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bstract. We synthesize multifunctional microbubbles
MBs� for targeted delivery of antivascular endothelial
rowth factor �antiVEGF� therapy with multimodal imag-
ng guidance. Poly-lactic-co-glycolic acid �PLGA� MBs en-
apsulating Texas Red dye are fabricated by a modified
ouble-emulsion process. Simultaneous ultrasound and
uorescence imaging are achieved using Texas Red en-
apsulated MBs. The MBs are conjugated with Avastin, an
ntiVEGF antibody for treating neovascular age-related
acular degeneration �AMD�. The conjugation efficiency

s characterized by enzyme-linked immunosorbent assay
ELISA�. The efficiency for targeted binding of Avastin-
onjugated MBs is characterized by microscopic imaging.
ur work demonstrates the technical potential of using
ultifunctional MBs for targeted delivery of antiVEGF

herapy in the treatment of exudative AMD. © 2010 Society of
hoto-Optical Instrumentation Engineers. �DOI: 10.1117/1.3457669�

eywords: microbubble; age-related macular degeneration;
uorescence; ultrasound; multimodal imaging; Avastin; bevacizumab;
rug delivery.
aper 10234LR received May 1, 2010; revised manuscript received
ay 27, 2010; accepted for publication May 31, 2010; published
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Age-related macular degeneration �AMD� is the leading
ause of vision loss and blindness in people over age 65 in
ndustrialized nations.1–3 Exudative AMD, which is character-
zed by choroidal neovascularization �CNV� and retina pig-

ent epithelium �RPE� detachments, causes 80 to 90% of
ases of severe vision loss relative to AMD.4 Since the vas-
ular endothelial growth factor �VEGF� plays an important
ole in the development of neovascular AMD, various anti-
EGF drugs such as Lucentis �ranibizumab� and Macugen

pegaptanib� have been approved by the Federal Drug Admin-
stration �FDA� for the clinical treatment of AMD.5 Although
vastin �Genetech, San Francisco, California� �bevacizumab�
as not been approved by FDA for use in the eye, it is used
idely off-label by ophthalmologists.6 It is now recognized as
standard of care and is covered by third-party insurance,

ncluding Medicare �the United States Government� and most

ddress all correspondence to: Ronald X. Xu, Tel: 614-688-3635; Fax: 614-292-
301; E-Mail: xu.202@osu.edu
ournal of Biomedical Optics 030515-
other third-party payers. Avastin is typically administrated by
intravitreous injection, a widely accepted and relatively safe
procedure when performed following the protocol.7 However,
a single intravitreous injection cannot sustain a high level of
intraocular drug concentration for a long time. Therefore, fre-
quent injection is necessary. Frequent injections may not only
increase the risk of complications, but also introduce logisti-
cal and cost concerns as well as be an inconvenience for pa-
tients, their families, and care-delivery systems. In addition to
dose frequency, dose level may also play an important role in
antiVEGF therapy of AMD, which is currently being evalu-
ated by Genentech in an ongoing clinical trial. However, ap-
propriate dosage control is difficult to achieve due to the lack
of quantitative imaging tools.

Recent advances in micro- and nanodrug-delivery devices
have opened a new avenue for targeted pharmacotherapeutics
of neovascular AMD.8 Many drug-delivery devices have been
synthesized using biocompatible and biodegradable materials,
such as liposome, albumin, polylactide �PLA�, and poly-
lactic-co-glycolic acid �PLGA�. PLGA has been approved by
the FDA for implantation applications, and is now widely
investigated as a biodegradable carrier for controlled drug
release.9 We have previously encapsulated absorption and
fluorescence dyes in PLGA microbubbles �MBs� and
nanobubbles �NBs� for multimodal imaging using different
modalities such as fluorescence �FL�, ultrasound �US�, and
photoacoustic tomography �PAT�.10,11 We have also modified
and conjugated PLGA MBs and NBs for cancer targeting and
imaging.12 Similar fabrication and conjugation techniques can
be applied to synthesize drug-loaded microdevices for image-
guided antiVEGF therapy.

This work reports our recent effort on synthesizing multi-
functional PLGA MBs for targeted pharmacotherapeutics of
neovascular AMD. Carboxylic acid terminated PLGA �50:50,
RG 502H 12,000 Da MW, Boehringer Ingelheim, Germany�
MBs encapsulating Texas Red �AnaSpec Incorporated, San
Jose, California� were fabricated following a modified double-
emulsion process.12 Briefly, 0.5-mL solution with 40-�M
Texas Red and 4% w/v polyvinyl alcohol �PVA, Fisher Sci-
entific, Pittsburgh, Pennsylvania� was added to 5-mL methyl-
ene chloride �CH2Cl2, Fisher Scientific� dissolving 125-mg
carboxylic acid terminated PLGA for the first emulsion. Then,
the suspension was added to 50 mL of 4% w/v PVA for the
second emulsion. After CH2Cl2 was extracted by adding
100 mL of 5% v/v isopropanol aqueous solution and stirring
for three hours, the resultant suspension of the hardened MBs
was centrifuged �Eppendorf Centrifuge 5810R, Hamburg,
Germany�. The MB precipitates at the centrifuge speed be-
tween 1000 and 2000 rpm were collected, freeze dried, and
stored at 0 °C for further use.

Figure 1 shows the scanning electron microscope �SEM�
image of the fabricated MBs. The size of these MBs was
1389�276 nm and the Zeta potential was −7.83�0.82 mV,
as characterized by a Dynamic Laser Scattering System �BI-
200SM, Brookhaven Instruments Corporation, New York�.
MBs with this size range were used to facilitate effective in-
traocular drug delivery with large drug loading efficiency,
strong ultrasound contrast, and minimal vision blockage. MB
suspensions at concentrations of 5, 2.5, and 1.25 mg /mL

1083-3668/2010/15�3�/030515/3/$25.00 © 2010 SPIE
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ere filled in three centrifuge tubes respectively for FL and
S imaging. An additional centrifuge tube filled with water
as used as the control. FL images were acquired using a
aestro EX Fluorescence imaging system �CRi, Woburn,
assachusetts� at the excitation wavelength of 590 nm and

n emission wavelength of 610 nm, as shown in Fig. 2�a�.
mmediately after FL imaging, US images were acquired by a
evo 2100 US system �VisualSonics Incorporated, Toronto,
anada� with a 20-MHz transducer, as shown in Fig. 2�b�. FL
nd US image intensities were estimated at different MB con-
entrations, as plotted in Fig. 3. Linear correlations were ob-
erved between the FL intensity and the MB concentration
R2=0.960� and between the US intensity and the MB con-
entration �R2=0.991�, indicating the technical potential of
sing FL and US imaging for doximetric assessment and con-
rol.

The carboxylic acid terminated PLGA MBs were surface
odified and Avastin conjugated for VEGF targeting and drug

elivery. Briefly, MBs were dispersed in a 2-�N-morpholino�
thanesulfonic acid �MES� buffer �0.1 M, pH=5.6� at con-
entrations of 5, 2.5, and 1.25 mg /mL, respectively. Then,
-ethyl-3�3-dimethylaminopropyl� carbodiimide hydrochlo-
ide �EDC� was added into MBs suspensions to a final con-
entration of 2 mM. Immediately after that, N-hydroxy suc-
inimide �NHS� was added to a final concentration of 5 mM.
he suspensions were stirred slightly for 15 min and washed
y MES buffer three times. The precipitates were then col-

Fig. 1 A typical SEM image of Texas Red encapsulated MBs.

ig. 2 FL and US images of Texas Red encapsulated MBs stored in
ifferent centrifuge tubes. The MB concentrations from left to right
re: 1. 5 mg/mL, 2. 2.5 mg/mL, 3. 1.25 mg/mL, and 4. 0 mg/mL. �a�
L images of the centrifuge tubes �front view�. �b� The corresponding
S images �cross sectional view�.
ournal of Biomedical Optics 030515-
lected and redispersed in phosphate buffered saline �1
�PBS, PH=7.4�. To conjugate Avastin with NHS-ester ac-
tive MBs, Avastin �Genetech, San Francisco, California� was
added into the MB suspension to a final concentration of
167 �g /mL. After that, the suspension was stirred slightly at
room temperature for 2 h followed by centrifugation at
5000 rpm for 5 min. The supernatant was collected for
enzyme-linked immunosorbent assay �ELISA� assessment of
the conjugation efficiency, while the precipitate was collected
and redispersed in 1�PBS for further binding tests.

The Avastin conjugation efficiency was determined by an
indirect ELISA method, where the concentration of superna-
tant Avastin without reactivation with MBs was measured.
The conjugation efficiency was derived by subtracting the su-
pernatant Avastin concentration from the total concentration.
Briefly, the 96-well ELISA plate �Fishers� was first coated
with 15-�g /mL monoclonal antihuman IgG1 �Fab specific�
antibody �Sigma, Saint Louis, Missouri� in 50-mM carbonate
buffer �pH=9.6� at room temperature overnight, and then
blocked by 1% bovine serum albumin �BSA� for 1 h. The
bound Avastin was detected by using an antihuman IgG anti-
body �Fc specific� with alkaline phosphatase �Sigma� on a
SpectraMax Plus microplate reader �Molecular Devices,
Sunnyvale, California�. Figure 4 shows the standard ELISA
curve fitted by 4-P logistic regression �R2=0.996�. The Avas-
tin conjugation efficiencies at MB concentration levels of
1.25, 2.5, and 5 mg /mL are 70.22, 47.20, and 57.35%, re-
spectively, as shown in Fig. 4.

The ELISA plate was also used to test the targeted binding
efficiency of Avastin conjugated MBs. The monoclonal anti-
human IgG1 �Fab specific� antibody was first incubated in the
wells of the ELISA plate overnight and then blocked by 1%
BSA. Instead of using the supernatant, the redispersed MBs
after conjugation were incubated in the wells at concentration
levels of 5, 2.5, and 1.25 mg /mL, respectively. Meanwhile,
the control MBs without Avastin conjugation were also incu-
bated at the same concentration levels in different wells of the
same plate. After an overnight incubation at room tempera-
ture, the plate was washed six times with 0.05% Tween-20 in
1�PBS and then imaged by an inverted microscope. MB
distributions for both the samples and the controls were esti-
mated at three concentration levels. The density of distributed
MBs was then averaged in six randomly selected regions of
interests for each test case. As shown in Fig. 5, the Avastin
conjugated MBs �sample� have greater targeted binding effi-

Fig. 3 FL intensities �red dots� and US intensities �blue rectangles� of
Texas Red encapsulated MBs at the following MB concentration lev-
els: 0, 1.25, 2.5, and 5 mg/mL. �Color online only.�
May/June 2010 � Vol. 15�3�2
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iency than bare MBs �control�. The targeted binding effi-
iency for Avastin conjugated MBs is significantly higher than
hat for bare MBs at the MB concentration level of 5 mg /mL.

In summary, we synthesize a multifunctional MB agent
hat can potentially be used for image-guided antiVEGF
herapy in exudative AMD. Our next step is to encapsulate
iodegradable dyes such as indocyanine green �ICG� in MBs
or in vitro and in vivo validation of this image-guided drug
elivery schema. Since microbubbles have strong scattering
ontrast for optical coherence tomography �OCT�,13 it is also
ossible to use OCT for image-guided intravitreous delivery
f drug-loaded MBs. In addition to drug-loaded MBs, we also

ig. 4 The standard ELISA curve �the blue line� and the conjugation
fficiencies at different MB concentration levels �the embedded table�.
he standard ELISA curve was fitted by 4-P logistic regression with
2=0.996. A typical plateau at the high concentrations cannot be
bserved due to the limited Avastin supply available in this experi-
ent. The table shows the averaged conjugation efficiency and devia-

ion at different MB concentrations. �Color online only.�

ig. 5 Comparison of relative MB densities after the binding tests for
he sample MBs �with Avastin conjugation� and the control MBs �with-
ut Avastin conjugation� at different concentration levels. The density
f Avastin conjugated MBs at the concentration of 5 mg/mL was nor-
alized as 100%.
ournal of Biomedical Optics 030515-
fabricate MBs that can be activated by an external energy
source.14 The MB targeting mechanism described in this work
may facilitate the sustained release of antiVEGF agents by
sequential ultrasound sessions in the later time.
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