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Proteinaceous microspheres for targeted RNA delivery
prepared by an ultrasonic emulsification method†

Ulyana Shimanovich,a Dror Eliaz,b Sally Zigdon,b Vadim Volkov,b Adva Aizer,b

Artur Cavaco-Paulo,c Shulamit Michaeli,b Yaron Shav-Talb and Aharon Gedanken*a

In the present work we used sonochemically prepared proteinaceous BSA spheres as a novel RNA-delivery

system. The preparation of RNA-loaded BSA spheres was accomplished using an environmental friendly

method termed the “ultrasonic emulsification method”. It was demonstrated that ultrasonic waves do

not cause the RNA chains to degrade and the RNA molecules remain untouched. The BSA–RNA

complex was successfully introduced into mammalian (human) U2OS osteosarcoma cells and

Trypanosoma brucei parasites. Using PVA coating of the RNA–BSA spheres we have achieved a

significant increase in the number of microspheres penetrating mammalian cells. The mechanism of

RNA encapsulation and the structure of the RNA–BSA complex are reported.
Introduction

In the present report we tried to expand our previous work
reporting on the sonochemical encapsulation of RNAmolecules
inside BSA spheres.1 The main goal of the present work is to
unveil the mechanism of the RNA encapsulation and the
structure of the RNA–BSA complex. Moreover, we applied
surface modications of the microspheres and succeeded in
controlling the quantity of penetrated RNA–BSA spheres and in
achieving targeted delivery.2–5

RNA encapsulation and delivery is a new eld of research
that has coalesced during the last decade from independent
studies on various organisms. Proteins are found to be excellent
candidates for RNA carrier container (capsule) construction due
to their biocompatibility and non-toxicity.6–9

In the present study, ultrasonic waves were used for the
formation of proteinaceous microspheres (PMs) and the
simultaneous encapsulation of RNA in those spheres.
Micrometer sized gas-lled or liquid-lled microspheres could
be produced from various kinds of proteins10–13 by using an
ultrasonic emulsication method. We have recently shown that
native RNA and DNA molecules could be nanospherized using
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high-intensity ultrasonic waves.14,15 The possibility to direct the
size scale of BSA–RNA capsules from nanoscale sizes to micro-
scopic sizes by changing fundamental parameters such as the
lengths of RNA chain or organic solvent:aqueous solution ratio
was demonstrated. In the current manuscript we mostly used
the term “microsphere” to refer to fundamental studies on the
formation of RNA loaded BSA spheres and how the surface
modications of those spheres affect their penetration into
cells. Bovine serum albumin is widely used for the preparation
of proteinaceous microspheres due to its availability in a pure
form and its biodegradability, nontoxicity, and non-
immunogenicity. The mechanism of the sonochemical forma-
tion of microspheres has been discussed previously.16–19

According to the mechanism of the sonochemical formation of
PMs, the microspheres are formed by chemically cross-linking
cysteine residues of the protein, which undergo oxidation by a
HO2_radical formed inside or around a micron-sized gas bubble
or a non-aqueous droplet. The formation of S–S bonds is the
chemical cross-linking 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.

The preparation of BSAmicrospheres and the encapsulation of
RNA in the spheres were achieved by a one-step process, starting
with an aqueous solution of native BSA protein and RNA, over
layered by oil (soya bean oil). For the encapsulation studies,
different types of RNAs were used: (1) Cy3 labeled RNA; (2)
Cy3-6FAM labeled RNA; and (3) SLRNA (spliced leader total RNA
extracted from Leptomonas collosoma parasites). In the current
work we used proteinaceous microspheres for RNA delivery into
mammalian U2OS osteosarcoma cells20 and Trypanosoma brucei
(T.b.) parasites.21 Moreover, using polymer for the PM coating, we
succeeded in targeting the PMs and in introducing the RNA
This journal is ª The Royal Society of Chemistry 2013
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encapsulated inside BSA into the nucleus of themammalian cells.
Two types of coatings22 were used for studying the target-delivery
of RNA: (1) polymeric coating and (2) metal coating. For polymeric
coating polyvinyl alcohol (PVA) and polyethyleneimine (PEI) were
used. Due to the neutral charge of PVA, the PVA coated RNA–BSA
complex enables a larger number of spheres to penetrate the
U2OS cells. When the positively charged PEI (a biocompatible
polymer) was used for the PMs coating, the nucleus of the human
cancer cells was successfully targeted with RNA loaded BSA PMs.
The Fe2O3 (metal) coating was used to follow and detect RNA-
loaded spheres inside the cells by transmission electron micros-
copy (TEM). The inuence of the high-intensity ultrasonic waves
on the length and biological activity of RNAmolecules was studied
using the “primer extension” technique. The RNA-loaded micro-
spheres were analyzed and characterized by SEM (scanning elec-
tron microscopy, JSM-840, JEOL), uorescence light microscopy
(Apo-Tome microscope, Zeiss and NIKON 90i uorescent micro-
scope), confocal microscopy (Confocal Zeiss), DLS (dynamic light
scattering, Marwen) measurements, and TEM (transmission
electron microscopy) analysis. The mechanism of RNA encapsu-
lation was studied using confocal microscopy.
Experimental
Preparation of RNA-loaded BSA spheres

The following RNA molecules were encapsulated inside the BSA
spheres: (1) Cy3-RNA, (2) 50-Cy3-RNA-30-6FAM, and (3) SLRNA
(splice leader total RNA). Splice leader RNA was extracted from
Leptomonas collosoma cells using a Trizol (Sigma Aldrich)
reagent. Cy3-RNA and Cy3-6FAM labeled RNAs were purchased
from “Synthessa Bioscience”. Cy3 is a reactive (red) uorescent
marker with an excitation wavelength of 650 nm and emission
at 670 nm. 6FAM is a reactive (green) uorescent marker with an
excitation wavelength of 492 nm and emission at 517 nm.

The preparation of the RNA-loaded BSA spheres followed the
typical synthesis of PMs, as described previously.23 In brief,
6.7 mL of an organic solvent (soya bean oil) was layered over a
10 mL water solution of 5% w/v BSA protein (bovine serum
albumin protein, Sigma-Aldrich) and 1% w/v puried RNA. The
volume ratio between the 5% (w/v) BSA aqueous solution and
soya bean oil was kept constant at 3 : 2, respectively. The molar
ratio between the RNA and BSA protein was 1 : 50 (w/w),
respectively. RNA-loaded PMs were synthesized with a high-
intensity ultrasonic probe (Sonic andMaterials, VC-600, 20 kHz,
0.5 in. Ti horn, at 78% 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 z45 W cm�2 with an initial temperature of
22 �C in the reaction cell. The sonication process lasted for 3
min at 22 �C using an ice-cooling bath to maintain the low
temperature. The product was separated 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 asks were placed in a refrigerator (4 �C) for 24 h.
This journal is ª The Royal Society of Chemistry 2013
Aer the separation, the residual aqueous phase and the
organic solvent (oil) were removed and the product was resus-
pended in water.

Assessment of quality of encapsulated RNA inside BSA
microspheres. The extraction of RNA from BSA spheres

The integration of the encapsulated RNA inside BSA spheres
was performed for SLRNA molecules due to their sequence and
properties which allow us to compare at the same time the
encapsulated SLRNA molecules and delivered SLRNA into T.b.
parasites. The encapsulated SLRNA molecules were regenerated
from the BSA spheres using a phenol:chloroform extraction
method and further precipitated with ethanol according to the
manufacturer’s instructions. In addition, SLRNA molecules
were extracted using the TRI reagent (Trizol, Sigma-Aldrich)
from T.b. parasites which were previously incubated for 3 hours
with BSA spheres carrying SLRNA (Leptomonas collosoma spliced
Leader RNA). The quality of the extracted RNA molecules was
assessed by a primer extension technique and compared to the
untreated RNA.

Preparation of PVA, PEI and Fe2O3 coated RNA–BSA spheres

For the preparation of the polymer coated RNA–BSA spheres
polyvinylalcohol (PVA) (10 000 Mw, Sigma) and branched poly-
ethyleneimine (600 Mw, Sigma) were used. The branched PEI
with low molecular weight polymer was chosen due to its non-
toxicity towards cells. 0.05 g of PVA/PEI was dissolved in 10 mL
of double distilled water (DDW). To assist in the dissolution of
the polymer in water it was sonicated for 30 min in a sonication
bath. Aer this pretreatment, 1 mL of the polymeric solution
was added to 1 mL of the RNA loaded spheres and the mixture
was shaken at room temperature for 20 min. The product was
washed twice with 1 mL DDW. The efficiency of the polymeric
coating of the spheres was checked by measuring the change in
electrical charge on the surface of the coated spheres. In addi-
tion in order to reassure the attachment of the polymers to the
surface of PMs, the polymers were coupled with FITC dye and
the green signal emitted from the surface of the coated PMs was
detected by uorescence microscopy.

For the preparation of the metal coated spheres, nano-
structured iron oxide (Fe2O3)22,24 particles were synthesized.
Soya bean oil was layered over an aqueous solution of iron
acetate (Fe(CH3CO2)2 95%-Sigma, 7.66 � 10�3 M) and 5% w/v
BSA and RNA aqueous solution. Themixture was then sonicated
for 3 min (following the general procedure for PMs prepara-
tion). The Fe2O3 particles were found to be attached to the outer
surface of the RNA-loaded PMs. The concentration of Fe3+ ions
on the surface was 7–9%w/w. The percentage of iron ions on the
surface of the spheres was determined by destructing the
spheres and potassium iodide was used for the quantitative
analysis of Fe3+. The exact synthesis and characterization of iron
oxide-coated proteinaceous microspheres was previously dis-
cussed.22 In order to identify the iron oxide coating on the BSA
microspheres’ surface, the coated microspheres were analyzed
using a transmission electron microscope. The products (iron
coated RNA–BSA microspheres) were introduced into T.b.
J. Mater. Chem. B, 2013, 1, 82–90 | 83
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parasites and U2OS cells. The parasites and mammalian cells
containing iron coated BSA PMs were analyzed and character-
ized by light microscopy (Apo-Tome) and transmission electron
microscopy (TEM).

Determination of RNA concentration in the BSA microspheres

The amount of RNA loaded molecules in the microspheres was
determined using UV spectrophotometric measurements
(NanoDrop1000 UV-spectrophotometer; the RNA absorption
peak was measured at 260 nm) by subtracting the amount of
RNA remaining in the aqueous solution aer sonication, from
the initial amount of RNA.

In addition, the number of RNA molecules which were
encapsulated inside the BSA spheres was also calculated by a
different method. First, the total number of spheres in the
resulting solution was found. For this calculation we took into
account the initial volume of mother solution in the reaction
cell (water solution of BSA and RNA + organic solvent ¼ 16.7
mL), the volume of the microsphere resulting from the sono-
chemical reaction (5 mL), and the average size of BSA micro-
spheres (2.5 mm). These numbers served for calculating the
number of BSA molecules which construct the walls of the BSA
spheres (molecular weight of BSA protein ¼ 67 kDa was taken
into account). Aer nding out the number of BSA spheres
formed in the sonication process, we calculated the number of
RNA molecules encapsulated inside the BSA spheres. We
compared the results obtained by these two methods.

Determination of RNA localization in BSA spheres

For determining the exact shape and localization of the RNA
molecules in the BSA spheres, Cy3 labeled RNA and Cy3-6FAM
labeled RNA were used. The procedure for encapsulation of
Cy3-RNA and Cy3-RNA-6FAM is described above. The samples
were analyzed using uorescence microscopy (Apo-Tome,
Zeiss), CD (Circular Dichroism, Applied BioPhysics) and
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 Trypanosoma brucei
parasites and human cells

In order to introduce the RNA-loaded PMs into T.b. parasites
and human U2OS cells, coated (polymeric coating or metal
coating) and uncoated BSA–RNA spheres were used.

T.b. parasites were maintained in a BACK medium. The
parasites were incubated with PMs for 3 hours at 37 �C. Aer the
incubation, the parasites were washed 3 times with a 1� PBS
buffer solution in order to remove the residual PMs. Nuclei were
counterstained with DAPI. The parasites were cross-linked on a
glass-slide with 4% paraformaldehyde and thenmicroscopically
analyzed.

Human U2OS 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 overnight. PMs were added
to the cells and incubated overnight at 37 �C. Aer the
84 | J. Mater. Chem. B, 2013, 1, 82–90
incubation, the cells were washed 5 times with a 1� PBS buffer
solution in order to remove the PMs that did not penetrate the
cells. The cells were xed with 4% paraformaldehyde. The
nuclei were counterstained with DAPI, and coverslips were
mounted on mounting medium. The samples were analyzed
using wide-eld uorescence microscopy. 3D images were
reconstructed using the “Imaris” image analysis program.
Instrumentation

Dynamic light scattering (DLS) measurements and z-potential
measurements were carried out on an ALV/CGS-3 compact
goniometer system equipped with an ALV/LSE-5003 light scat-
tering 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 aer sonication
were diluted with an equal amount of double-distilled water
(DDW). Each measurement took 10 s; particle distribution and
electrical charge distribution were obtained by averaging ten
DLS measurements.

For light and uorescence microscopy (Apo-Tome micro-
scope, Zeiss), samples were prepared by depositing the aqueous
dispersions, without further purication, onto a glass slide. The
RNA-loaded BSA microspheres were analyzed and characterized
by SEM (scanning electron microscopy, JSM-840, JEOL), uo-
rescence and light microscopy (Apo-Tome microscope, Zeiss),
confocal microscopy (Confocal, Zeiss microscope) and DLS
(dynamic light scattering) measurements. For confocal
microscopy analysis the following excitation and uorescence
wavelengths were used: “Rhod.” (red uorescent signal; excita-
tion peak at 550 nm, emission at 573 nm) and GFP (green
uorescent signal; excitation at 489 nm, emission at 509 nm).
The uorescence signals were observed using the following
lasers: HeNe 543 nm and the argon line at 488, 514 nm.

Wide-eld uorescence images were obtained using the
Image-J system based on a NIKON 90i fully motorized micro-
scope (60� Plan Apo objective, 1.42 numerical apertures [NA]),
rapid wavelength switching, and driven by the Image-J soware.
A 3D volume of the cell containing NPs (135z-slices of 0.30 mm;
total height, 40 mm) was imaged and reconstructed using the
“Imaris” image analysis soware.

For transmission electron microscopy (TEM), samples were
prepared by depositing the aqueous dispersions on a gold-
coated TEM Cu grid (300 strands per inch). TEMmeasurements
were performed on a JEOL JEM-100CX and a 200 kV FEI TECNAI
F20 S-TWIN apparatus with a eld emission source connected
to an EDAX detector (USTEM, Vienna University of Technology).
For scanning electron microscopy analysis the samples were
coated with a thin layer of carbon aer the deposition of the
spheres on the grid.
Results and discussion

The morphology of sonochemically prepared RNA-loaded BSA
spheres was studied using electron microscopy (SEM). Fig. 1(a)
shows BSA spheres loaded with SLRNAmolecules with relatively
This journal is ª The Royal Society of Chemistry 2013
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smooth surfaces and an average size of about 1.5 mm. An
enlarged image of a hollow BSA sphere is presented in the inset
of Fig. 1(a). The average size of the microspheres was conrmed
by DLS measurements. The changes in size of RNA loaded
spheres vs. length of RNA chain are presented elsewhere.1 The
morphology of the surface of RNA loaded PMs changed aer the
polymer coating was applied. Fig. 1(b) depicts a large PVA
coated sphere, where an increase in roughness of the surface is
clearly observed as compared with the uncoated sphere pre-
sented in Fig. 1(a). The same rough surface was observed for PEI
coated PMs (see Fig. 1(c)). For both Fig. 1(b) and (c) enlarged
images of coated BSA spheres are presented in the inset of each
image. When polymer coatings were applied to the PMs the
average size and surface charge were changed.

The polymeric coating was designed to neutralize the nega-
tive charge of the RNA loaded BSA spheres. Indeed, a dramatic
change in microspheres’ charge was detected as a result of the
polymer deposition on the surface of the spheres. The charge of
the surface of RNA loaded PMs changed from�40meV to 0meV
for PVA coated spheres and to +20 meV for PEI coated spheres.
The change in the average size of uncoated and coated spheres
was detected by DLSmeasurements and was found to be around
30 nm for both polymers, from 1500 nm to 1530 nm, respec-
tively. However, the polydispersity index of the average size of
the coated as well as uncoated spheres was found to be relatively
high (see ESI†, Table S1) which means that small spheres are
present in the resulting solution as well. It was previously
demonstrated1 how the average size of the spheres could be
manipulated by changing the RNA length (use of smaller RNA
chains leads to formation of small nanosized BSA spheres). The
results of changes in sizes and surface electrical charge are
summarized in Table S1 in the ESI.†

The efficiency of the sonochemical method in encapsulating
RNA within the PMs was studied using spectrophotometric
analysis. The amount of BSA and RNA molecules was assayed
using a NanoDrop 1000 spectrophotometer at 280 nm and
260 nm, respectively. The number of RNA molecules encapsu-
lated inside the BSA spheres was found using the following
calculation. First the total number of spheres which were
produced during the sonochemical reaction (3 min) was
calculated. 5 mL of loaded BSA spheres were produced from
16.7 mL mother solution (water solution of BSA, SLRNA and
soya bean oil) with an average size of 1.5 mm. The total number
Fig. 1 Electron microscopy (SEM) image of: (a) an uncoated PM; enlarged image o
PM; an enlarged image of the coated surface is presented in the inset of the image;
presented in the inset of the image. Scale bar ¼ 4 micrometers.

This journal is ª The Royal Society of Chemistry 2013
of loaded PMs in the 5 mL resulting solution was found to be
approximately 6.1 � 1011 spheres. Then the number of BSA
molecules (with initial concentration 5 mg mL�1 and molecular
weight 67 kDa) constructing a single microsphere was calcu-

lated using the following equation: V ¼ 4
3
pr3. The number of

BSA molecules that construct a single sphere is found to be 1.82

� 106 molecules (when the percentage of spheridized BSA

molecules is 90%). Finally, the number of SLRNA molecules (95
nucleotides) encapsulated within PMs was calculated and
found to be 6 � 106 molecules per sphere (with efficiency of
RNA encapsulation 60%, and assuming an equal distribution of
the RNA molecules among the BSA spheres). The ratio between
the number of BSAmolecules constructing a single microsphere
wall and the number of RNA molecules encapsulated inside the
single BSA sphere is 1 : 3, respectively. This ratio remains
constant and was found to be independent of the length of the
RNA chain. The initial ratio (in mother solution) between RNA
molecules and BSA protein molecules is 1 : 50.

The structure of the RNA-loaded PMs was studied using
confocal microscopy. For this purpose we have employed Cy3-
RNA and Cy3-RNA-6FAM, RNA molecules with uorescent tags.
The uorescent tag “Cy3” emits a red uorescent signal, while
green uorescence is emitted by the “6FAM” tag (wavelengths of
excitations and emissions are described above in the Experi-
mental section). Cy3 labeled RNA formed a sphere encapsulated
inside FITC-BSA (uorescein isothiocyanate labeled bovine
serum albumin protein; 488/520) microspheres. The same is
true for the red-RNA (Cy3-RNA) that was found to be the inner
sphere of the green-BSA (FITC-BSA) microcapsule. The example
of Cy3-RNA encapsulated within FITC-BSA is presented in
Fig. 2(a). Fig. 2(a) clearly shows the green walls of the FITC-BSA
spheres and the red color which is emitted from the inner part
of the green sphere (red color relates to red-RNA). To nd the
exact localization of RNA inside the BSA sphere the Cy3-RNA-
6FAM was used. Cy3-RNA-6FAM is a RNA molecule which is
tagged with two different colors (red and green) on each end.
The green tag (6FAM) emits a much stronger uorescent signal
than Cy3. The role of the double tagged RNA (red tag-RNA-green
tag) is to study if the RNA molecules are localized as “brushes”
(RNA molecules located parallel to each other and perpendic-
ular to the BSA shell) or are organized in a “non-brush” orga-
nization, namely, the RNA molecules are organized parallel
f a hollow uncoated sphere is presented in the inset of the image; (b) PVA coated
(c) PEI coated PMs; an enlarged image of the coated sphere with rough surface is
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Fig. 2 Primer extension (polyacrylamide gel). Primer extension was performed
with a radiolabeled oligonucleotide complementary to the SLRNA. Correspond-
ing cDNA was separated on a 6% sequencing gel titration. Column 1 indicates
marker; 2 – cDNA obtained from RNA delivered to T. brucei parasites; 3 – cDNA
obtained from RNA extracted from PMs; and 4 – cDNA obtained from untreated
total tRNA.

Scheme 1 Schematic presentation of RNA loaded BSA microsphere formation.
A ¼ FITC labeled BSA protein; B ¼ Cy3 labeled RNA molecule; intermediate ¼
droplet of BSA–RNA aggregates in water–oil solution; and microsphere ¼ FITC-
BSA microsphere loaded with Cy3-RNA.
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to the BSA membrane. The illustration of the localization of
FITC-BSA and Cy3-RNA-6FAM inside the sphere is presented in
Fig. S2 in the ESI.† We clearly observed 2 green uorescent
rings. The red uorescent signal, which was emitted from Cy3,
was very weak. The “brush” organization would yield 3 uo-
rescent rings: the rst ring is green, and is related to the green
protein shell. The second and the third rings are related to the 2
ends of the RNA. The observation of two rings (see Fig. S2(b) in
the ESI†) suggests that the Cy3-RNA-6FAM is situated perpen-
dicular to the BSA shell in what is called “brush” formation.

In order to nd out the mechanism of RNA encapsulation
the following experiments were performed. An aqueous solu-
tion containing FITC labeled BSA protein and Cy3-RNA was
prepared. The BSA and RNA molecules tend to aggregate upon
aging to yield a BSA–RNA complex. The confocal image of a
BSA–RNA aggregate is presented in Fig. S3 in the ESI.†
86 | J. Mater. Chem. B, 2013, 1, 82–90
When the soya bean oil layer was added to the aqueous
solution of FITC–BSA–Cy3–RNA, the BSA protein and RNA
molecules formed droplets. Upon sonication of the aqueous
solution of BSA–RNA and the soya bean oil, BSA microspheres
lled with RNA were formed (synthesis is described in the
Experimental part). The mechanism of RNA loaded BSA spheres
formation is presented in Scheme 1, where the rst step is BSA–
RNA coupling.

The importance of ultrasonic waves in the microsphere
formation and stability of the formed microspheres was
studied. We have tried to form microspheres emulsifying the
initial solution (water solution of BSA, RNA and soya bean oil)
by vortexing. In the resulting solution BSA–RNA microspheres
were obtained. The major difference between sonochemically
prepared microspheres and microspheres prepared by vortex
emulsication is in the stability of the product: more than 6
months aer sonication compared to 1 day for the product
obtained by vortexing. The BSA–RNA spheres do not tend to
aggregate due to their negative charge. Moreover, there is
another difference in microsphere structures prepared using
these two different methods. The walls of sonochemically
prepared RNA-loaded BSA microspheres consist of BSA protein,
while the RNAmolecules were found in the inner part of the BSA
sphere as described above. On the other hand, the walls of BSA–
RNA microspheres prepared by vortex emulsication were
constructed from a mixture of BSA and RNA molecules.

Why the hydrophilic RNA molecules are found in the inner
part of the hydrophobic environment inside the BSA sphere? To
answer this question, the interactions between the protein
(BSA) and the nucleic acid (RNA) molecules were studied. The
majority of the interactions between protein residues and RNAs
occur on accessible surface area of the proteins (ASA) where the
polar and non-polar amino acid groups of the protein are
exposed and available to create polar/hydrogen/van der Waals
contacts and other types of interactions.25 Under high intensity
ultrasonic treatment there was no covalent bond formation
between the BSA and RNA. However, the formation of hydrogen
bonds between the aromatic amino acids of the BSA and
nucleoside bases of RNA was detected. Those hydrogen bonds
(hydrophobic interactions) are responsible for the initial
formation of the BSA–RNA complex. When the ultrasonic waves
are passed through an aqueous–oil biphasic solution it leads to
creation of microscopic oil in water droplets. Then, the BSA–
RNA complex stabilizes those oil droplets and act in this case as
a surfactant. Both BSA and RNA molecules are negatively
This journal is ª The Royal Society of Chemistry 2013
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charged molecules. Due to the big difference in sizes between
the BSA protein molecules and RNA molecules, RNA molecules
tend to be localized in the inner part of the BSA sphere (“mass
transfer effect”) where the charged amino acids of the BSA
protein are facing the aqueous medium. However, the initial
stabilization of oil in water droplets by the BSA–RNA complex
does not clarify the fact that the RNA molecules ll the inner
part of the BSA spheres (phenomenon observed for the rst
hour aer preparation of the sphere). We offer two possible
explanations for the above described phenomenon: (1) a small
amount of water is encapsulated inside the inner part of the
spheres and (2) the labeling of RNA molecules with Cy3 uo-
rescent tag might affect the solubility of RNAs in a less hydro-
philic environment and their sequestration to the oil phase due
to the presence of two aromatic rings and a polymethine chain.
Anyway, both factors stabilize the RNA in the inner part of the
sphere only for the rst hour and then the RNA molecules are
pushed towards the protein wall carried by the hydrophobic oil
forming a double wall sphere structure.

As a result, aer ultrasonic emulsication of aqueous BSA–
RNA–oil solution double wall spheres were obtained where the
internal wall was made of RNA molecules and external wall was
made of BSA protein.

The most important question in the present study is whether
the encapsulated RNA molecules upon their release from the
PMs inside the living cells stay intact, and are they biologically
active? To answer this question we examined if the sonochem-
ical radiation of an aqueous solution of BSA, RNA and soya bean
oil is degrading the RNA molecule. In addition, we checked if
the RNA delivered to the cell remains intact and biologically
Fig. 3 TEM images of the Trypanosoma brucei parasites and mammalian U2OS ce
shown in the inset; (b) Trypanosoma brucei parasite with penetrated microspheres
shown in the inset; (c) a large Trypanosoma brucei parasite with penetrated microsph
is shown in the inset; (d) mammalian U2OS cells without microspheres, the enlarge
penetrated microspheres, the enlarged image of cell tissue with penetrated iron oxi
cancer cells are marked with red arrows. The EDS analysis results are shown in Fig.

This journal is ª The Royal Society of Chemistry 2013
active. For this purpose total RNA extracted from Leptomonas
collosoma parasites was used. First, the PMs loaded with total
RNA were destroyed by the TRI reagent (TRIZOL) and the RNA
molecules were extracted and analyzed by the primer extension
technique with an SLRNA specic probe. In addition, the
SLRNA loaded PMs were introduced into Trypanosoma brucei
parasites and RNA was extracted from parasites using the TRI
reagent and analyzed by the same primer extension technique.

This technique is used to determine the 50 end of the RNA.
The function of the reverse transcriptase is to synthesize cDNA
which is complementary to RNA using a specic primer. The
length of synthesized cDNA should be identical to the initial
RNA molecule. The extracted RNA was incubated with radio-
active end-labelled anti-sense primer. Aer primer extension
the products were separated on 6% polyacrylamide/7 M urea
gels and visualized by autoradiography. By separating the
product on a polyacrylamide gel, it is possible to determine the
exact size of the RNA, and especially monitor if degradation has
occurred. The extracted RNAs (RNA extracted from PMs and
RNA extracted from T. brucei parasites) were compared with
native RNA.

The results are presented in Fig. 2 and show that the sono-
chemical encapsulation does not lead to the degradation of the
RNA during the formation of the RNA loaded BSA sphere, since
exactly the same cDNA products were obtained.

In addition, the intensities of the cDNA bands were
compared and the percentage of the delivered and encapsulated
RNA was illuminated. The results indicate that 53% of SLRNA
present in the sample was encapsulated inside PMs and 32% of
SLRNA was successfully delivered to T. brucei parasites.
lls. (a) T.b. parasite without microspheres, the enlarged image of parasite tissue is
, the enlarged image of parasite tissue with penetrated iron oxide coated PMs is
eres, the enlarged image of parasite tissue with penetrated iron oxide coated PMs
d image of cell tissue is shown in the inset; and (e) mammalian U2OS cells with
de coated PMs is shown in the inset. Some of the spheres inside the parasites and
S4 in the ESI.†
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The delivering of RNA into cells and parasites is a compli-
cated process since it involves the use of different mediators.
In the current study we used different types of coatings to
study RNA delivery. First Fe2O3 coated spheres were introduced
into T. brucei parasites and U2OS mammalian cells. The metal
coating enabled detection of the microspheres inside the
parasites and mammalian cells. The microspheres inside the
parasites and mammalian cells were identied by detecting
the presence of iron oxide on the microsphere membrane
inside the cells by EDS measurements. Changes in the
morphology of the T. brucei or the U2OS mammalian cells due
to metal coating of the microsphere surface were not detected.
Moreover, aer coating the spheres with iron oxide, their
surface charge (measured by z-potential) changed from �40
meV to �13 meV. On the other hand we could not observe
changes in the average sizes of uncoated and coated micro-
spheres. Fig. 3 shows TEM images of untreated T. brucei
parasites and untreated U2OS cells (Fig. 3(a) and (d)) and T.
brucei parasites and U2OS cells incubated with RNA loaded
PMs (Fig. 3(b), (c) and (e). The difference between the images
Fig. 4 Confocal images of U2OS mammalian cancer cells with RNA loaded PMs. (Co
with uncoated complex of FITC-BSA–Cy3RNA which exhibits green and red signals; (P
RNA loaded PMs; and (PEI coated FITC-BSA–Cy3RNA-fourth row) cancer cells with int
FITC-labeled BSA (first column). Red fluorescent signal is emitted from the Cy3 labele
(third column). The nucleus of the cell coloredwith DAPI dye which emits blue signal (
the fifth column. The fluorescent signals passed through the following filters: DAPI

88 | J. Mater. Chem. B, 2013, 1, 82–90
presented in Fig. 3(b) and (c) is the size of the parasite pre-
sented in the image. The bigger T. brucei parasite presented in
Fig. 3(c) is magnied to show the penetrated spheres in a
better way. In the inset of each image the enlarged part of
parasite/cell is presented.

It was found that only PMs with sizes of 50–170 nm could
penetrate into trypanosome bodies. This is due to the
trypanosomes’ body size, which is only 5 micrometers. In
addition, the entry of bodies into the trypanosome cell is
restricted to the agella pocket that mediates the entry of
particles in sizes of �100 nm. The entrance of the particles into
U2OS cancer cells is due to the endocytosis process. The esti-
mated size of the spheres that are able to penetrate the U2OS
mammalian cells can reach 400–500 nm. This is because the
size of the mammalian cell is 20 mm. Due to the size difference
in the ability to penetrate cells, it is critically important to
separate the spheres along their sizes. The separation could be
accomplished either by manipulating the average sphere sizes
as it was demonstrated previously1 or by ltration of the
spheres.
ntrol-first row) cancer cells; (FITC-BSA–Cy3RNA-second row) cancer cells incubated
VA coated FITC-BSA–Cy3RNA-third row) cancer cells with internalized PVA coated
ernalized PEI coated RNA loaded PMs. Green fluorescent signal is emitted from the
d RNA (second column). The overlap of red and green signals gives a yellow color
fourth column). The 3d reconstructions of z-stack confocal images are presented in
, Rhod., GFP and DIC. Scale bar ¼ 5 mm.
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The release of the RNA from the inner part of the BSA
spheres occurs via protease digestion of BSA protein inside the
parasite and cancer cell body. The kinetics of the release func-
tion of BSA spheres was studied in vitro. First, the stability of the
spheres in the cell medium was measured. The spheres were
found to be stable in cell and parasite media for several days
(studies were performed for 3 days, where for all 3 days spheres
demonstrated stability). Then, the kinetics of the sphere
destruction (RNA release) inside the parasites and cancer cells
was studied by the following experiments: the BSA spheres lled
with FITC colored oil (FITC-dye which exhibits a green uo-
rescent signal where the excitation wavelength is at 488 nm and
the emission at 520 nm) were internalized inside the parasite
and cancer cell bodies. Aer one hour of incubation (for cancer
cells as well as for parasites) a green signal emitted from the BSA
spheres loaded with FITC–oil was detected. The signal appears
as green points inside the cell body. Aer several hours the
nature of the green signal changed. The green signal was
homogeneously spread all over the parasites and cancer cells,
which means that the spheres were destroyed and FITC–oil was
spread over the cell bodies. For parasites the change in signal
was detected aer 2.5–3 hours and for cancer cells the pointed-
green signal completely disappeared aer 24 hours. It is
important to notice that for cancer cells the autouorescent
signal started to rise aer 5 hours pointing out that some of the
spheres were destroyed.

In the next step we introduced uncoated RNA–BSA spheres,
PVA and PEI coated spheres into U2OS mammalian cells and the
number of penetrated cell spheres was compared. We preferred
using mammalian cells in these experiments because of their
larger size (20 mm). The coated and uncoated spheres were
successfully introduced into the cancer cells without using any
mediators, and cells were then analyzed by confocal microscopy.
The nucleus of the cancer cells was stained with DAPI which gives
a blue uorescent signal. The uorescence was collected with
DAPI (blue signal with excit. at 359 nm, emis. at 457 nm), GFP
(green signal with excit. at 489, emis. at 509 nm) and Rhod. (red
signal with excit. at 550 nm, emis. at 573 nm) lters.

The overlap of red and green signals gives a yellow color.
Fig. 4 shows images of U2OS cells incubated with uncoated and
coated RNA loaded PMs.

The number of RNA–BSA spheres coated with PVA present in
the U2OS cells has quadrupled as compared to the uncoated
spheres. This is due to surface charge neutralization of RNA
loaded PMs by the PVA and PEI coatings. When PMs were
coated with PVA polymer the number of penetrated spheres
increased dramatically. No green and red uorescent signals
were observed from the empty cancer cells (see Fig. 4-rst row).
When the cancer cells were incubated with RNA loaded BSA
PMs, the spheres have penetrated the cell membrane and were
localized near the membrane borders (see Fig. 4-second row).
For detection of the exact location of the spheres, z-stack
confocal images were reconstructed using “Imaris” image
analysis soware and presented in column ve of Fig. 4. When
the RNA loaded PMs were coated with PVA polymer, the surface
charge of the spheres was neutralized and a larger amount of
spheres penetrated the cell and localized near the nucleus of the
This journal is ª The Royal Society of Chemistry 2013
U2OS cancer cells. Moreover, the PEI coating allows the RNA
loaded PMs to penetrate the nucleus of the cells (see Fig. 4-
fourth row, h column). The PEI polymer is known from the
literature as an excellent agent for gene delivery applications,
delivering nucleic acid molecules inside the cell body as well as
inside the nucleus of cells. The sizes of BSA–RNA spheres inside
the cells vary from 50 to 400 nm. In summary, using different
polymeric coatings enabled targeting the delivery of the RNA
molecules into the cells, and even into the nucleus.
Conclusion

In the current research we demonstrate a method for the
synthesis and surface modications of sonochemically
prepared RNA-loaded PMs. The RNA-loaded spheres were used
as a RNA delivery agent. We showed that different coatings
could be used for controlled targeted delivery of RNA. Two types
of coating were used: metal coating for detection of RNA loaded
PMs inside the Trypanosoma brucei parasites and mammalian
U2OS cells and polymeric coating for controlling the number of
PMs penetrating the cells. Uncoated PMs tend to localize near
the cells’ membrane. Neutralizing the surface charge of PMs to
0 meV by PVA coating led to the concentration of the penetrated
spheres near the nucleus of cancer cells. When the surface
charge reached +20 meV (due to PEI coating) the spheres
penetrated the nucleus of the cells. For both types of polymeric
coatings applied, the number of penetrated PMs increased four
times as compared to the number of uncoated spheres. The
mechanism of RNA encapsulation and alignment of RNA inside
the BSA spheres were studied by confocal microscopy and by
using uorescent tags (Cy3, 6FAM for RNA and FITC for BSA). In
further work, we plan to explore the above-describedmethod for
siRNA encapsulation and delivery.
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