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Abstract. A fluorescence resonance energy transfer (FRET)-based microbubble contrast agent system
was designed to experimentally demonstrate the concept of ultrasound-modulated fluorescence (UMF).
Microbubbles were simultaneously labeled with donor and acceptor fluorophores on the surface to minimize
self-quenching and maximize FRET. In response to ultrasound, the quenching efficiency was greatly modulated
by changing the distance between the donor and acceptor molecules through microbubble size oscillations.
Both donors and acceptors exhibited UMF on individual microbubbles. The UMF strength of the donor
was more significant compared to that of the acceptor. Furthermore, the UMF of the donor was observed
from a microbubble solution in a turbid media. This study exploits the feasibility of donor—acceptor labeled
microbubbles as UMF contrast agents. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.3
.036012]
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1 Introduction

Ultrasound-modulated fluorescence (UMF) has gained much
attention as a hybrid imaging modality since it combines the
unique features of ultrasound and fluorescent imaging.'™ The
idea is that the fluorescence photons are modulated by a focused
ultrasound beam. By specifically analyzing the modulated fluo-
rescence photons, we can quantify the fluorescent properties at
the ultrasound focal volume. Therefore, UMF may provide tis-
sue functional and anatomical information through the choice of
appropriate fluorescent markers.'!! Meanwhile, a high spatial
resolution and a large imaging depth can be maintained by
choosing an appropriate ultrasound frequency.'™

The major challenge of UMF is to distinguish the ultrasoni-
cally modulated fluorescence photons from a high-level
unmodulated fluorescence background. To improve the modu-
lation efficiency (the ratio of the modulated to unmodulated sig-
nal), microbubbles have been recently utilized to increase the
sensitivity of fluorescence to the ultrasound wave. Yuan et al.®
and Hall et al.* demonstrated an enhanced modulation efficiency
by simply mixing microbubbles with fluorophores. Due to the
high compressibility of microbubbles, the large volumetric
oscillation of microbubbles leads to a large modulation of the
local optical properties and/or fluorophore concentration.
Moreover, more sensitive UMF contrast agents based on fluo-
rophore-labeled microbubbles have been developed to signifi-
cantly improve the modulation efficiency through a quenching
effect.”1215 One research group has designed a microbubble
whose phospholipid shell was embedded with a type of lipo-
philic dye.”" Recently, we developed a contrast agent by
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conjugating a type of NHS-ester-attached fluorophore on the
surfaces of amine-functionalized microbubbles.® In both types
of fluorophore-attached microbubbles, the self-quenching effi-
ciency is believed to depend upon the surface concentration
of the fluorophore on the bubble’s surface, which can be modu-
lated when the bubble is oscillated in size by an ultrasound
wave. In both studies, a single type of dye and its self-quenching
effect have been adopted because of the simplicity of bubble-
labeling protocols.

Fluorescence resonance energy transfer (FRET) has been
well studied during the past decades. The energy transfer effi-
ciency from the donor to the acceptor via FRET depends greatly
upon the (average) donor—acceptor distance. When FRET
occurs between a single donor and a single acceptor, the transfer
efficiency is inversely proportional to the sixth power of the
donor—acceptor distance. When donor molecules are randomly
mixed with acceptor molecules, the FRET is usually called an
ensemble FRET, which means the energy of an excited donor
can transfer to multiple surrounding acceptors. Although com-
pared with the FRET between a single donor and a single
acceptor, the dependence of the transfer efficiency of the ensem-
ble FRET upon the average donor—acceptor distance degrades,
the ensemble FRET still shows significant transfer efficiency if
the donor’s and acceptor’s concentrations are optimized. For the
purpose of microbubble-based UMF, we speculate that FRET
can enhance the modulation efficiency of UMF.

In this study, we are interested in exploiting the feasibility of
a donor—acceptor-labeled (D-A) microbubble contrast agent
system for UMF and how this donor—acceptor protocol differs
from or proves better than the self-quenching protocol. First,
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microbubbles were simultaneously labeled with donors and
acceptors with different concentrations on the surface via a con-
jugating reaction between amine and NHS ester. The UMF
modulation efficiencies of the donor and acceptor were quanti-
tatively studied at these varied initial quenching statuses. In the
end, a solution of contrast agents was injected into a 500 ym
polydimethylsiloxane (PDMS) tube and the tube was immersed
in a scattering medium (Intralipid solution) for in vitro study of
UMF. We chose PDMS because it is easy to mold and create
microchannels to mimic blood vessels. In addition, because it
is almost optically and ultrasonically transparent, we can
observe its microstructure and microbubble flow before adding
optical scattering medium and can also minimize unnecessary
acoustic distortion.

2 Principle of UMF Via FRET-Based
Microbubbles

Figure 1 schematically illustrates the principle of UMF based on
a donor—acceptor-labeled microbubble. In FRET, an excited
donor can transfer its energy to an acceptor when the two
have spectral overlap and are in close proximity. The transfer
efficiency (or the equivalently called quenching efficiency of
the donor) highly depends on the (average) donor—acceptor
distance.'®° Microbubbles were randomly labeled with both
donors and acceptors on the surface. Because the distances
among donors and acceptors were close enough, ensemble
FRET occurred. When the microbubble is expanded during a
negative phase of the ultrasonic pressure cycle, the average
distance between the donor and acceptor increases. As a result,
the quenching efficiency of acceptors to donors (or FRET
efficiency from donors to acceptors) is reduced, leading to an
obvious increase in the donor’s fluorescence intensity. In
contrast, as the microbubble is compressed in a positive ultra-
sonic pressure cycle, the average distance between the donor
and acceptor decreases. This causes a significant quenching
of donors by acceptors (or FRET from donors to acceptors),
reducing the donor’s intensity and increasing the acceptor’s
intensity.

(a)

Distance (nm)

) Donor @ Acceptor

Fig. 1 The diagram of the ultrasound-modulated fluorescence (UMF)
based on fluorescence resonance energy transfer (FRET) between
donors and acceptors attached to a microbubble (MB): (a) a negative
pressure cycle and (b) a positive pressure cycle.
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3 Materials and Methods
3.1 Preparation of FRET Microbubbles

Microbubbles (4 to 10 ym in diameter) with primary amine lipid
groups on the surface were prepared with the same protocol
as previously described in the literature.?! In brief, a lipid sus-
pension of 90 mol % DSPE (1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine, ME-8080, NOF America Corporation) and
10 mol % DSPE-PEG (N-(carbonyl-methoxypolyethylenegly-
col  2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine,
DSPE-020CN, NOF America Corporation) solution was mixed
with perfluorobutane gas (APF-N2HP, FluoroMed) to generate
microbubbles. ATTO 532-NHS and ATTO 647N-NHS (Sigma-
Aldrich) dyes were attached on the bubble surface via the reac-
tion between NHS and amine and were adopted as the donor and
acceptor, respectively, for FRET. These two dyes were selected
because they have good spectral overlap and high quantum
yields. We selected the dye concentration based on the result
from our previous study where only one type of dye-NHS
(ATTO 532-NHS) was labeled on the amine-microbubble.
We found that the fluorescence intensity first increased as the
dye loading concentration increased, until it reached to peak
when the mole ratio of NHS-to-amine was 0.3.® This indicated
that before reaching the maximum intensity, dye self-quenching
did occur and resulted in the lifetime decrease, but the fluores-
cence intensity still increased due to the increased dye concen-
tration. When the dye concentration was further increased, the
intensity started to drop, and the self-quenching effect over-
whelmed. Although the self-quenching was not excluded at
the ratio of 0.3,% the fluorescence intensity reached the maxi-
mum and can be used as an optimized donor concentration
for investigating FRET based UMF. Thus, in the first set of
experiments, we maintained the donor NHS-to-amine ratio at
0.3, and varied the acceptor NHS-to-amine ratio from 0O to
0.03 (see Table 1). In addition, we investigated FRET microbub-
bles using a different donor concentration in order to confirm the
occurrence of FRET. In a second set of experiments, the donor
NHS-to-amine ratio was maintained at 0.1, and the acceptor
NHS-to-amine ratio was varied from O to 0.03 (see Table 1).
Remember that in this study there are two NHS-to-amine ratios
(one for donor and the other one for acceptor), while in the pre-
vious study there was only one. The dye and microbubble mix-
ture were reacted in a pH 8.5 PBS buffer solution (Thermo
Scientific, adjusted pH with 0.1 M NaOH) for 1 h at room tem-
perature with constant and gentle agitation. Then the unreacted
ligands were removed through three times of centrifugal wash-
ing with PBS buffer pH 8.5. The purified D—A microbubbles
were diluted prior to use.

3.2 Characterization of the Fluorescence Intensity
and Lifetime of FRET Microbubbles

The fluorescence intensities and lifetimes of both donors and
acceptors from the labeled microbubbles were measured
using a fluorescence lifetime imaging microscope (FLIM) sys-
tem. The details of the system have been introduced in our pre-
vious study.® Briefly, the system was based on an inverted Nikon
microscope. First, a 532-nm ps pulsed laser (Katana, Onefive)
was coupled into the microscope as the light source. In the filter
set, a 525/40 nm bandpass filter (FF02-525/40-25, Semrock)
and a 552 nm dichroic mirror (FF552-Di02, Semrock) were
used as the excitation and dichroic filters, respectively. This
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Table 1 Configuration of donor-acceptor labelled microbubble solutions.

ATTO 532-NHS moleratio = 0.3 group set |

ATTO 532-NHS mole ratio = 0.1 group set Il

Group # (mole ratio) 1 12 13 14 1] 112 113 114
ATTO 647N-NHS 0 0.003 0.01 0.03 0 0.003 0.01 0.03
Amine (on microbubble) 1 1 1 1 1 1 1 1

excitation filter was not necessary when the laser was adopted
for FLIM because the laser has a very narrow wavelength spec-
trum. However, it is needed in the following section when a
broad-bandwidth lamp is used as the light source for UMF
experiments. The dichroic mirror reflected the laser into a
100x objective to illuminate the sample. Then the fluorescence
emission was collected by the same objective, passed through
the same dichroic filter, and reached the emission filters. The
emission filters were switched between a 578 /28 nm bandpass
filter (FF01-572/28-25, Semrock) and a 650 nm long-pass filter
(BLPO1-633R-25, Semrock) to separate the emissions from the
donors and the acceptors. The filter configuration is shown in
Fig. 2. Next, we synchronized a gated and intensified charge-
coupled camera (ICCD) system (Picostar HR, LaVision) with
the laser to detect the fluorescence emissions. The ICCD camera
system was set with a gate width of 300 ps and a temporal step
size of 100 ps, which were sufficient to image the fluorescence
lifetime in a range of nanoseconds (ns). In the end, the images
acquired by the ICCD camera were saved and processed with
MATLAB to calculate the fluorescence intensities and lifetimes.

In each frame, several regions of interest (ROI) were
selected, and each ROI has one microbubble. In each ROI,
the fluorescence intensity at each pixel was fitted to a single
exponential function. Then the fluorescence lifetimes of
every pixel were calculated to obtain the lifetime image of
the microbubble in that ROIL In addition, the peak fluorescence
intensity of the dynamic decay emission of each pixel was used
to generate the intensity image of the same microbubble. Finally,
the fluorescence lifetime and intensity of that microbubble were
defined as the mean lifetime and intensity of all the pixels in
that microbubble image. It should be noted that the areas

Dio 552 525/40 BP

D § A

578/28 BP I 650 LP

Fig. 2 Optical filter configurations in the microscope for FRET
measurement. A 525/40 nm bandpass filter and a 552 nm dichroic
filter were used as the excitation and dichroic filters for the laser.
Emission filters: a 578/28 nm bandpass filter for ATTO 532-NHS
(D, donor); a 650 nm long-pass filter for ATTO 647N-NHS (A,
acceptor).
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surrounding the microbubble in the selected ROI were ignored
due to negligible fluorescence and lifetimes. For statistical
analysis purposes, at least 10 bubbles were randomly selected
in the population, and the averaged lifetime and intensity of
both the donor and acceptor were calculated with a standard
deviation based on those microbubbles.®

3.3 UMF Detection From Individual D-A
Microbubbles

A similar imaging system has been introduced previously.®
Briefly, the optical and acoustic system in Fig. 3(a) was
designed to measure the UMF signal from D—A microbubbles.
First, the microbubble solution was injected into a water cham-
ber and observed by a 100X objective lens (field of view is
0.12 mm in diameter). Next, a 1 MHz focused transducer
(UST, V314, Olympus NDT) was used to oscillate the micro-
bubble sample. The driving signal consisted of a 3-cycle
1 MHz sinusoid electronic wave with a repetition rate of
5 Hz. The signal was generated by a function generator (FG,
Agilent 22330A, Agilent Tech.) and then amplified by a
power amplifier (PA, 2100L, Electronics & Innovation Ltd.).
The ultrasound peak-to-peak pressure was set to be 450 kPa
to avoid bubble translation or fragmentation. A metal arc
lamp (Lumen 200, Prior Scientific, 20 Watts maximal power)
was used to uniformly illuminate the fluorescent microbubbles,
and an iris was positioned in front of the lamp to ensure that only
one microbubble was illuminated and observed in the field of
view. The same filters as those shown in Fig. 2 were used
here. Figure 3(c) shows the fluorescent image of a single micro-
bubble. As the microbubble was oscillated, the fluorescence
emissions (including UMF and unmodulated signals) from
donors and acceptors of the same sample were sequentially
detected by a photomultiplier (H10721-20, Hamamatsu). The
signals were then amplified by a broadband amplifier (SR445A,
Stanford Research Systems) and further filtered by a low-pass
filter (BLP-10.7+, Mini-Circuits). An oscilloscope synchronized
with the ultrasound pulse was triggered by a pulse delay gen-
erator (PDG645, Stanford Research Systems) to acquire and dis-
play the fluorescence signal.

3.4 UMF Measurements From a Population of D-A
Microbubbles

Following the characterization of individual microbubbles, the
UMF signal from a population of D—A microbubbles was also
studied by injecting the microbubble samples into a 500-ym
PDMS microchannel (SynVivo, CFD Research Corporation).
The microbubble concentration is 5.84 x 107 /mL, as determined
by a hemacytometer (bright-line, Hausser Scientific). Regard-
ing its strong illumination power, a 20-mW continuous-wave
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Fig. 3 (a) A schematic diagram of the imaging system. PA, power amplifier; FG, function generator;
PDG, pulse delay generator; UST, focused ultrasound transducer; PMT, photomultiplier. (b) A represen-
tation of the 2 us integrator gate window that was overlaid with the UMF signal. The green line represents
the donor and the red dashed line represents the acceptor. (c) A fluorescent image of a single micro-
bubble. (d) A fluorescent image of diluted microbubble solution flowing inside of the 500-um polydime-

thylsiloxane (PDMS) microchannel.

532-nm laser (MGLII532, Dragon Lasers) was used as the exci-
tation light source. Then a 4X objective (working distance is
30 mm and field of view is 3 mm in diameter) was adopted
to deliver the excitation light and collect the emission light.
As shown in Fig. 3(a), a gated boxcar integrator (SR250,
Stanford Research Systems) was employed after the low-pass
filter and before the oscilloscope to improve the system sensi-
tivity and extract the weak UMF signal from the large back-
ground. The gate window of the integrator was set to 2 us,
positioned to be overlaid with a 2-cycle UMF signal in response
to the ultrasound wave [see Fig. 3(b)]. The UMF signal within
the gate window was integrated, and the integrator output a volt-
age that was proportional to the average of the signal. As one
can notice, to get a nonzero output, an asymmetric input signal
relative to the baseline was desired. A tissue-mimicking scatter-
ing phantom was positioned between the PDMS microchannel
sample and the objective lens. The phantom was made of
0.5% intralipid, with g,'~= 12 mm™', p,~=0.001 mm™!
(us' is the reduced scattering coefficient, and y, is the absorption
coefficient), and thickness = 2 mm. When the 1-MHz trans-
ducer was scanned across the tube, the UMF signal acquired
by the gated integrator was displayed on the oscilloscope.
Figure 3(d) shows a represented fluorescent image of the diluted
microbubble solution flowing inside the 500-um PDMS
microchannel.

Journal of Biomedical Optics

036012-4

4 Results and Discussion

4.1 Quantification of Fluorescence Lifetime and
Intensity of D-A Microbubbles

As listed in Table 1, several groups of microbubbles were stud-
ied with different concentrations of ATTO 532-NHS (donor)
and ATTO 647N-NHS (acceptor). In group set I, the donor
ATTO 532-NHS-to-amine mole ratio was fixed at 0.3. We
chose this mole ratio based on our previous results® considering
it has (1) the brightest fluorescence emission that can serve as a
good donor and (2) a relatively weak self-quenching effect that
can minimize the interference with FRET. Then the acceptor
(ATTO 647N-NHS) NHS-to-amine mole ratio was varied to
be 0 (group I1, meaning no acceptors), 0.003 (group I12),
0.01 (group I3), and 0.03 (group 14), respectively. In the experi-
ment with group set II, we varied the donor NHS-to-amine mole
ratio to 0.1, and changed the acceptor NHS-to-amine mole ratio
from O (group II1, meaning no acceptors),to 0.003 (group 112),
0.01 (group II3), and 0.03 (group I14).

Figure 4(a) shows the fluorescence intensity and lifetime
images of both the donor and acceptor of one microbubble
from group I3, as listed in Table 1. The fluorescence intensities
and lifetimes of both donors and acceptors of individual micro-
bubbles in group set I were analyzed and plotted as a function of
the acceptor ATTO 647N-NHS-to-amine mole ratio, as shown in
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Fig. 4 (a) Fluorescence intensity and lifetime images of both donor and acceptor of one D—A microbub-
ble from group #3, as listed in Table 1. The scale bar is 6 um. (b) The normalized average fluorescence
intensity and (c) lifetime of both donors and acceptors on D—A microbubbles as a function of ATTO 647N-
NHS-to-amine mole ratio when ATTO 532-NHS-to-amine mole ratio was fixed at 0.3 (Table 1). (d) and
(e) Similar to (b) and (c) but ATTO 532-NHS-to-amine mole ratio was fixed at 0.1 (Table 1). (f) The aver-
age fluorescence intensity of ATTO 647N-labeled microbubbles as a function of ATTO 647N-NHS-to-
amine ratio.
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Figs. 4(b) and 4(c). The interfluorophore distance among the
donors and the acceptors decreased due to the increased acceptor’s
concentration, which in turn induced an increased quenching
efficiency. This can be seen from the gradual intensity drop of
the donor and the gradual intensity increase of the acceptor illus-
trated in Fig. 4(b). No fluorescence emission was detected from
the acceptor channel when only having the donors (group I1). This
indicates that no spectral bleed through from the donor to the
acceptor channel was observed in this system. A similar trend
was observed in the lifetime results shown in Fig. 4(c). The
donor’s lifetimes decreased from the starting lifetime of 1.4 ns
in the absence of acceptors, to a minimum of ~0.6 ns at the maxi-
mum acceptor’s concentration, indicating an increased quenching
effect between donors and acceptors. It should be pointed out that
self-quenching of the donors did exist in the beginning, consid-
ering that the natural fluorescence lifetime of the donor (before
being labeled on a microbubble) was measured as 3.8 ns. If
one wanted to completely avoid self-quenching, the donor’s con-
centration would have to be greatly decreased, which would lead
to a significant reduction in the intensity of the donor emission
and, therefore, the degradation of the SNR of UMF. Thus a trade-
off exists between the fluorescence intensity and self-quenching
efficiency. Conversely, the average lifetimes of the acceptor were
measured as 4.5, 4.1, and 0.7 ns as the concentration increased, as
seen in Fig. 4(c). The lifetime changes of the acceptor exhibit
more complex mechanisms. The first two lifetimes are longer
than the ATTO 647N’s natural lifetime of 3.8 ns. It is common
that the acceptor’s lifetime can be prolonged during FRET.
Because the acceptors can take energy from the donors via
FRET during the entire lifetime period of the excited state of
the donors, the fluorescence decay of the acceptor can be pro-
tracted,”>*® and this results in the prolonged lifetime of the
acceptor. As for the significant lifetime drop to ~0.7 ns, it can
be caused by the self-quenching of the acceptor itself because
of the increased concentration. This self-quenching was con-
firmed by loading microbubbles with ATTO 647N alone, as
shown in Fig. 4(f). This indicates that the highest fluorescence
intensity occurs when the ATTO 647N-NHS-to-amine ratio is
0.005. After that, a strong self-quenching effect happens and
results in a significant fluorescence intensity drop. In comparison,
for the ATTO 532-NHS alone labeled microbubbles, the highest
fluorescent intensity occurs when the ratio is 0.3 before the self-
quenching effect dominates. This fact indicates that the attach-
ment efficiency of ATTO 647N-NHS-to-amine microbubbles is
relatively higher than that of ATTO 532-NHS. The reason is cur-
rently unclear. Similar trends of fluorescence intensity and lifetime
changes for donors and acceptors in group set II were observed, as
shown in Figs. 4(d) and 4(e). With the gradual increase of the
acceptor concentration, the donor intensity reduced, the acceptor
intensity increased, and the donor lifetime decreased (from 2.66 to
0.67 ns). This could be attributed to FRET. In groups 112 and 113,
the acceptor presented slightly prolonged lifetimes, akin to the
observation in groups 12 and I3. Then the lifetime was shortened
significantly to 1.8 ns in group II4, which indicates that besides
FRET, self-quenching occurred among acceptors. From those
results, it is reasonable to believe that the same mechanisms
exist behind these two sets of experiments.

4.2 Quantification of the UMF Signal From
Individual D—A Microbubbles

The UMF signal of both donors and acceptors from the same
contrast agents was examined. Figure 5(a) shows representative
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Fig. 5 (a) Normalized UMF signal of both donors and acceptors from
one contrast agent (group #4 in Table 1) when ATTO 532-NHS:ATTO
647N-NHS:amine mole ratio is 0.3:0.03:1. (b) UMF modulation depth
of both donor and acceptor as a function of ATTO 647N-NHS-to-
amine mole ratio, where ATTO 532-NHS-to-amine mole ratio was
fixed at 0.3.

normalized UMF signals of a single microbubble from
group #4, where ATTO 532-NHS:ATTO 647N-NHS:amine
moleratio = 0.3:0.03:1. The donor and the acceptor present
in-phase UMF signals corresponding to the microbubble oscil-
lation when the ultrasound is applied. UMF signals show that
the microbubble continues to oscillate for a finite time after
the 3-cycle driving force ceases.?*? The two in-phase UMF sig-
nals indicate that there are other quenching mechanisms besides
FRET. Four mechanisms may be involved: the FRET effect, the
reabsorption-reemission effect, the acceptor’s self-quenching
effect, and the donor’s self-quenching effect. (1) The FRET
effect causes the intensity and lifetime of the donor to decrease,
yet it alone would induce complementary UMF signals from the
donor and the acceptor (meaning if the donor’s intensity
decreased the acceptor’s intensity increased). (2) Reabsorption—
reemission can occur at high dye concentrations where the emit-
ted light from donors can be reabsorbed by the acceptors in
the region of the spectral overlap between absorption and
emission.”® This effect would explain the observed in-phase
UMF signals. (3) The acceptor’s self-quenching effect would
also result in the in-phase UMF signals and would explain
the lifetime decrease of the acceptor in group #4. (4) The
donor’s self-quenching effect may exist in all four groups.
For the acceptor’s UMF signal, the FRET and the other three
mechanisms functioned oppositely, and the latter three mecha-
nisms might be dominant compared with FRET. Conversely, for
the donor’s UMF signal, all four mechanisms function together.
Asymmetric oscillations around the baseline were observed
from both UMF signals. A similar phenomenon was observed
in our previous study.® The asymmetric oscillation around the
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baseline is determined by the initial quenching strength of both
dyes in group #4. Because the initial quenching efficiency
(caused by all the above possible mechanisms) was already
very strong, the quenching efficiency could only be enhanced
to a limited degree when the bubble was compressed, which
led to a relatively small signal decrease. In contrast, when
the bubble was expanded, the quenching efficiency could be
greatly attenuated, resulting in a more significant signal
increase.

The UMF intensity was calculated as peak-to-peak voltage,
and the UMF modulation depth was defined as the ratio of the
UMF strength to the unmodulated fluorescence, i.e., the DC
fluorescence signal when there was no ultrasound. Figure 5(b)
shows the modulation depth of both donor and acceptor as a
function of ATTO 647N-NHS-to-amine mole ratio. When the
ratio increases, the modulation depth of the donor increases
accordingly. A maximum of ~33% modulation depth is
observed. For the acceptor, the UMF signals of the first three
groups were too weak to be observed. A modulation depth of
~19% was detected at the maximum ratio. This may be
explained by the strong self-quenching induced at the acceptor’s
high concentration, seen from the lifetime result in Fig. 5(b). As
mentioned previously, the acceptor’s UMF may be generated
when the other three mechanisms are dominant compared with
FRET. When increasing the acceptor’s concentration, in this
case the self-quenching effect becomes much stronger.

4.3 UMF Signal From a Population of FRET
Microbubbles

Among the four samples, group #4 exhibited the highest
modulation efficiency for both donors and acceptors, but the
fluorescence intensities were weak. Instead, groups #2 and
#3 presented relatively high UMF modulation depths and strong
fluorescence signals. In order to study the UMF signal from a
population of FRET microbubbles, we chose to inject group #3
contrast agents into a 500-um PDMS micronchannel tube.
Group #1 contrast agents with the lowest modulation depth were
tested as the control group (considered as donor-only microbub-
bles). Here, the ultrasound pressure was fixed at 405 kPa to
achieve the strongest UMF signal and minimize sample damage.
Figure 6 displays the UMF signal strength of donors in these two
groups when the ultrasound transducer is scanned across the
tube. The signal intensity of the acceptors was too weak to
be detected, so results were not presented here. The inset of
Fig. 6(a) shows the measurement configuration. The transducer
was scanned across the tube with a step size of 0.635 mm. Three
scans were conducted and the averaged results were calculated.
The UMF signal was normalized and displayed together with
the ultrasonic echo recorded based on the conventional pulse-
echo method. The results showed that the UMF signals from
the control group (group #1) were too weak to correctly re-
present the tube, shown in Fig. 6(b). In contrast, the UMF sig-
nals of the FRET microbubbles showed a similar profile to the
ultrasound echo, as shown in Fig. 6(a). The successful detection
of UMF signals from group #3 can be attributed to the following
facts. First, the presence of acceptors increased the quenching
efficiency and the UMF modulation efficiency of the donors.
In addition, although the modulation efficiency increase from
the control group to group #3 was not significant (from
~28% to ~33%), the increased quenching effect also induced
the asymmetry of the UMF signals, which is not presented in
the figures. An asymmetric signal relative to the baseline was
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Fig. 6 (a) Normalized UMF signal from a PDMS microchannel tube
filled with contrast agents (group #3 in Table 1) by scanning the 1 MHz
transducer across the tube. (b) Normalized UMF signal from a PDMS
microchannel filled with contrast agents (group #1 in Table 1, the con-
trol group) by scanning the 1 MHz transducer across the tube.

necessary for the detecting system to avoid a zero output.
This strong UMF modulation efficiency and the asymmetry
of the UMF signal were the keys for UMF imaging in the scat-
tering media using the proposed system. As noticed, the full-
width-half-maximum (FWHM) of the UMF signal is slightly
smaller than that of the ultrasound (~2 mm). The possible
explanation is that the detecting system has a sensitivity thresh-
old that could not detect the weak signals at the side of the tube.
Only the UMF signals from the tube center were detected and,
therefore, generated a smaller FWHM.

In addition, we tested group #4 contrast agents that demon-
strated the highest modulation efficiency but the lowest fluores-
cence intensity using the scattering phantom. The UMF signals
were too weak to correctly show the tube after passing through
the scattering media. To sum up, in order to get the UMF signal
from the large nonmodulated light background in the designed
system, the following three criteria should be considered: (1) rel-
atively strong UMF modulation efficiency, (2) asymmetric UMF
oscillation waveform relative to the baseline if using the gated
integrator, and (3) relatively strong fluorescence signal intensity.
Therefore, the quantity of donor and acceptor should be care-
fully designed. In this study, the control group #1 presented
a quite high fluorescence intensity but low modulation effi-
ciency and weak signal asymmetry; group #4 presented a fairly
strong modulation efficiency and signal asymmetry but weak
fluorescence intensity. Thus, neither of them could be used
for UMF imaging in the scattering media. Group #3 contrast
agents satisfied all these criteria and were proven plausible
for UMF imaging. It is reasonable to assume that all contrast
agents that fall into these certain criteria range could be used
for UMF imaging.

5 Conclusions

In this study, donor-acceptor-labeled microbubbles were
designed and characterized as UMF imaging contrast agents
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for the first time. UMF signals from both donor and acceptor
were observed from individual microbubbles. The UMF modu-
lation efficiency of the donor could be improved after introduc-
ing the acceptors. However, when we compared the maximum
modulation efficiency of individual contrast agents using these
two protocols (the donor—acceptor-labeled microbubbles proto-
col and the self-quenching labeled microbubbles protocol®), a
similar maximum modulation depth (~35%) was observed at
405 kPa, with no significant difference observed. Results
showed that more complex mechanisms besides FRET coex-
isted in the D—A microbubble system, caused by the random
attachment of the fluorophores. To improve the modulation effi-
ciency further, it is necessary to target the donors and acceptors
more specifically. For example, the donor and acceptor can be
linked prior to being labeled onto the microbubble surface to
avoid random attachment. In addition, UMF signals of the
donor from a 500-uym (inner diameter) tube in scattering
media were observed with an ultrasound resolution. The strong
UMF signal and high modulation depth indicates that those con-
trast agents can potentially be used for UMF imaging.
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