we demonstrate a novel environmentally
friendly method for the synthesis of RNA-loaded PMs involving
the use of ultrasonic waves. The RNA-loaded spheres were used
as a drug (RNA) delivery agent. For the initial studies, t-RNA
was used as a phenotype for siRNA encapsulation within BSA
spheres. The formation of the microspheres and RNA encapsu-
lation was achieved by a one-step reaction. The resulted solution
is a polydispersed solution of RNA-loaded BSA spheres with an
average size that ranges from 0.5 pm to 2.5 um, dependent on
the length of the RNA chain. The RNA-loaded spheres were
spontaneously introduced into Tb. parasites and human U20S
cancer cells without use of any additional mediators. The uptake
of the negatively charged RNA-loaded BSA spheres by cancer
cells and parasites happened due to the existence of sufficiently
small spheres. In further work, we plan to explore the above-
described method for siRNA encapsulation and delivery.

4. Experimental Section

Sonochemical ~ Preparation of RNA-Loaded BSA Microspheres: The
following RNA molecules were encapsulated inside the BSA spheres:
1) +-RNA, 2) SL RNA, 3) Colosoma RNA, 4) T.b. RNA, and 5) CY3-RNA.
The first four types of RNA were extracted from Lepomonas collosoma
cells using a Tizol reagent (Sigma—Aldrich). CY3-RNA was purchased
from Synthessa Bioscience. The creation of the RNA-loaded microspheres
was repeated by using a different concentration of RNA in the precursor
solution. The preparation of t-RNA-loaded BSA microspheres followed the
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typical synthesis of PMs, as described previously.?'l

In brief, 6.7 mL of an organic solvent (dodecane
(98.0% Fluka) or soya bean oil, canola oil, or olive oil)
was layered over a 10 mL water solution of a 5% w/v
BSA protein (bovine serum albumin protein, Sigma—
Aldrich) and 1% w/v purified t-RNA. The volume
ratio between the 5% (w/v) BSA aqueous solution
and dodecane was kept constant at 3:2, respectively.
The molar ratio between the BSA protein and RNA
was 1:50 (w/w), respectively. t-RNA-loaded PMs
were synthesized with a high-intensity ultrasonic
probe (Sonic and Materials, VC-600, 20 kHz, 0.5 in.
a Ti horn, at 30% amplitude). The volume of the
acoustic chamber was 25 mL and the total volume of
all the ingredients was 16.7 mL. The bottom of the
high-intensity ultrasonic horn was positioned at the
aqueous-organic interface, employing an acoustic
power of = 45 W cm™2 with an initial temperature of
22 °C in the reaction cell. The sonication lasted for
3 min at 22 °C using an ice-cooling bath to maintain
the low temperature. A separation flask was used to
separate the product from the mother solution. The
separation was accomplished within a few minutes
due to the lower density of the microspheres, relative
to the density of water. To obtain a more complete separation of the
proteinaceous microspheres from the mother solution, the separation
flasks were placed in a refrigerator (4 °C) for 24 h. After the separation, the
residual aqueous phase and the organic solvent (dodecane) were removed
and the product was resuspended in water. The resulted microsphere
solution was washed with doubly distilled water three times.

Coloring Test: For a “coloring test”, Nile Red dye (Sigma—Aldrich) was
used. The dye was added to the precursor mixture (1 ug mL™") of two
reactions, the microspherization of pristine BSA and the encapsulation
mixture of t-RNA and BSA spheres. The resulting emulsions were than
compared by using FACS (Calibur flow cytometer) and fluorescent
microscopy.

Assessment of Quality Encapsulated RNA Inside BSA Microspheres — the
Extraction of RNA from BSA Spheres: The encapsulated RNA molecules
were regenerated from the BSA spheres using a phenol:chloroform
extraction method and further precipitated with ethanol according to the
manufacture’s instructions. The quality of the extracted RNA was assessed
by a primer extension technique and compared to the untreated RNA.

Determination of RNA Concentration in the BSA Microspheres:
The amount of RNA loaded in the microspheres was determined
by using two methods: 1) Spectrophotometry, (NanoDrop 1000
UV-spectrophotometer; RNA absorption peak was measured at 260 nm)
by subtracting the amount of RNA remaining in the aqueous solution
after the sonication from the initial amount of RNA, and 2) the primer
extinction method (t-RNA band was measured at 95 kDa).

Determination of RNA Localization in BSA Spheres: For determining the
localization of the RNA in the BSA spheres, CY3-labeled RNA was used.
The encapsulation of CY3-RNA was done according to the above-described
procedure. The samples were analyzed using confocal microscopy (Confocal
Zeiss microscope), and 3D images were reconstructed from z-stack confocal
cuts using the “Imaris” image analysis program (Bitplane, Switzerland).

Introduction of RNA-Loaded PMs into Tb. Prasites and Human Cells: In
order to introduce the RNA-loaded PMs into Tb. parasites and human
U20S cancer cells, a colored BSA protein and colored RNA were used.
Colored PMs were prepared by using Fitc-BSA (a fluorescein-isothiocyanate-
labeled bovine serum albumin protein; Sigma-Aldrich), and CY3-labeled
RNA. Soya-bean oil was used as the organic liquid for the preparation of
the PMs. Fitc-BSA has a green color with an excitation peak at 488 nm
and an emission peak at 520 nm. To follow the RNA encapsulation, red
CY3-RNA was used (its excitation peak was measured at 650 nm, and its
emission peak was measured at 670 nm). T.b. parasites were maintained in
a BACK medium. The parasites were incubated with PMs for 3 h at 37 °C.
After the incubation the parasites were washed three times with a PBSx1
buffer solution in order to remove the residual PMs. The nuclei were
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counterstained with DAPI. The parasites were crosslinked on a glass slide
with 4% paraformaldehyde and then microscopically analyzed. Human
U20S cells were maintained in low glucose DMEM (Biological Industries,
Kibbutz Beit Haemek, Israel) containing 10% fetal bovine serum (Hy-Clone
Laboratories, Logan, UT). The cells were grown on a glass slide for 24 h.
PMs were added to the cells and incubated for 24 h at 37 °C. After the
incubation, the cells were washed five times with a PBSx1 buffer in order to
remove the PMs that did not penetrate the cells. The cells were crosslinked
with 4% paraformaldehyde. The nuclei were counterstained with DAPI,
and coverslips were mounted in a mounting medium. The samples
were analyzed using wide-field fluorescent microscopy. 3D images were
reconstructed using the “Imaris” image analysis program.

Instrumentation: DLS measurements and z-potential measurements
were carried out on an ALV/CGS-3 compact goniometer system equipped
with an ALV/LSE-5003 light-scattering electronic and multipurpose titrator
(MPT2), a multiple digital correlator, and a 632.8 nm JDSU laser 1145P.
DLS and z-potential experiments were carried out in a doubly diluted,
as-separated PM solution, i.e., the PMs removed after the sonication
were diluted with an equal amount of doubly distilled water (DDW).
Each measurement took 10 s; particle distribution and electrical charge
distribution were obtained by averaging ten DLS measurements. For light
microscopy (Apo-Tome microscope, Zeiss), samples were prepared by
depositing the aqueous dispersions, without further purification, onto
a glass slide. The RNA-loaded BSA microspheres were analyzed and
characterized by SEM (JSM-840, JEOL), light microscopy (Apo-Tome
microscope, Zeiss), and DLS measurements. Wide-field fluorescence
images were obtained using the cell-R system based on an NIKON 90i fully
motorized inverted microscope (60x Plan Apo objective, 1.42 numerical
aperture [NA]) fitted with an Orca-AG charge-coupled device camera
(Hamamatsu, Bridgewater, NJ), rapid wavelength switching, and driven by
the cell-R software. A 3D volume of the cell containing NPs (135z-slices
of 0.30 um; total height, 40 um) was imaged and reconstructed using the
“Imaris” image analysis software. FACS measurements were conducted
using a FACS Calibur flow cytometer (Becton-Dickinson) equipped with a
488-nm argon laser; results and data acquisition were analyzed using the
CellQuest softwareP®l and a Power Macintosh G4. Samples were washed
three times with doubly distilled water before each measurement.
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