
Design of Albumin-Coated Microbubbles
Loaded With Polylactide Nanoparticles

ontemporary research has focused on image-guided drug
delivery methods and, more specifically, ultrasound-guided
drug delivery. The concept of ultrasound-mediated drug

delivery was introduced 3 decades ago.1 Ultrasound-activated 
drug delivery was developed as a result of the introduction of ultra-
sound contrast agents: microbubbles (MBs). Their sizes were suit-
able for purely intravascular circulation, and they consisted of a
gaseous core stabilized by a shell composed of lipids, proteins, or
polymers. In response to an ultrasonic pressure wave, MBs expand
and collapse, facilitating the intravascular delivery of injected drugs
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ORIGINAL RESEARCH

Objectives—A protocol was designed to produce albumin-coated microbubbles (MBs)
loaded with functionalized polylactide (PLA) nanoparticles (NPs) for future drug deliv-
ery studies. 

Methods—Microbubbles resulted from the sonication of 5% bovine serum albumin
and 15% dextrose solution. Functionalized NPs were produced by mixing fluorescent
PLA and PLA-polyethylene glycol-carboxylate conjugates. Nanoparticle-loaded MBs
resulted from the covalent conjugation of functionalized NPs and MBs. Three NP/MB
volume ratios (1/1, 1/10, and 1/100) and unloaded MBs were produced and compared.
Statistical evaluations were based on quantitative analysis of 3 parameters at 4 time
points (1, 4, 5, and 6 days post MB fabrication): MB diameter using a circle detection
routine based on the Hough transform, MB number density using a hemocytometer,
and NP-loading yield based on MB counts from fluorescence and light microscopic
images. Loading capacity of the albumin-coated MBs was evaluated by fluorescence.

Results—Loaded MB sizes were stable over 6 days after production and were not sig-
nificantly different from that of time-matched unloaded MBs. Number density evalua-
tion showed that only 1/1 NP/MB volume ratio and unloaded MB number densities
were stable over time, and that the 1/1 MB number density evaluated at each time point
was not significantly different from that of unloaded MBs. The 1/10 and 1/100 NP/MB
volume ratios had unstable number densities that were significantly different from that
of unloaded MBs (P < .05). Fluorescence evaluation suggested that 1/1 MBs had a
higher NP-loading yield than 1/10 and 1/100 MBs. Quantitative loading evaluation
suggested that the 1/1 MBs had a loading capacity of 3700 NPs/MB.

Conclusions—A protocol was developed to load albumin MBs with functionalized PLA
NPs for further drug delivery studies. The 1/1 NP/MB volume ratio appeared to be
the most efficient to produce stable loaded MBs with a loading capacity of 3700
NPs/MB.
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to tissue.2 However, this approach based on the coinjec-
tion of freely circulating drugs and MBs followed by the
local application of ultrasound has raised toxicity, solubil-
ity, and clearance issues related to regular systemic drug
delivery of highly toxic chemotherapeutics.3,4 To address
these issues and increase payload delivery, drug-loaded
MBs have been developed: MBs have been developed as
vehicles loaded with a therapeutic agent, identified at the
target site via imaging, and then collapsed using high-
amplitude ultrasonic pulses to release the therapeutic
agent locally. However, with such formulations, drug-
loaded MBs face major challenges: first, MBs have short
circulation times in vivo, and second, MBs have poor load-
ing capacities.5,6 Both challenges yield an inefficient thera-
peutic delivery vehicle.7–10 To address the poor loading
limitation, nanoparticle (NP)-loaded MBs have been stud-
ied,8,11–13 as they theoretically possess the drug delivery
payload capacity of NPs combined with the echogenicity
of the MBs. One strategy to attach the NP to the MB sur-
face involves covalent linking.

In this study, carbomiide was used to covalently link
functionalized polylactide NPs with albumin-coated MBs
to produce NP-loaded MBs. The study’s objective was to
compare 3 formulations to determine an efficient protocol
to produce stable NP-loaded MBs for future drug delivery
purposes.

Materials and Methods

Production of NP-Loaded MBs
Microbubbles (final number density of 3.6 ± 0.104 × 108

MBs/mL) were produced by mixing 1.5 mL of 5% bovine
serum albumin (BSA; Sigma-Aldrich Co, St Louis, MO)
and 4.5 mL of 15% dextrose (Fisher Chemical, Fair Lawn,
NJ).14 The resulting solution was then vortexed, saturated
with perfluorobutane gas (FluoroMed, LP, Round Rock,
TX), and sonicated for a duration of 70 seconds at 250 W
with a 20-kHz Fisher 500 sonic dismembrator (Thermo
Fisher Scientific, Waltham, MA). The unloaded MB mean
concentration and diameter were determined to be 3.6 ×
108 MB/mL and 0.77 μm, respectively.

As fully described,15 cyanine 5 (Cy5)-PLA conjugates
were produced by first adding beta-diimine-zinc nitride
(tetramethylsilane)2 catalysts (7.0 mg, 0.01 mmol) to a Cy5
solution made by dissolving Cy5 (2.5 mg, 0.005 mmol) in 1
mL of anhydrous tetrahydrofuran. Lactide (TCI America,
Portland, OR; 72 mg, 0.5 mmol) was added dropwise to the
Cy5 solution, and the resulting Cy5-PLA conjugates (100
μL of dimethylformamide [DMF], 10 mg/mL) were poly-
merized in the presence of PLA-monomethoxy polyethyl-

ene glycol (PEG; Sigma-Aldrich Co; 100 μL of DMF, 10
mg/mL) to produce the Cy5-PLA–conjugated NPs.
Briefly, a DMF solution of the Cy5-PLA conjugate
(200 μL, 20 mg/mL) and polylactide-PEG-carboxylate
(COOH) conjugate (200 μL, 20 mg/mL) was mixed and
added dropwise to nanopure water (8 mL). The resulting
NP suspension was purified by ultrafiltration (5 minutes,
3000g; Ultracel membrane with a 10,000 nominal molec-
ular weight limit; Millipore, Billerica, MA) and washed
with water. The Cy5-functionalized NP final concentra-
tion was 5 mg/mL. Additional quantitative evaluation was
performed using PLA NP-loaded MBs labeled with fluores-
cein isothiocyanate (FITC) for laboratory considerations.
Briefly, 3 polymer solutions were prepared by mixing solid
polymers [poly(DL-lactide)-fluorescein, poly(DL-lactide)-
b-PEG-carboxylic acid, and methoxy-PEG-b-poly(DL)
lactic acid; Akina Inc, West Lafayette, IN) with DMF to
produce 10 mg polymer/mL DMF solutions; 0.167 mL of
each polymer solution was mixed via pipetting in a glass
vial and added dropwise to 10 mL of deionized water
stirred at 200 revolutions per minute via a stir bar. After 5
minutes, the solution was transferred to a 10,000 molecular
weight cutoff centrifuge filter tube and spun at 2500 revo-
lutions per minute for 15 minutes to bring the final volume
to 1 mL for FITC-NP solution with a final concentration
of 5 mg of NP/mL.

Nanoparticle functionalization was performed by
mixing the previous Cy5 and FITC-NP solutions with
60 μL of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (310 mg/mL) and 60 μL of N-hydroxy-
succinimide (28.3 mg/mL).15 The resulting activated NPs
were allowed to react for several hours with the MBs: func-
tionalized NP-COOH groups reacted to N-hydroxysuc-
cinimide in the presence of 1-(3-dimethylaminopropyl)
-3-ethylcarbodimide hydrochloride, resulting in an 
N-hydroxysuccinimide ester, which then reacted with
primary amine (-NH2) from MB albumin. Buoyancy
separation was used to remove the excess NPs after sev-
eral washes using phosphate-buffered saline (Sigma-
Aldrich Co).

Nanoparticle/MB volume ratios are defined in terms
of the volume of the NP solution added to the MB solu-
tion, knowing that the NP mass concentration and the MB
number density are 5 mg/mL and 3.58 × 108 MBs/mL,
respectively. The NP/MB volume ratios are denoted
herein as ratios 1/1, 1/10, and 1/100. The reaction is illus-
trated in Figure 1.

Four groups have been evaluated. Based on preliminary
observations, 3 NP/MB volume ratios were tested: 1/1
volume ratio (Cy5-functionalized NP: 1 mL/MB: 1 mL),
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1/10 volume ratio (Cy5-functionalized NP: 0.1 mL/MB:
1 mL), and 1/100 volume ratio (Cy5-functionalized
NP: 0.01 mL/MB: 1 mL). In addition, a separate batch of
unloaded MBs was monitored as reference for the analysis.
The NP-loaded MB and unloaded MB diameter and
number density as well as NP-loading yield were determined
at 4 time points (days 1, 4, 5, and 6 after MB production)
as described below. 

Size Evaluation
The size evaluation method used herein has already been
described.16 Briefly, to estimate MB size, 10 images of the
MB solution were acquired using a microscope (BX51;
Olympus Optical, Tokyo, Japan) with a resolution of
0.06 μm/pixel. On hundred MBs were randomly selected
from the microscopic acquisitions and analyzed using a
MATLAB-coded (The MathWorks, Natick, MA) circular-
shaped detection routine based on the Hough transform.17

The mean diameter and its 95% confidence interval (CI)
were calculated for each volume ratio at each time point. 

Number Density Evaluation
The MB number density (MBs/mL) was evaluated using
a hemocytometer (Hausser Scientific, Buffalo, NY). At each
time point, NP-loaded MB and unloaded MB solutions
were sampled and diluted with phosphate-buffered saline
(10%, vol/vol). Hemocytometer chambers were filled with
10 μL of the diluted MB solution and imaged at ×20 mag-
nification (Olympus BX51). Four MB counts were realized
from a 1 × 1-mm area from which the mean number den-
sity was calculated along with its 95% CI for each volume
ratio at each time point. 

Nanoparticle-Loading Yield Evaluation
Functionalized NPs were labeled with Cy5, a cyanine used
as a dye and soluble in water, which exhibits absorption and
emission wavelengths of 649 and 670 nm, respectively. To
evaluate the NP-loading yield for the different NP/MB vol-
ume ratios, the NP-loaded MB solution was sampled and
imaged using light microscopy followed by fluorescence
microscopy. Images of the same slide region were acquired
using an Axiovert 40CFL inverted microscope (Carl Zeiss
Meditec, Inc, Dublin, CA), saved, and processed using
ImageJ (National Institutes of Health, Bethesda, MD).
Images were converted to black and white and adjusted
using the Threshold tool. The Analyze Particle tool was thus
used to provide the count of the MBs. Light microscopy pro-
vided the MB number density associated with NP-loaded
MBs and unloaded MBs, as both types of MBs were imaged.
The fluorescence imaged only the MBs tagged with NPs
(NP-loaded MPs) because fluorescence was associated with
the Cy5-tagged NPs. Consequently, the resulting count
from images acquired using light microscopy was the total
MB number density (NP-loaded + unloaded; Figure 2A),
whereas the count associated with the fluorescence image
was the NP-loaded MB number density (Figure 2B). The
NP-loading yield, defined as the NP-loaded MB number
density divided by the total MB number density, was then
determined and analyzed. Three counts were performed by
2 operators at each time point for each volume ratio to pro-
vide the 95% CI for each mean NP-loading yield percentage. 

Statistical Evaluation
Size, number density, and NP-loading yield statistical
analyses were performed by means of the statistical envi-
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Figure 1. Schematic representation of the covalent linking of PLA NPs to the albumin MB shell via the carbodiimide technique: NPs are loaded to

the MB shell through an amine bond between the carboxyl groups on the NP surface and the amine groups on the MB surface. EDC indicates 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; and NHS, N-hydroxysuccinimide.
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ronment R (version 3.0.2; R Foundation for Statistical
Computing, Vienna, Austria; open access available at:
http://cran.r-project. org). Size, number density, and NP-
loading yield evaluations were based on comparing the
parameters between and within the groups. Results were
significant at P < .05.

Between-Group Comparison
Normality of distributions for each time point and equal-
ity of variances between time-matched values were tested
using, respectively, Shapiro and F tests before any further
analyses. For normal distributions with equality of vari-
ances, comparison between time-matched parameters was
performed using a Welch t test. Otherwise, comparison
between time-matched parameters was performed using a
nonparametric Wilcoxon test that did not require any
assumption concerning neither the condition of normality
nor the equality of variances.

Within-Group Comparison
Normality of the distributions over the 4 time points and
equality of variances for the distributions were tested using,
respectively, Shapiro and Levene tests before any further
analyses. For normal distributions, within-group analysis was
performed using a 1-way analysis of variance. For significant
results, post hoc analysis was run using the Tukey test with
Bonferronni adjustment to determine which groups were dif-
ferent from the others. For non-normal distributions, a non-
parametric Kruskal-Wallis test was run and completed by a
post hoc multiple comparison with Bonferronni adjustment
when results from Kruskal-Wallis analysis were significant.

Gas-Filled NP-Loaded MBs 
Double passive cavitation detection is a validated
method17–19 for determining cavitation characteristics
including collapse thresholds of isolated MBs based on the
detection of a postexcitation signal occurring 1 to 5
microseconds after the principle excitation of the bubble.

Integrity of the gas-filled MBs loaded with the NPs for
the 1/1 NP/MB volume ratio has been tested using double
passive cavitation detection. Briefly, the double passive
cavitation detection experiments involved a 4.6-MHz
transmit transducer and 13.8- and 14.6-MHz receive
transducers. Three-cycle tone bursts at the center fre-
quency of the transmit transducer with a pulse repetition
frequency of 10 Hz were generated using a pulse receiver
system (RAM500; RITEC, Warwick, RI). Several thousand
signals (21 series of 500 signals) were acquired. The com-
plete setup, including the transmit peak rarefactional
pressure amplitude calibration as well as the signal classi-

fication, has been fully described.19 The measurement
criterion in this study was the postexcitation threshold
percentage, defined as the level at which a certain percent-
age of the total population of MBs transiently collapses
with the postexcitation signal for an applied peak rarefac-
tional pressure amplitude. Postexcitation curves were then
obtained using a modified logistic regression in MATLAB
to fit the experimental data, allowing the evaluation of the
5% and 50% postexcitation thresholds and their 95% CIs.19

Loading Capacity of the Albumin-Coated MBs
Additional loading capacity analyses were performed on
NP-loaded MBs labeled with FITC. The FITC fluores-
cence standard curve was measured at an excitation wave-
length of 495 nm to determine the emission wavelength
associated with the maximum fluorescence intensity.
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Figure 2. ImageJ-processed light microscopic image (A) and fluores-

cence microscopic image (B). Edges of the elements detected in both

images were provided by ImageJ to allow the determination of number

density.

3408jum1345-1484 copy_Layout 1  7/21/15  9:56 AM  Page 1366



Thus, intensity values at the determined emission wave-
length were measured for several FITC concentrations to
draw the standard intensity/concentration curve and set its
associated equation from which the true FITC concentra-
tions of the NP and NP-loaded MBs solutions were deter-
mined. Evaluating the amount of NPs per MB was based
on the assumption that the NPs were spherical in shape and
had a polymeric solid core. Also, PEG and PLA densities
were assumed to be, respectively, 1.13 and 1.09 g/cm3,20

leading to the assumption of a density of 1.0 g/cm3 for the
NPs. Last, NP size was estimated using a dynamic light-
 scattering method (15-mW laser; incident beam = 676 nm;
Brookhaven Instruments, Holtsville, NY). 

Results

Size Evaluation (Figure 3)
Between-Group Comparison (Table 1)
At each time point, NP-loaded MB (volume ratios 1/1,
1/10, and 1/100) and unloaded MB size variances were
significantly different. In addition, distributions did not
meet the normality condition. The 1/1 NP-loaded MB
sizes were not significantly different from that of time-
matched unloaded MBs. On the other hand, 1/10 and
1/100 NP-loaded MB sizes had significantly different time-
matched size values, respectively, at days 1 and 5.

Within-Group Comparison (Table 2)
Nanoparticle-loaded MB (volume ratios 1/1, 1/10, and
1/100) and unloaded MB size variances were not signifi-
cantly different within the groups. However, the normality
condition was not satisfied. The 1/1 and 1/10 NP-loaded
MB and unloaded MB sizes did not show significant

differences over time. Significant differences were found
for 1/100 NP-loaded MBs: MB size evaluated at day 5 was
significantly different from that at days 1 and 4, as sug-
gested by the post hoc analysis (Table 3).

Number Density Evaluation (Figure 4)
Between-Group Comparison (Table 1)
Overall, loaded and unloaded MB time-matched number
density variances were significantly different. However, the
normality condition was verified for each group at each
time point. Between group analysis suggested that only 1/1
NP-loaded MB number density values were not signifi-
cantly different from that of time-matched unloaded MBs. 

Within-Group Comparison (Table 2)
Nanoparticle-loaded MB (volume ratios 1/1, 1/10, and
1/100) and unloaded MB number density variances were
not significantly different within the groups, and the normal-
ity condition was satisfied for each group. The 1/1 NP-loaded
MB and unloaded MB number density values did not show
significant differences over time, whereas significant results

J Ultrasound Med 2015; 34:1363–1372 1367
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Table 1. P Values for the Between-Group Analyses Performed at Each

Time Point Between 1/1, 1/10, and 1/100 MBs and Time-Matched

Unloaded MBs for Size and Number density and Between 1/10 and

1/100 MBs and Time-Matched 1/1 MBs for NP-Loading Yield

Evaluation Day 1/1 1/10 1/100

Size 1 .20 .02a .89

(vs time-matched 4 .47 <.008a .56

unloaded MBs) 5 .09 .27a <.001a

6 .13 .42a .27

Number density 1 .21 <.001a .15

(vs time-matched 4 .10 <.001a .24 

unloaded MBs) 5 .19 <.01a .45

6 .11 <.001a .001a

NP-loading yield 1 .14 .03a

(vs time-matched 1/1 MBs) 4 <.001a <.001a

5 <.01a <.01a

6 <.001a <.001a

aSignificant results.

Table 2. P values for the Within-Group Analyses Performed for Size,

Number Density, and NP-Loading Yield Over the 4 Time Points for NP-

Loaded MBs (NP/MB volume ratios) and Unloaded MBs

Evaluation Unloaded 1/1 1/10 1/100

Size .12 .10 .72 <.001a

Number density .09 .18 <.001a <.01a

NP-loading yield .04a .04a .02aa

aSignificant results.

Figure 3. Nanoparticle-loaded MB (volume ratios 1/1, 1/10, and 1/100)

and unloaded MB (uMB) mean diameter as a function of time. Error bars

represent the 95% CIs. D indicates day.
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were found for 1/10 and 1/100 NP-loaded MBs. Post hoc
analyses (Table 3) suggested that significant differences
for 1/10 and 1/100 NP-loaded MB number density val-
ues, respectively, came from days 4 and 6.

Nanoparticle-Loading Yield Evaluation (Figure 5)
Between-Group Comparison (Table 1)
Overall, time-matched NP-loading yield variances differed.
However, the normality condition was satisfied for each
group. Between-group analysis suggested that 1/1 NP-
loaded MB loading yields were significantly different from
time-matched 1/10 and 1/100 NP-loaded MBs.

Within-Group Comparison (Table 2)
Nanoparticle-loaded MB (volume ratios 1/1, 1/10, and
1/100) NP-loading yield variances were not significantly
different within the groups. However, the normality con-
dition was not valid when the whole population was taken
into account. Within-group analysis suggested that all NP-
loaded MB groups showed significantly different NP-load-
ing yields over time. Post hoc analyses (Table 3) suggested

that 1/10 and 1/100 NP-loading yields decreased signifi-
cantly from day 1, whereas 1/1 loading yields were not
significantly different over the first 5 days.

Gas-Filled NP-Loaded MBs (Figure 6)
Double passive cavitation detection experiments were per-
formed for 1/1 NP-loaded MBs at day 4. Results suggested
that the 50% postexcitation threshold was a 5.3-MPa peak
rarefactional pressure amplitude (5.14–5.50), which was
in agreement with previous findings on commercially
available MBs.19 The possibility of detecting the collapse
threshold for the NP-loaded MBs suggested that MBs were
still acoustically active and might be used for future in vivo
experiments.

Loading Capacity of the Albumin-Coated MBs
Figure 7A shows the FITC fluorescence standard curve for
an excitation wavelength of 495 nm: the maximum fluo-
rescence intensity was found for a wavelength of 517 nm.
Consequently, FITC intensity values were measured at
517 nm for several FITC concentrations, yielding an FITC

Gauthier et al—Design of Albumin-Coated Microbubbles Loaded With Polylactide Nanoparticles
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Table 3. P Values for the Post Hoc Tests Performed After the Between-Group Analyses for Size, Number Density, and NP-Loading Yield for

Each Significant NP/MB Volume Ratio

Size Number Density NP-Loading Yield

Days 1/100 1/10 1/100 1/1 1/10 1/100

1–4 .50 .002 .91 >.99 .35 .08

1–5 <.001a .89 .99 .33 .03a .004

1–6 <.005a .40 .02a .01a .008 <.001a

4–5 <.001a <.001a .97 >.99 .89 .35

4–6 .52 .04a .007a .06 .19 .004a

5–6 .061 .13 .02a .33 >.99 .08

aSignificant results.

Figure 5. Nanoparticle-loaded MB (NP/MB volume ratios 1/1, 1/10, and

1/100) NP-loading yield as a function of time. Error bars represent 95%

CIs; 100% corresponds to the total number of MBs detected that

showed fluorescence. D indicates day.

Figure 4. Nanoparticle-loaded MB (NP/MB volume ratios 1/1, 1/10, and

1/100) and unloaded MB (uMB) mean number density as a function of

time. Error bars represent the 95% CIs. D indicates day.
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intensity/concentration standard curve described by the
following regression equation (Figure 7B): fluorescence
intensity = 8.55 × FITC concentration + 23.16.

Our evaluations suggested FITC concentrations for
NP and NP-loaded MB solutions of 4533 and 771 ng/mL,
respectively. Considering an initial MB number density of
3.6 × 108 MBs/mL and an initial NP solution of 5 mg/mL,
the mass of NPs loaded per MB was evaluated to be 6.5 ×
10–9 mg NP/MB. Last, dynamic light scattering suggested
a mean NP size of 130 nm. Thus, based on both measure-
ments performed and assumptions, the analysis suggested
that the loading capacity of the MB was 3700 NPs/MB. 

Discussion

Several approaches have been studied to attach NPs to MB
surfaces, involving either avidin-biotin interactions5,21–27

or covalent binding.28–31 As avidin-biotin NP-loaded MBs
cannot be transferred to clinical use because repeated injec-
tions may induce an adverse immune response, we decided
to produce NP-loaded MBs using carbomiide to covalently
link functionalized Cy5-PLA NPs to albumin-coated MBs.
To our knowledge, few studies have focused on developing
NP-loaded albumin MBs,12,32 and none have been found
in the literature mentioning PLA NP-loaded albumin-
coated MBs.

In this contribution, we developed a protocol to load
NPs onto the MB surface to increase payload capacity.
We compared NP-loaded MBs produced using the same
protocol but involving 3 NP/MB volume ratios.12,13

The NP/MB volume ratios are defined in terms of the vol-
ume of the NP solution added to the MB solution, know-
ing the NP mass concentration and the MB number
density. The NP/MB volume ratio (denoted herein as
ratios 1/1, 1/10, and 1/100) is only a rough, qualitative
intent to understand the stability issues as a function of the
number of NPs that are attached to MBs. Previous work
had established that 1-μm unloaded MBs, identical to
those prepared herein, were stable over several weeks when
stored at room temperature.33 Our study demonstrated
that the NP-loaded MB volume ratios showed temporal
stability in size and number density for at least a 5-day dura-
tion relative to those of the time-matched unloaded MBs.
However, fluorescence analysis showed significant differ-
ences between the NP-loading yields after a 1-day duration.

J Ultrasound Med 2015; 34:1363–1372 1369
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Figure 6. Postexcitation percentage curve for 1/1 NP-loaded MBs plot-

ted against peak rarefactional pressure amplitude (PRPA) at 4.6 MHz.

The solid curve represents the logistic fit, and the dashed curves repre-

sent the 95% CIs.

Figure 7. A, Fluorescence spectra of FITC with an excitation wavelength of 495 nm: the maximum emission wavelength was found at 517 nm.

B, FITC standard curve: fluorescence intensity values at 517 nm as a function of FITC concentration. 
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The MBs loaded with the highest NP payload had a tem-
porally stable fluorescence yield of about 70% for at least a
5-day duration, whereas the MBs loaded with the 2 smaller
payloads had significantly decreased yields to about 10%
after a 1-day duration.

Such a detected decrease in NP-loading yield might
be related to the fluorescence evaluation method, which
was limited by the sensitivity of the fluorescence. Indeed,
the technique used herein followed Boolean logic: MBs
were either fluorescent or not. Consequently, it is most
likely that the decreasing amount of NPs became too low
to be detected and reported as NP-loaded MBs in the flu-
orescence evaluation for 1/10 and 1/100, resulting in a
much lower NP-loading yield than that of 1/1. Although
this study demonstrated that the 1/1 NP/MB volume ratio
undeniably produced NP-loaded MBs with a higher sta-
ble NP-loading yield than 1/10 and 1/100, a method to
truly quantify the amount of attached NPs might be
required for future studies.

For all NP/MB volume ratios, loading issues may have
occurred. In particular, NPs may have interacted with the
freely circulating BSA remaining from the sonication
process, resulting in the production of fluorescent particles
that were not NP-loaded MBs. In the future, the excess of
BSA might be removed using centrifugal flotation, filtra-
tion, or buoyancy of MBs.

In addition, although albumin-coated MBs are gener-
ally stable for several years in the aqueous phase under
refrigerated storage conditions, the newly designed NP-
loaded MBs showed stability over a 5-day duration, thus
questioning their practical clinical use but nonetheless

demonstrating clinical potential. We recently focused on
the 1/1 NP/MB volume ratio protocol and conducted a
longer stability study on NP-loaded MBs tagged with
FITC. Our current results suggest an increased stability of
at least 1-month duration with a loading capacity of around
95%. This improved stability is likely related to improved
skills in producing the 1/1 NP-loaded MBs.

Currently, our MB fabrication procedures use BSA for
practical and laboratory safety considerations. However,
BSA would trigger an immunogenic response when inject-
ing in humans. The translational aspect of this study is based
on the possibility of applying the same protocol to produce
MBs using human serum albumin, as previously described.

Loading drugs in the current NPs has yet to be investi-
gated and fully characterized. However, under an Institutional
Animal Care and Use Committee–approved protocol, we
recently tested the 1/1 NP/MB protocol in vivo to pro-
duce NP-loaded MBs labeled with FITC by comparing the
fluorescent uptake in 4T1 tumors after NP-loaded MBs or
NPs only were injected into BALB/c mice. The tumor
region was then imaged with ultrasound at a high mechan-
ical index to collapse the MBs. We demonstrated that while
undergoing high–mechanical index ultrasound imaging,
NP-loaded MBs showed a higher NP release into the
tumor than NPs only (Figure 8): attaching NPs at the MB
surface improved the local release of the NPs in tumors,
thus opening the way for future drug delivery techniques.

Last, the study suggested that the loading capacity
of the albumin-coated MBs for the 1/1 MBs was 3700
NPs/MB. These results are in agreement with previous
studies,8,11,13,34 thus confirming the possible use of the newly
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Figure 8.  Left (A) and right (B) 4T1 tumor tissue sections from a BALB/c mouse incubated with collagen IV and Cy5-labeled donkey anti-rabbit

immunoglobulin G. Tumor sections were imaged at ×200 using FITC, 4′,6-diamidino-2-phenylindole, and Cy5 filters.
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designed NP-loaded MBs for further drug delivery studies.
In conclusion, overall, MBs loaded with the highest

payload showed temporally stable physical parameters that
were similar to those of unloaded MBs as well as showing
longer and stronger fluorescence. The greater temporal
stability makes available the possibility for additional
research opportunities, such as not needing to fabricate the
NP-loaded MBs on site for immediate use or for fabricat-
ing a larger number of NP-loaded MBs when needed on a
single experiment day. Continued protocol improvements
are needed for NP-loaded MBs to have comparable stability
to those of unloaded MBs. This contribution has demon-
strated a proof of concept; more work is of course required
for NP-loaded MBs to become a viable product.
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