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a  b  s  t  r  a  c  t

Theranostics  means  a therapy  conducted  in a  diagnosis-guided  manner.  For  theranostics  of  solid  tumors
by means  of ultrasound,  we  designed  a nano-sized  emulsion  containing  perfluoropentane  (PFC5).  This
emulsion  can  be  delivered  into  tumor  tissues  through  the  tumor  vasculatures  owing  to  its  nano-size,
and  the  emulsion  is  transformed  into  a micron-sized  bubble  upon  sonication  through  phase  transition
of  PFC5.  The  micron-sized  bubbles  can  more  efficiently  absorb  ultrasonic  energy  for  better  diagnostic
eywords:
heranostics
umor targeting
ltrasound
erfluorocarbon

images  and  can  exhibit  more  efficient  ultrasound-driven  therapeutic  effects  than  nano-sized  bubbles.
For  more  efficient  tumor  delivery,  smaller  size  is preferable,  yet  the  preparation  of  a smaller  emulsion
is  technically  more  difficult.  In  this  paper,  we  used  a  bath-type  sonicator  to  successfully  obtain  small
PFC5-containing  emulsions  in  a diameter  of  ca.  200  nm.  Additionally,  we prepared  these  small  emulsions
at 40 ◦C,  which  is  above  the  boiling  temperature  of PFC5.  Accordingly,  we  succeeded  in  obtaining  very

 ther
mulsion small  nano-emulsions  for

. Introduction

‘Theranostics’, ‘theranosis’, or ‘theragnosis’ is a newly created
erm in the fields of imaging diagnosis and drug delivery systems.
s a word, ‘theranostics’ (Chen, 2011; Lammers et al., 2010, 2011;
acKay and Li, 2010) is a combination of therapy and diagnosis,

nd is defined as therapy conducted in a diagnosis-guided manner.
 typical example of theranostics is found in a carrier system con-

aining both a contrast agent for diagnosis and a drug for therapy.
heranostics has been studied with various types of drug carriers
ncluding liposomes (Kamaly and Miller, 2010), small molecules
Kalber et al., 2011), nano-particles (Jeong et al., 2011; Kim et al.,

010), emulsions (Gianella et al., 2011), synthetic polymers (Bryson
t al., 2009), polymeric micelles (Blanco et al., 2009; Kaida et al.,
010; Min  et al., 2010; Nakamura et al., 2006; Shiraishi et al., 2009,

Abbreviations: PFC, perfluorocarbon; PFC5, perfluoropentane; PFC6, per-
uorohexane; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; PEG-P(Asp(C7F9)x),
oly(ethylene glycol)-b-poly(4,4,5,5,6,6,7,7,7-nonafluoroheptyl aspartate) block
opolymer.
∗ Corresponding author. Tel.: +81 3 3433 1111x2336; fax: +81 3 3459 6005.

E-mail address: masajun2093ryo@jikei.ac.jp (M.  Yokoyama).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.10.006
anostics  through  a very  facile  method.
© 2011 Elsevier B.V. All rights reserved.

2010), and other nano-sized carrier systems (Ai, 2011; Moon et al.,
2011; Pan et al., 2008; Sanson et al., 2011). Ultrasound is considered
to be a preferable modality for theranostics because ultrasound has
been well studied and developed for image diagnoses and local
therapies such as ultrasound lithotresis and hyperthermia.

For theranostics of solid tumors, micron-sized bubbles
(microbubbles) (Hernot and Klibanov, 2008; Schutt et al., 2003;
Unger et al., 2004) have been actively studied because the bub-
bles provide strong contrasts in ultrasonic images, and because
cavitation of microbubbles (Grishenkov et al., 2009) induced by
ultrasound can effectively damage cells. Cells can be damaged by
both jet-stream and heat that are generated in the bubbles’ cavita-
tion. In the design of microbubbles for tumor applications, the size
of the microbubbles is a very important factor. Larger microbub-
bles can produce stronger ultrasound image contrasts. In contrast,
smaller bubbles are preferred for efficient delivery into tumor tis-
sues because the size of the trans-vascular passage from the blood-
stream into the tumor interstitial space is of a diameter smaller
than 1 �m.  It is believed that the maximum diameter for efficient

translocation into tumor tissues is 200–400 nm (Ishida et al., 1999;
Litzinger et al., 1994; Nagayasu et al., 1996; Yuan et al., 1995). (In
this diameter range, bubbles must be called nano-bubbles.) This
is an essential dilemma concerning the size of bubbles used for

dx.doi.org/10.1016/j.ijpharm.2011.10.006
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:masajun2093ryo@jikei.ac.jp
dx.doi.org/10.1016/j.ijpharm.2011.10.006
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Targeting of nano-sized 
emulsion to solid tumors

local sonication at tumors

phase transition  
of PFC into gas

Micron-sized bubbles
: block copolymer

: PFC in liquid phase

: PFC in gas phase
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Fig. 1. Concept of phase-

umor theranostics. In order to resolve this dilemma, Kawabata
t al. (Asami et al., 2009, 2010; Kawabata et al., 2005, 2010a,b)
nd Rapoport et al. (Mohan and Rapoport, 2010; Rapoport et al.,
007, 2009a, 2009b, 2010a,b, in press) examined nano-emulsions

ncorporating a specific kind of perfluorocarbon, as illustrated in
ig. 1. A boiling temperature of this perfluorocarbon (perfluo-
opentane, PFC5) is 29 ◦C, which is lower than normal human
ody temperature, but the integrity of these nano-emulsions is
aintained owing to interfacial excessive pressure called Laplace

ressure (Rapoport et al., 2009a).  Upon ultrasound irradiation, the
ntegrity of these nano-emulsions is broken, and this liquid per-
uorocarbon exhibits a phase-transition into gas. Accordingly, the
ano-emulsions change into microbubbles. Efficient delivery into
umor tissues is attained with the nano-emulsions, and then local
onication at the tumor tissues generates the microbubbles from
he nano-emulsions, resulting in high imaging and therapeutic effi-
iencies. This phase-transition type nano-emulsion may  be an ideal
ystem for the theranostics of solid tumors.

Generally, preparations of smaller emulsions in a nano-meter
ange are more difficult because a higher power input is required
n the emulsion preparations. (Tadros et al., 2004) Previously, we
ad prepared perfluorocarbon-containing emulsions by means of
igorous mechanical stirring with a magnetic stirrer and obtained
mulsions of ca. 600 nm in diameter (Nishihara et al., 2009). In
his paper, we have tried to obtain much smaller emulsions by

eans of ultrasound irradiation as well as high-pressure emul-
ification. Another important parameter for preparations of the
hase-transition type nano-emulsion is temperature. A boiling
emperature (29 ◦C) of perfluoropentane (PFC5) is close to the room
emperature; therefore, preparations must be carried out at a low
emperature and in a small scale for evasion of evaporation of PFC5
ecause heat generated in emulsification or sonication processes
ust be efficiently removed for the evasion. We  want to find a

acile preparation method that can be carried out at either room or
 higher temperature, and that can be easily scaled up because the
eat removal is a much less serious concern than the conventional
ethod. Rapoport et al. (Rapoport et al., 2010b)  reported prepa-

ations of nano-bubbles by means of ultrasound irradiation (with
 probe type sonicator at 20 kHz) in ice-cold water. They obtained
ano-emulsions of ca. 600 nm in diameter.

In this paper, we have tried to obtain very small nano-emulsions

ontaining PFC5 by using an inexpensive bath-type sonicator (usu-
lly used as an ultrasonic cleaner) at room temperature or higher.
or this emulsion preparation, we synthesized fluorinated block
opolymers and optimized their compositions.
ion type nano-emulsion.

2. Materials and methods

2.1. Materials

We purchased perfluoropentane (PFC5) and perfluorohex-
ane (PFC6) from Stream Chemicals (Newburyport, MA,  USA)
and Alfa Aesar (Ward Hill, MA,  USA), respectively, and used
them as received. We  purchased 4,4,5,5,6,6,7,7,7-nonafluoroheptyl
iodide from Sigma–Aldrich (Tokyo branch, Japan) and used it
as received. We  purchased reagent-grade solvents, dehydrated
N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
diethyl ether from Wako Chemicals (Tokyo, Japan), and used
them as received. Poly(l-lactic acid)-grafted gelatin was prepared
through a coupling reaction between a primary amine group
of gelatin and a terminal hydroxyl group of the poly(l-lactic
acid) by the use of disuccimidyl carbonate according to a pub-
lished synthetic procedure. (Tanigo et al., 2010) Poly(ethylene
glycol)-block-poly(l-lactic acid) block copolymer (PEG-b-PLA) was
purchased from Sigma–Aldrich (Tokyo branch, Japan). The average
molecular weights of the PEG block and the PLA block were 750
and 1,000, respectively.

2.2. Block copolymer synthesis

Poly(ethylene glycol)-b-poly(4,4,5,5,6,6,7,7,7-nonafluoroheptyl
aspartate) block copolymers (PEG-P(Asp(C7F9)x)) were prepared
by means of esterification of the aspartic units of poly(ethylene
glycol)-b-poly(aspartic acid) block copolymer (PEG-P(Asp)) by the
use of an iodinated compound, as shown in Fig. 2. PEG-P(Asp) was
synthesized according to our previous paper (Yamamoto et al.,
2007). A value x in the PEG-P(Asp(C7F9)x)  formula denotes mol.% of
the esterified units. This esterification reaction was  carried out with
a corresponding iodinated compound in the presence of a super
base according to a previously reported procedure (Opanasopit
et al., 2004; Yokoyama et al., 2004; Yamamoto et al., 2007) with
a slight modification.

The starting material was poly(ethylene glycol)-b-poly(aspartic
acid) block copolymer (PEG-P(Asp)). The average molecular weight
of PEG was  5200 (n = 119 in Fig. 2), and the average num-
ber of Asp units per one chain was 26.0. The aspartate amide
bond can be either � or �, and our group previously had

reported that a ratio of �:� was  1:3 (=a:b in Fig. 2) (Yokoyama
et al., 2004). PEG-P(Asp) (2.001 g, containing 6.33 × 10−3 mol  Asp
residue) was dissolved in 20 mL  of DMF. To this mixture, was  added
both 4.904 g of 4,4,5,5,6,6,7,7,7-nonafluorohepty iodide (which is
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Table 1
Compositions of PEG-P(Asp(C7F9)x).

Code M.W.  of PEG Asp unit number (n) Esterification degree (x%)

F-6% 5200 22.1 5.9
F-15% 5200 23.3 14.6
F-39% 5200 22.1 38.5

T
E

ig. 2. Synthesis of the fluorocarbon-containing block copolymer PEG-
(Asp(C7F9)x).

.00 mol. equivalents to the Asp residue, I-(CH2)3-(CF2)3-CF3 in
ig. 2) and 0.972 g of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU,
hich is 1.01 mol. equivalents to the Asp residue). DBU is a very

trong base, and can induce ionization in a carboxyl group of
he aspartic acid residue in an organic solvent, DMF. The reac-
ion mixture was heated at 50 ◦C for 16 h. An ester formed at
he Asp residue through a nucleophilic substitution reaction of
he ionized carboxyl group with I-(CH2)3-(CF2)3-CF3. After this
6-h reaction, the reaction mixture was poured into 200 mL  of

ce-cold diethyl ether for precipitation of the polymer. The pre-
ipitated polymer was filtered and washed with diethyl ether.
he obtained polymer was dissolved in 20 mL  of DMSO, to which
as added 2.11 mL  of 6 N hydrochloric acid. This acid works for

emoval of DBU from polymers. This polymer solution was  dia-
yzed with a Spectra/Por 6 dialysis membrane (molecular weight
ut-off is 1000) against DMSO for 2 days and against milliQ
ater for an additional 2 days, followed by freeze-drying. Yield
as 2.436 g. To determine the contents of the fluorinated ester

roup of the polymer, we used 1H NMR  spectroscopy in DMSO-
6 containing 3 v/v% trifluoroacetic acid. For this determination,
e identified a peak area ratio between the methylene protons

–COOCH2CH2CH2CF2CF2CF2CF3) at 1.8 ppm of the ester group
nd the methylene protons (–OCH2CH2–) at 3.6 ppm of the PEG
lock. The esterification percentage (x in Fig. 2) was revealed to
e 59%. The other compositions of block copolymers were syn-

hesized according to the same method with various molar ratios
f I-(CH2)3-(CF2)3-CF3 and DBU with respect to the aspartic acid
esidue. Table 1 lists all the compositions of the synthesized block
opolymers.

able 2
ffects of polymer composition and sample volume on PFC5 incorporation behaviors.

Run Polymer Sample volume (�L) 

1 F-6% 300 

2  F-15% 300 

3 F-39%  300 

4  F-59% 300 

5 F-67% 300 

6  F-59% 300 

7  F-59% 300 

8 F-59%  700 

9 F-59% 1200 

a Average ± standard deviation (n = 3) except runs 4, 8, and 9.
b Average of two preparations.
F-59% 5200 26.0 58.5
F-67% 5200 22.1 67.0

2.3. Preparation of PFC-containing nano-emulsions

We  examined preparations of PFC5-containing nano-emulsions
according to two  methods using a high-pressure emulsifier and a
bath-type sonicator.

2.3.1. Preparation with a high-pressure emulsifier
We  dissolved PEG-P(Asp(C7F9)15) block copolymer by stir-

ring it in distilled water at a concentration of 4.0 wt. % of the
solution, and added perfluoropentane (PFC5) and perfluorohex-
ane (PFC6) at each 1.25 vol.% of the solution. We  vigorously stirred
the solution with a homogenizer Polytron (Kinematica AG, Tokyo,
Japan) at 25,000 rpm for 10 s. Then, we conducted emulsification
using a high-pressure emulsifier EmulsiFlex-C5 CSC (AVESTIN, Inc.,
Ottawa, Ontario, Canada) at 4 ◦C for 6 min  at ca. 50 MPa. We  col-
lected a white emulsion, and filtered it with a Sartorius Minisart
(R) filter (1.2 �m pore, Sartorius AG, Göttingen, Germany).

2.3.2. Preparation with a bath-type sonicator
We  dissolved PEG-P(Asp(C7F9)x)  block copolymers in MilliQ

water at a concentration of 1.0 to 4.0 wt.% of water. In case of
a high ester content such as x = 59, we  heated (up to ca. 40 ◦C)
and sonicated the solutions until we obtained a transparent poly-
mer  solution. The polymer solution was  transferred to a 1.5-mL
glass vial that was  sealed with a Teflon–silicon rubber cap (Chro-
macol auto-sampler vial 2-SV for HPLC; GL Science, Inc., Tokyo,
Japan), and was  cooled on ice. Then, we added perfluoropentane
(PFC5) and perfluorohexane (PFC6) at 0.5–4.0 vol.% of water. We
confirmed PFCs’ position at the bottom of the solution. (Sometimes
PFCs, whose densities are much greater than water’s, did not go
into the aqueous solution. Therefore, we shook the vial vigorously
to allow PFC droplets to sink to the bottom by force of gravity.)
Then, we sealed the vial with a cap, and applied sonication for 3 min
with a bath-type sonicator Branson model 1510 (oscillating fre-
quency at 42 kHz, max. power intensity: 90 W,  Danbury, CT, USA).
The temperature of the bath was kept constant with degassed cold
and hot water. In all the sonication procedures, we had a constant

water level in a sonicator bath and a fixed position of the vial in
order to obtain sonication conditions that were as identical to one
another as possible. Finally, we  collected a supernatant by leaving
unincorporated PFC droplets at the bottom.

PFC5 concentration (vol.%)a Cumulant average diameter (nm)a

0.840 ± 0.097 261.2 ± 3.4
0.948 ± 0.131 232.4 ± 14.5
0.625 ± 0.074 198.4 ± 33.3
0.669b 133.9b

0.682 ± 0.060 222.8 ± 37.9
0.682 ± 0.074 205.5 ± 15.8
0.634 ± 0.361 173.5 ± 24.5
1.110b 231.8b

1.792b 280.6b
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In order to measure amounts of the polymer chains that were
ot included in the PFC-emulsions, we carried out the follow-

ng experiment. PFC-emulsion was prepared in the conditions of
un 4 of Table 2; polymer: F-59%, sample volume: 300 �L, poly-
er  concentration: 4 wt.%, PFC5: 2 vol.%, PFC6: 2 vol.%, sonication

t 40 ◦C for 3 min. The obtained emulsion was transferred into a
.5 mL  Eppendorf-type poly(propylene) tube and centrifuged at
3,200 rpm for 5 min  with an Eppendorf centrifuge model 5415D
Eppendorf Co., Ltd. Japan, Tokyo, Japan). The emulsion was found to
recipitate at the bottom. 200 �L of the supernatant was  collected
nd freeze-dried. We  calculated the polymer amounts that were not
ncluded in the PFC-emulsions by multiplying 1.5 (=300 �L/200 �L)
o the freeze-dried polymer weight. As a control, we carried out
he same experiment just only for the polymer (without addition
f TFC5 nor TFC6).

.4. Measurements

.4.1. Dynamic light scattering (DLS)
The size of emulsions was measured with a dynamic light scat-

ering (DLS) instrument, the DLS-7000 (Otsuka Electronics, Tokyo,
apan). DLS samples were prepared through appropriate dilution
f the emulsions with commercial distilled water for internal
njection (Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan). The mea-
urements were made at 25 ◦C, and scattering was observed at a 90◦

ngle with respect to the incident beam. The cumulant average par-
icle size and the particle size distribution from a non-negative least
quare method were determined by the use of software provided
ith the instrument.

.4.2. Gas chromatography
We  measured concentrations of PFC5 using two gas chromato-

raph systems as described below. In both cases, we  successfully
btained clear separation of PFC5’s peak from PFC6’s peak, and car-
ied out quantitative analyses using a standard sample of PFC5.
herefore, the two gas chromatograph systems gave us identical
esults. However, we only used the (2) system described below for
lood samples because its pre-heating function was essential for
easurements of blood samples.

.4.2.1. Gas chromatograph system. We  measured PFC5 using a gas
hromatograph model G-6000 (Hitachi High-Technologies Corpo-
ation, Tokyo, Japan) equipped with a Gaskuropack 54 80/100
acked column (GL Sciences, Inc., Tokyo, Japan) and an FID detec-
or at 200 ◦C. Carrier gas was nitrogen at a flow rate of 300 mL/min.

 �L of a sample solution were injected into the gas chromato-
raph system with a micro syringe at 0 min. Column temperature
as controlled in the following manner; 100 ◦C (0 min), raised at

 rate of 5 ◦C/min until 130 ◦C (6 min), and then raised at a rate of
0 ◦C/min until 190 ◦C (7 min), followed by maintenance of 190 ◦C
or 2 min. PFC5 and PFC6 were found to elute at 3.8 min  and 6.4 min,
espectively.

.4.2.2. Gas chromatograph system. We  measured PFC5 using a gas
hromatograph system GC-2014 (Shimadzu Corp., Kyoto, Japan)
quipped with an FID detector at 250 ◦C. We  used two  tandem-
onnected two columns: DB-WAX 127-7012 (Agilent Technologies
apan, Ltd., Tokyo, Japan) and RESTEK Rt-QBond 19741 (Shimadzu

LC Ltd., Tokyo, Japan). Carrier gas was helium at a flow rate of
0 mL/min. Either 100 or 544 �L of a sample solution were heated
t 200 ◦C and injected with a headspace autosampler TurboMatrix
rap 40 (PerkinElmer Japan Co., Ltd., Yokohama, Japan). Column
emperature was constant at 150 ◦C. PFC5 and PFC6 were found to
lute at 3.6 min  and 4.4 min, respectively.
Pharmaceutics 421 (2011) 379– 387

2.5. Measurements of PFC5 concentration in blood

In vivo PFC5 concentration profiles in blood were evaluated
in Balb/c female mice (6 weeks old). 100 �L of PFC-emulsion
was intravenously administered via lateral tail veins. The emul-
sions’ PFC5 concentrations ranged from 0.429 to 0.670 vol.%. Blood
(44 �L) was collected with a heparinized blood-collecting glass
tube, and mixed with 500 �L of heparin solution in a capped sample
tube of the (2) gas chromatograph system.

3. Results

3.1. General characteristics of the emulsion-preparation method
with a bath-type sonicator

In representative conditions, we successfully obtained PFC5-
containing nano-sized emulsions having diameters of ca. 200 nm
in considerably high PFC5 yields. Fig. 3(a) and (b) shows diame-
ter distributions measured by means of dynamic light scattering
(DLS) for PEG-P(Asp(C7F9)59) (F-59% in Table 1). In these condi-
tions, we  dissolved 12.0 mg  of polymer in 300 �L water (4.0 wt.%
solution), and put this polymer solution in a 1.5 mL glass vial, fol-
lowed by additions of 6 �L (corresponding to 2.0 vol.% of water) of
PFC5 and 6 �L of PFC6. Sonication was  performed for 3 min  in a
bath-type sonicator at 40 ◦C. In the first three preparations (run 6
in Table 2), the cumulant diameter obtained was 205.5 ± 15.8 nm
(the average ± standard deviation; n = 3), and Fig. 3(a) shows the
weight-weighted diameter distribution of one preparation. Almost
uniformly distributed emulsions were obtained, and the diameter
of the emulsion droplets had a very small size about 200 nm. In this
run 6, PFC5 concentrations were 0.682 ± 0.074 vol.%. These values
are considered large enough for ultrasound images (Kawabata et al.,
2005, 2010a,b). In another set of three preparations (on another
day, run 7 in Table 2), we  obtained a very similar average diam-
eter, 173.5 ± 24.5 nm (the average ± standard deviation; n = 3) and
PFC5 concentrations. The diameter distribution of one preparation
of run 7 is shown in Fig. 3(b). These two  figures exhibited a major
peak at about 200 nm,  while a minor peak was seen in a larger
diameter side and a smaller diameter side, as shown in Fig. 3(a)
and (b), respectively. This difference may  result from a slight vari-
ation in sonication conditions such as the position of samples and
the water level of the sonicator. These emulsions were obtained and
measured without any purification process after the sonication, and
a large majority of the emulsions in weight were found to have a
diameter of about 200 nm.  All these results clearly indicate that
this sonication method brought about very small nanometer-sized
PFC5-containing emulsions with considerably high PFC5 concen-
trations.

We measured a proportion of polymer incorporated in the
PFC-emulsion out of the feed polymer amount. In these prepa-
ration conditions (run 7 in Table 2), 75.4 ± 2.6% (n = 3) of the
feed polymer was found in a supernatant obtained after centrifu-
gation. (All the PFC-emulsions were observed to precipitate in
this centrifugation.) When this measurement was carried out for
the polymer alone, 93.8 ± 2.0% (n = 3) of the feed polymer was
found in a supernatant obtained after centrifugation. Therefore,
18.4% (=93.8%–75.4%) of the feed polymer was considered to be
incorporated into the PFC-emulsions. Removal of the free poly-
mer  chain, that was not incorporated into the PFC-emulsion, was
not examined in this study. The removal is difficult because the
free polymer existed as a polymeric micelle was close to the

PFC-emulsion in size. (If the free polymer existed as a single poly-
mer  chain, a difference in size between the free polymer and
the PFC-emulsion would be so large to allow separation such as
ultrafiltration.)
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Fig. 3. Diameter distribution of PFC5-containing nano-emulsions (a and b) forming
from PEG-P(Asp(C7F9)59) and empty polymeric micelle (c) measured by means of
DLS. (a and b) are of different batches but prepared in the same conditions.
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Using this polymer amount incorporated into the PFC-
emulsions, we  calculated the thickness of the polymer shell. We
carried out the calculation with the following assumptions.

(1) The PFC-emulsions are made of the two phases; the inner PFC
droplet phase and the outer polymer shell phase.

(2) We  obtained PFC6 amounts in the emulsions assuming that sen-
sitivity of PFC6 in gas chromatography is the same as that of
PFC5. (The same peak area per PFC volume.)

(3) PFC6 and PFC5 are mixed freely without any gain or loss of
droplet volume.

(4) Density of polymer is 1.03. (This is a common value of protein,
and most synthetic polymers show similar values.)

The obtained value of the polymer shell’s thickness was 22 nm,
while the radius of the PFC droplet was  65 nm.  In the future study,
we like to analyse relationships between the shell thickness and
physical stability of the emulsions.

3.2. Comparison with other emulsion-preparation methods

We compared the PFC5’s concentrations of the PFC5-containing
emulsions prepared in the sonication method with the PFC5’s con-
centrations of the emulsions prepared in two common methods;
mechanical stirring and high-pressure emulsification (Solans et al.,
2005). We  also compared the diameters of the emulsions prepared
in the sonication method with those prepared in the two common
methods. Previously, we reported PFC5-containing emulsions pre-
pared by means of mechanical stirring that featured a magnetic
stirrer (Nishihara et al., 2009). In this method, only the F-14% poly-
mer  provided a high PFC5 concentration (0.65 vol.%). The other
polymers provided low or very low PFC5 concentrations: F-6% had
0.28 vol.%, F-22% had 0.19 vol.%, F-39% had 0.02 vol.%, and F-67% had
0.01 vol.%. In the F-14% case, the cumulant diameter was  694 nm,
which was  much larger than those obtained in the sonication
method as described in the previous section (Section 3.1). Another
distinct difference was found in a wide range of polymer compo-
sitions for high PFC5 concentrations in the sonication method. As
summarized in runs 1–5 of Table 2, we compared the PFC5 con-
centrations (vol.%) and average diameters of the PFC5-containing
emulsions for five polymer compositions. All these five composi-
tions of polymers provided high PFC5 concentrations larger than
0.6 vol.%. Furthermore, all emulsion sizes of these runs (runs 2–5)
were revealed to be small, at about 200 nm.

In the next step, we  compared the sonication method with
the most common method for emulsion preparation:high-pressure
emulsification. For this comparison, we  used F-15% polymer. We
compared PFC5 concentrations and the cumulant average diam-
eters of the emulsions prepared in the sonication method with
PFC5 concentrations and the cumulant average diameters of the
“high-pressure method” emulsions. We  acquired a considerably
high PFC5 concentration, 0.58 vol.%, by using a high-pressure emul-
sifier for the high-pressure emulsification method (its procedure
is described in Section 2.3.1). However, the cumulant average
diameter of the obtained emulsion was 477 nm.  This value was
much larger than the sonication-method value (232.4 nm,  run 2
of Table 2). Additionally, maintenance of a low temperature at
4 ◦C for the whole instrument was essential in the high-pressure
emulsification method, since possible heat generation due to the
high-pressure process may  considerably boost evaporation of PFC5
(the boiling temperature of PFC5 is 29 ◦C). In contrast, in the son-

ication method, a high PFC5 concentration was obtained at 40 ◦C,
which is above PFC5’s boiling temperature. (The temperature issue
of the emulsion-preparation process will be more closely examined
in the following section (Section 3.4).)
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Fig. 4. Effects of polymer and PFC5 concentrations on physical properties of emul-
sions. PEG-P(Asp(C7F9)59) was used for emulsion preparations. Sample volume was
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lots represent cumulant average diameters, and vacant plots represent PFC5 con-
entrations of emulsions. Polymer concentration: �, �: 1.0 vol.%; ©,  �: 2.0 vol.%; �,
:  4.0 vol.%.

All these results indicate that the sonication method is a facile
ethod for preparations of PFC5-containg emulsions with very

mall nano-sizes and high PFC5 concentrations.

.3. Effects of sample volume, polymer concentration, and PFC5
oncentration on incorporation behaviors

In the standard conditions, we put 300 �L water in a 1.5-mL of
ealed glass tube and added polymer, PFC5, and PFC6. This config-
ration meant that a considerable amount of PFC5 perhaps would
ove from the solution into the glass tube’s vacant atmospheric

pace (ca. 1.2 mL). We  changed the volume of water while keep-
ng constant the concentrations of polymer, PFC5, and PFC6 in the
ube. Table 2 summarizes the results of runs 6–9 of Table 2. A higher
FC5 concentration was obtained in a case involving a larger water
olume. (This means that there was a smaller vacant space in a
ealed tube.) In accordance with the higher concentration of PFC5,
he average diameter of the emulsion was observed to be larger. In
un 9, PFC5’s yield reached a very high value, approximately 90%.
n the other hand, the PFC5’s yield decreased to 32–33% when

 small sample volume (300 �L) was adopted. These values indi-
ate that the emulsification process can be well controlled through
djustment of sample volume.

Then, we examined effects that both polymer concentrations
nd PFC5 concentrations in feed had on the two physical values:
iameter and PFC5 concentrations of the emulsion. Fig. 4 shows
esults of these two physical values for F-59% polymer cases. We
hanged the polymer concentration and the PFC5 concentration in
eed in a range of 1.0–4.0 wt.% and of 0.5–4.0 vol.%, respectively.
ach empty plot indicates PFC5 concentrations obtained for each
olymer concentration, while each filled plot indicates cumulant
verage diameters for each polymer concentration. The polymer
oncentration was not found to significantly affect these two phys-
cal values. The polymer concentration affected very slightly the
FC5 content because three plot lines almost overlapped. When
he polymer concentration was raised, only a small drop in the

umulant average diameter was observed. In contrast, the PFC5
oncentration in feed was revealed to greatly affect the two physical
alues; larger values of PFC5 concentrations and cumulant aver-
ge diameters were obtained with larger PFC5 concentrations in
Fig. 5. Profiles of PFC5 concentration in blood. Black plot: run 1; blue plot: run 2;
green plot: run 3; yellow plot: run 4; and red plot: run 5 (Table 5).

feed. Diameters of multi-modal distributions like Fig. 3(a) and (b)
cannot be evaluated with the cumulant average diameters because
the cumulant average diameters suppose the uni-modal diameter
distribution. Therefore, we  evaluated weight-weighted diame-
ter distributions. Supplementary data, Table A summarizes and
compares weight-weighted diameters with the cumulant average
diameters. In most emulsion preparations, diameter distributions
were found to be bi- or tri-modal, and therefore, exactly quanti-
tative measurements of weight-weighted diameters are difficult
in the homodyne analysis of dynamic light scattering done in this
study. In fact, considerable differences are observed between the
weight-weighted diameters and the cumulant average diameters
for emulsions prepared in low PFC5 feed concentrations such as
1%, possibly due to the presence of empty polymeric micelles. (A
DLS result of the empty micelle is shown in Fig. 3(c).) Even in
this technical difficulty, the correlations obtained in Fig. 4a are
not changed when multi-modal distributions are compared in the
Supplementary data, Table A.

From the results obtained in this section, it was revealed that the
sample volume and the PFC5 concentration in feed were appropri-
ate factors for the facile control of size and the PFC5 content of the
nano-sized emulsion.

3.4. Function of PFC6 in an emulsion preparation

In the above-described procedures for the emulsion prepara-
tion, we  always used a 1:1 (vol./vol.) mixture of PFC5 and PFC6
in order to obtain a high PFC5 yield at a temperature higher than
the boiling temperature of PFC5. We  chose this 1:1 ratio because
Kawabata et al. reported that ultrasound intensity required for the
phase-transition (vaporization) induction at the 1:1 ratio was  sim-
ilar to that of a PFC5 alone case, and that this intensity was almost
constant between ratios of 15:85, 50:50 (=1:1), and 85:15 (Asami
et al., 2009). We  varied temperatures (15, 25, 40, and 65 ◦C) of a
sonicator’s water bath, and performed the emulsion preparation
both in the presence and the absence of PFC6 at each temper-
ature. Table 3 summarizes results. In the absence of PFC6, PFC5
concentration was  smaller than that of the corresponding PFC6-

present case at every temperature. In runs 2 and 4, the obtained
emulsions contained a considerable quantity of PFC5 over 0.2 vol.%.
These two runs were prepared at lower temperatures than a boil-
ing temperature of PFC5 (29 ◦C). Only a very small amount of PFC5



K. Shiraishi et al. / International Journal of Pharmaceutics 421 (2011) 379– 387 385

Table 3
Effects of temperature and PFC6 addition on PFC5 incorporation behaviors.

Run Temperature (◦C) PFC6 addition PFC5 concentration (vol.%)a Cumulant average diameter (nm)a

1 15 Yes 0.727 ± 0.191 210.8 ± 17.8
2  15 No 0.419 ± 0.124 82.7 ± 2.6
3 25 Yes 0.566 ± 0.367 177.1 ± 8.9
4  25 No 0.205 ± 0.086 95.7 ± 8.9
5b 40 Yes 0.634 ± 0.361 173.5 ± 24.5
6  40 No 0.049 ± 0.059 98.5 ± 5.1
7  65 Yes 0.154 ± 0.051 136.2 ± 16.0
8  65 No 0.096c 303.7c
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Table 4
Compositions of two poly(l-lactic acid)(PLA)-containing polymers.

Code Structure Compositions

Gelatin derivative Poly(l-lactic acid)-grafted
gelatin

M.W. of PLA: 1000 weight
ratio PLA/gelatin = 0.17

T
C

a Average ± standard deviation (n = 3) except run 8.
b This run is identical to run 6 of Table 2.
c Average of two preparations.

as incorporated in run 6, which was performed at 40 ◦C, which
s above PFC5’s boiling temperature. This indicates that most PFC5
vaporated at 40 ◦C, and that interfacial Laplace pressure did not
uppress PFC5’s evaporation in the sonication procedure possibly
ecause PFC5 evaporated from macroscopic PFC’s droplets (in mm
cale) before its incorporation into nano-emulsions where Laplace
ressure’s effect is great. In contrast, the PFC6-present cases pre-
ented similar amounts of PFC5 incorporated at 15, 25, and 40 ◦C.
his means that PFC5’s evaporation at 40 ◦C was efficiently sup-
ressed through the mixing with PFC6. PFC5 and PFC6 not only are
iscible but also these two compounds are expected to strongly

nteract with each other because these are both perfluorocarbons.
t is considered that PFC5 evades evaporation through the strong
nteraction with PFC6 that has a higher boiling temperature than
0 ◦C. In run 7, performed at 65 ◦C, a considerable drop in the incor-
orated PFC5 amount was seen. This sonication temperature (65 ◦C)

s higher than PFC6’s boiling temperature (60 ◦C), and therefore,
oth PFC5 and PFC6 were evaporated at 65 ◦C. From these results,
e have confirmed the function of the added PFC6 for high PFC5-

ncorporation amounts at a temperature higher than PFC5’s boiling
emperature.

.5. PFC5 concentration profile in blood

We measured PFC concentrations in blood using several PFC5-
ontaining emulsions in order to control their pharmacokinetic
ehaviors. For a larger amount of emulsion accumulation at tumor
issues, a longer half-life is preferable for a contrast agent. In con-
rast, a shorter half-life is advantageous for a diagnosis in a short
eriod after injection of a contrast injection, since a low concen-
ration of the contrast agent in blood is a pre-requisite for a high
ontrast image of the contrast agent’s accumulated region. Under
his contradictory situation for the optimum half-life, it is very
mportant to obtain technologies to control (prolong and shorten)
 half-life of the contrast agent.
We  used three different types of polymers including PEG-

(Asp(C7F9)x) block copolymers in order to control half-livers
n blood. In Table 4, we describe the compositions of the two

able 5
ompositions of PFC-emulsions for in vivo experiments.

Run Polymer Polymer concentration
in feed (%)a

PFC5 con
in feed (v

1 Gelatin derivativeb 1.0 1.25d

2 Gelatin derivativeb 4.0 1.25d

3  PEG-b-PLAa 4.0 1.0d

4  F-15%c 4.0 2.0 

5 F-59%c 4.0 1.0 

a Weight (g)/water volume (mL).
b Listed in Table 4.
c Listed in Table 1.
d Sonication at 15 ◦C.
PEG-PLA Poly(ethylene glycol)-b- M.W. of PEG: 2000
Poly(l-lactic acid) M.W. of PLA: 1000
Block copolymer

copolymers other than PEG-P(Asp(C7F9)x). These two  copolymers
contain hydrophobic poly(l-lactic acid) chains that are expected
to work for incorporation of hydrophobic PFC5 into emulsions.
Table 5 summarizes five samples prepared from four polymers.
By adjusting the vacant volume of a 1.5-mL glass vial to a small
value (ca., 300 �L, meaning 1.2 mL of the sample volume.), we
successfully obtained emulsions with higher PFC5 contents than
0.4 vol.% in runs 1–3. In these cases, the sonication was carried out
at 15 ◦C. When emulsions were prepared in the same conditions of
run 1 except for a different temperature (at 40 ◦C) and a different
vacant volume (ca. 0 �L), the PFC5 content was considerably lower
(0.408 vol.%) than in run 1.

We  injected these five samples in a mouse tail vein. As shown in
Fig. 5, we observed a distinct difference in PFC5 concentrations at
1 min  after the injection between three runs containing PLA (runs
1–3) and the other two  runs for PEG-P(Asp(C7F9)x). The former
three runs showed almost a 100% dose at 1 min with an assump-
tion that blood volume was  7 vol./wt.% of body weight, while the
latter two  runs provided considerably smaller values than the 100%
dose. In all runs, however, PFC5 concentrations were rapidly low-
ered at 10 and 30 min  after the injection, and no clear difference
was observed at these time points among all the runs. Therefore,
control of pharmacokinetic behaviors, in particular prolongation of
blood half-life from a few minutes, was  not successfully achieved
in this examination by the use of different polymer structures. For

the pharmacokinetic control of the emulsions, an additional func-
tional component may  be required. Rapoport et al. (Rapoport et al.,
2011) reported a very stable circulation (half-life = 2–4 h) in blood
for perfluoro-crown-ether compound containing nano-emulsions.

centration
ol.%)

PFC5 concentration obtained
in emulsion (vol.%)

Cumulant average
diameter (nm)

0.613 345.9
0.429 542.6
0.491 222.6
0.465 256.3
0.670 225.1
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ccording to this report, a perfluoro compound showing stable
mulsion formation may  be utilized for stable incorporation of
nother PFC.

. Discussion

In the examinations of this study, we successfully obtained very
mall (ca. 200 nm in diameter) PFC5-containing emulsions with
igh PFC5 contents in a very facile method using a common bath-
ype sonicator. Actually, the used sonicator was the smallest model
ith the lowest sonication power (max. Input power: 90 W)  in its
roduct line. The other facile aspect of this preparation method is
he working temperature. By mixing PFC6 we performed the emul-
ion preparation at 40 ◦C, which is above the boiling temperature of
FC5. In a conventional method’s use of a high-pressure emulsifier,
ooling of the whole system is required for evading a large amount
vaporation of PFC5 due to heat generated within a high-pressure
mulsifier. In contrast, we did not need cooling samples during
he preparation. This facileness is substantially important when we
onsider a scale-up of the emulsion preparations. In a large-scale
roduction of these emulsions, the heat generated in preparation
rocesses (both in emulsification and sonication) may become large
nough to raise a temperature of the solution above the boiling
emperature. Therefore, successful preparations at a high temper-
ture means that there is a large margin for large-scale preparation
ith high PFC5 content as well as easy handling of samples at room

emperature throughout the sonication procedure.
We could not substantially change pharmacokinetic behaviors

f the PFC5-containing emulsion, even when using different poly-
ers. This is a very different situation from polymeric micelle drug

arrier cases where block polymer structure was revealed to be a
ery influential factor on pharmacokinetic behaviors of the incor-
orated drug into the polymeric micelles (Yokoyama, 2005, 2007;
atanabe et al., 2006). This difference may  result from the liq-

id state of the emulsion’s core, while the solid core is essential
or stable drug incorporation in the polymeric micelle systems.
n alternative and novel method may  be required to obtain stable

ncorporation of liquid PFC for dramatically changed pharmacoki-
etics.

. Conclusion

By using a bath-type sonicator, we successfully obtained PFC5-
ontaining emulsions in a diameter range of 200 nm.  These
mulsions are very potent for theranostics of solid tumors through
ltrasound irradiation. Furthermore, these emulsions were pre-
ared in high PFC5 yields at 40 ◦C, which is higher than the boiling
emperature of PFC5. This very facile preparation method is an
mportant technological key for large-scale production of these

edically valuable emulsions.
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