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Abstract
Xenon (Xe) is a bioactive gas capable of reducing and stabilizing neurologic injury in stroke. The goal of this work was to
develop lipid-shelled microbubbles for xenon loading and ultrasound-triggered release. Microbubbles loaded with either xenon
(Xe-MB) or xenon and octafluoropropane (Xe-OFP-MB) (9:1 v/v) were synthesized by high-shear mixing. The size distribution
and the frequency-dependent attenuation coefficient of Xe-MB and Xe-OFP-MB were measured using a Coulter counter and a
broadband acoustic attenuation spectroscopy system, respectively. The Xe dose was evaluated using gas chromatography/mass
spectrometry. The total Xe doses in Xe-MB and Xe-OFP-MBwere 113.1 ± 13.5 and 145.6 ± 25.5μl per mg of lipid, respectively.
Co-encapsulation of OFP increased the total xenon dose, attenuation coefficient, microbubble stability (in an undersaturated
solution), and shelf life of the agent. Triggered release of gas payload was demonstrated with 6-MHz duplex Doppler and 220-
kHz pulsed ultrasound. These results constitute the first step toward the use of lipid-shelled microbubbles for applications such as
neuroprotection in stroke.
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Introduction

Stroke is the fifth leading cause of death in the USA and costs
over $34 billion annually in healthcare expenses and lost pro-
ductivity [1]. Ischemic stroke, intracerebral hemorrhage, and
subarachnoid hemorrhage comprise approximately 87%,
10%, and 3%, of all stroke cases, respectively [1]. Despite
advances in stroke treatment, therapies are needed to arrest
neuronal damage caused by excitotoxicity, inflammation, ox-
idative stress, and edema [2–5]. Excitotoxicity caused by ex-
tracellular glutamate accumulation is an important mechanism
of neuronal injury [6]. Pharmacological approaches based on

inhibition of glutamate receptors are under development for
neuroprotection [7–10].

Xenon, a neuroprotectant gas, acts by mechanisms such as
the inhibition of glutamatergic effects ofN-methyl-D-aspartate
(NMDA) receptors alongwith the promotion and transcription
of prosurvival genes [10, 11]. Additionally, Xe alleviates is-
chemic injury by altering the cellular pathways involved in
neuronal ischemic tolerance and protecting against oxygen
and glucose deprivation [11–15]. The small size and low
blood–gas partition coefficient of Xe enables this gas to cross
the blood–brain barrier and to reach target tissues rapidly [11].

The neuroprotective action of Xe is dose dependent [11].
Inhalation of subanesthetic concentrations of Xe (50-70% by
volume) promotes neuroprotection in murine models [11].
However, Xe is a rare gas, which makes its administration
by inhalation expensive and is therefore used with mechanical
ventilation [16]. Localized delivery could enhance the bio-
availability of Xe during ischemic stroke therapy [17, 18].
Our group has reported the delivery of bioactive gases such
as Xe [17–19] and nitric oxide [20, 21] using echogenic lipo-
somes (ELIP). The neuroprotective effects of Xe-loaded
echogenic liposomes (Xe-ELIP) have been demonstrated in
rat models of ischemic stroke, subarachnoid hemorrhage,
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and depression by both intravenous and intra-arterial admin-
istration of the agent [17–19, 22]. Echogenic liposomes con-
sist of a lipid bilayer and an aqueous core with up to 10% of
the total volume composed of gas [23]. Up to 34% of the Xe-
ELIP payload exists in dissolved form in the lipid bilayer [17],
which enables a biphasic release profile [19]. Shelled
microbubbles have been investigated for the delivery of bio-
active gases such as oxygen, nitric oxide, and hydrogen sul-
fide [24–29]. The volume of microbubbles is almost entirely
composed of gas, which enables ultrasound-triggered release
and enhancement of payload delivery. Lipid-shelled
microbubbles are stabilized by the co-encapsulation of
octafluropropane (OFP) [24, 30]. OFP is characterized by
low aqueous solubility, low diffusivity, and biological inert-
ness [31, 32] and is used in the FDA-approved ultrasound
contrast agent Definity® (Lantheus Medical Imaging, North
Billerica, MA, USA) [33]. However, the effect of co-
encapsulating OFP on Xe loading and stability of lipid-
shelled microbubbles has not been investigated previously.

The goal of this study was to evaluate the Xe loading,
acoustic response, and stability of microbubbles synthe-
sized with either xenon alone (Xe-MB) or with 90% Xe
and 10% OFP by volume (Xe-OFP-MB). The size distri-
bution of these agents was measured along with the
acoustic attenuation coefficient. Xenon loading was
quantified using gas chromatography coupled with mass
spectrometry (GC/MS). Finally, the feasibility of releas-
ing the Xe payload of microbubbles was evaluated using
6-MHz duplex Doppler and 220-kHz pulsed ultrasound.

Methods

Microbubble Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-
d i s t ea roy l - sn -g lyce ro -3 -phosphoe thano l am ine -
N-[methoxy(polyethylene glycol)-2000] (18:0 PEG2000 PE)
were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). Xenon (99.999%) and OFP gas (99.9%) were pur-
chased from Concorde Specialty Gases Inc. (Eatontown, NJ,
USA) and Advanced Specialty Gases (Reno, NV, USA), re-
spectively. Bovine serum albumin (BSA), phosphate buffered
saline (PBS) tablets, glycerol, and propylene glycol were pur-
chased from Sigma Aldrich (St. Louis, MO, USA).

Preparation of Lipid-Shelled Microbubbles Containing
Xenon

To prepare Xe-loaded microbubbles, DSPC and 18:0
PEG2000 PE were added in a round-bottom flask in a molar
ratio of 9:1. The solvents were evaporated, and a thin film was
formed on the inner surface of the flask using a rotary

evaporator (N-1001, Eyela, Bohemia, NY). The flask was
connected to a lyophilizer (Labconco FreeZone 2.5,
Labconco, Kansas City, MO, USA) overnight to remove re-
sidual solvents completely. On the following day, the lipids
were rehydrated using a buffer solution (PBS:propylene
glycol:glycerol = 16:3:1 v/v) prewarmed to 60 °C using a wa-
ter bath, to obtain a final lipid concentration of 1 mg/ml. After
rehydration (indicated by the removal of the thin film from the
wall of the flask), the flask was rotated for 3 min at 60 °C and
subsequently for 30 min at room temperature. Thereafter, the
reconstituted lipids were sonicated (Branson 3510, Branson
Ultrasonics, Danbury, CT, USA) for 15 min, transferred to a
20-ml scintillation glass vial, and sonicated for another 15min
to obtain a clear lipid dispersion. Aliquots (1.4 ml) aliquots of
the lipid dispersion were pipetted into 3-ml (measured vol-
ume) serum glass vials (item #223683, Wheaton, Millville,
NJ, USA) and sealed using 13-mm butyl rubber stoppers (part
#W224100-093, Wheaton) and 13-mm aluminum crimps
(part #224182-01, Wheaton). Similarly, aliquots of the buffer
solution (PBS:propylene glycol:glycerol = 16:3:1 v/v) were
stored in 3-ml serum vials, sealed using butyl rubber stoppers,
and crimped. The air in the headspace of each vial (containing
either the lipid dispersion or buffer solution only) was evacu-
ated using a vacuum pump (model number: 8803, Welch
Vacuum Technologies Inc., Mt. Prospect, IL, USA) for 30 s
to a pressure of 40 mmHg. The vials were stored at 4 °C and
used for experiments within 2 weeks of preparation.

Before use, each vial was taken from the refrigerator and
allowed to reach room temperature for 1 h. Xenon and OFP
gas were collected in gas-impermeable 0.5-l Tedlar® bags
(Zefon International, Ocala, FL, USA). The headspace of each
vial (1.6 ml) was filled with either Xe or a mixture of Xe and
OFP (9:1 v/v) using a 3-ml syringe equipped with a 30-G
needle. Subsequently, Xe-MB and Xe-OFP-MB were pre-
pared by activating the vial by high-shear mixing for 45 s with
a VIALMIXTM device (Lantheus Medical Imaging, North
Billerica, MA, USA). The microbubble vials were allowed
to cool for 15 min to room temperature before use.

Size Distribution Assessment

The size distributions of Xe-MB and Xe-OFP-MB were mea-
sured at 25 °C using a Coulter counter (Multisizer 4, Beckman
Coulter, Brea, CA, USA) equipped with a 30-μm aperture
[34]. Xe-MB and Xe-OFP-MB were diluted in PBS 830-
fold and 2300-fold, respectively, prior to measuring the size
distributions. The PBS was either a) Xe-saturated, b) air-satu-
rated, or c) undersaturated (dissolved oxygen = 87.5 ± 1.8%).
Xenon-saturated solution mimicked “in vial” conditions.
Undersaturated solutions mimicked total venous gas satura-
tion levels [35]. A dissolved oxygen (DO)meter (FirestingO2-
Pyroscience, PyroScience GmbH, Aachen, Germany) was
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used to measure the DO as a surrogate metric for total dis-
solved gas saturation [36].

For each measurement, 100 μl of the diluted sample was
analyzed using a 30-μm aperture. Three replicate measure-
ments were performed for each vial within 2 min of dilution,
and 3 independent vials were assessed. A volume-weighed
density histogram with 200 linearly spaced bins spaced be-
tween 0.6 and 18 μm was obtained and adjusted for the dilu-
tion in PBS. The total volume was computed by summing the
volume measured in all bins between 0.6 and 18 μm.

Broadband Acoustic Attenuation Measurements

The frequency-dependent acoustic attenuation coefficients of
Xe-MB, Xe-OFP-MB, and Definity® were measured using
through-transmission attenuation spectroscopy as described
previously [34, 37]. Xe-MB, Xe-OFP-MB, or Definity®
was diluted in a 37 ± 0.5 °C solution of 0.5% BSA in air-
saturated PBS (DO = 99.6 ± 0.5%). The lipid concentration
of Definity® is 0.75 mg/ml, whereas the lipid concentration
of Xe-MB and Xe-OFP-MB is 1 mg/ml. To attain equivalent
lipid concentration, the attenuation coefficient of Definity®
was measured at a dilution of 1:1500, and Xe-MB and Xe-
OFP-MB were diluted 1:2000 (v/v). The attenuation spectros-
copy system (Fig. 1) consisted of a reservoir, a rectangular
sample chamber that had acoustically transparent polycarbon-
ate film windows (CLINIcell® 25, Mabio, Tourcoing,
France), and 2 transducers mounted in an acrylic tank filled
with deionized water maintained at 37.0 ± 0.5 °C using a cir-
culating water bath (Neslab EX, Newington, NH, USA). A
diluted dispersion of Xe-MB, Xe-OFP-MB, or Definity® was
gravity-fed from the reservoir into the rectangular sample
chamber. Two broadband transducers (PI-20, Olympus NDT,
Waltham, MA, USA) were used to measure the attenuation
spectrum over the frequency range of 2 to 25 MHz,

immediately after the dilution of the agent. Three independent
vials were used (1 measurement per vial) for all attenuation
measurements. The same systemwas used along with 6-MHz/
220-kHz ultrasound insonation to assess ultrasound-triggered
release of gas payload from Xe-MB and Xe-OFP-MB (n = 3
vials, 1 measurement per vial), as described in the
“Quantification of Xe dose” section.

Effect of Dissolved Gas Content on Microbubble
Stability

The effect of the dissolved gas content on the stability of Xe-
MB and Xe-OFP-MB was assessed using attenuation spec-
troscopy at 37.0 ± 0.5 °C. Xe-MB and Xe-OFP-MB were di-
luted 1:2000 (v/v) in a 0.5% BSA solution with a DO main-
tained at 87.5 ± 1.8%, to mimic total gas saturation of venous
blood [35]. The frequency-dependent acoustic attenuation co-
efficient was measured for each sample as described in the
previous section.

Ultrasound Imaging

In vitro ultrasound imaging of a flow phantom comprised of
a latex tube (6-mm inner diameter) was performed using a
Verasonics scanner (Verasonics, Inc., Kirkland, WA, USA)
and an L7-4 linear array transducer (5.2-MHz center fre-
quency, Philips, Bothell, WA, USA). Baseline images of
the tube filled with only PBS were acquired. Subsequently,
Definity® was diluted 3000-fold and Xe-MB and Xe-OFP-
MB were diluted 4000-fold (to maintain equivalent lipid
concentrations) and infused into the flow phantom at a
flow rate of 5 ml/min. B-mode cine loops comprising 20
frames were recorded. The echogenicity of the perfused
regions was quantif ied using a custom script in
MATLAB® (The Mathworks, Natick, MA, USA).
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Fig. 1 Schematic of the
attenuation spectroscopy system
and the experimental setup used
for evaluating the ultrasound-
triggered release of Xe from Xe-
OFP-MB. Tx = transmitting
transducer; Rx = receiving
transducer
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In vivo imaging was performed in an inbred strain of male
C57 mouse (28 g weight). Xenon-loaded microbubbles were
injected retrograde in the internal jugular vein, and high-
frequency B-mode imaging was performed. The mouse was
given buprenorphine HCl subcutaneously as a pre-emptive
analgesic (0.1 mg/kg), anesthetized by inhalation of 2.5%
isoflurane, and surgically prepared. An incision was made
on the ventral part of the neck and on the dorsal side between
the scapulae. A pulled polyurethane catheter (MRE 040,
Braintree Scientific, Braintree, MA, USA) with an outer di-
ameter of 0.4 mm was placed in the right jugular vein and
anchored with ligatures. The catheter was tunneled out of
the back, flushed with 100 U heparin, and capped with a 21-
G stainless steel plug. The mouse was prepared for contrast-
enhanced echocardiographic imaging of Definity®, Xe-OFP-
MB, and Xe-MB. The chest hair of the mouse was removed
using a depilatory cream (Nair, Church and Dwight, Ewing,
NJ, USA) and placed on an imaging platform. The mouse was
maintained at 36 to 37 °C with the use of a heated platform
and lamp. B-mode imaging was performed using a Vevo 2100
imaging system (VisualSonics, Toronto, ON, Canada)
equipped with a MS250 probe (13-24 MHz bandwidth) oper-
ating at an 18-MHz center frequency. Acoustic parameters
were set to 10% output power and 25 dB gain. Definity®,
Xe-OFP-MB, and Xe-MB were infused into the mouse 1 by
1, and cine loops were recorded. For all agents, a 10-μl bolus
of the diluted agent was injected into the mouse using a blunt
22-gauge needle coupled to the indwelling catheter. Definity®
was diluted 1:10-fold in sterile, air-saturated saline (0.9%),
and Xe-OFP-MB and Xe-MB were diluted 1:13.33-fold in
xenon-saturated saline to obtain equivalent lipid concentra-
tion. The catheter was flushed between doses with approxi-
mately 15-μl saline. The pretrigger mode was used to destroy
residual microbubbles with high-amplitude ultrasound, and
atleast 10 min was allowed between infusion of different
agents to allow the circulating microbubbles to be cleared by
the reticuloendothelial system and lungs. The perfused region
was segmented, and the echogenicity was quantified using the
VevoCQ software (VisualSonics, Toronto, ON, Canada).

Quantification of Xe Dose

The quantification of Xe and OFP dose in the microbubbles was
performed using GC/MS [38]. The Xe-MB and Xe-OFP-MB
vials were shipped on ice overnight to the University of Texas
Health Science Center at Houston, and GC/MS was performed
on the second day after adding xenon or xenon and OFP gas to
the vials through the septum. Additionally, the shelf life of Xe-
MB and Xe-OFP-MB was assessed using GC/MS at 2 days,
7 days, 14 days, and 28 days after filling the vial headspace with
Xe (100%) or Xe and OFP (90%/10% v/v), respectively. At least
3 vials were used for the measurement on each day (1 measure-
ment per vial). The GC/MS system consists of a mass

spectrometer (HP 5973A, Agilent Technologies, Santa Clara,
CA, USA) interfaced with a gas chromatograph (HP 6890,
Agilent Technologies), a G1512 controller, GC injector (Tower
and Tray, Agilent Technologies), and a rough pump (E2M2,
Edwards, Burgess Hill, West Sussex, UK). This instrument
was controlled using software (G1701 DA, Agilent
Technologies) installed on a dedicated computer. Gases were
separated using an Agilent CP-Molsieve 5A column (25-m
length, 0.32-mm inner diameter, 30-μm film thickness) that
was interfaced with the mass spectrometer through identical par-
ticle traps (CP7536PT, Agilent J&W, Wilmington, DE, USA).

Xenon and OFP gases were removed from compressed gas
cylinders with a syringe and transferred to 2-ml glass sampling
vials (filled with air), sealed with Teflon-lined screw-top caps.
Percent standards (v/v) were produced by mixing either Xe or
Xe (90%) and OFP (10%) mixture with air to attain concentra-
tions of 1.25 to 10%. Aliquots of 5 μl were injected manually
into the GC system from the 2-ml sampling vials using an
airtight syringe (SGE Syringe, 10R-GT-LC, RESTEK,
Australia). Three independent vials were used for performing
the standard measurements (1 measurement per vial). The mo-
lecular sieve column eluted Xe between 7.5 and 9min and OFP
between 1.1 and 1.6 min (Fig. 2). The peak for Xe and OFP
occurred at 7.64 and 1.19 min, respectively. The area under the
peak corresponding to either Xe or OFP was determined in
auto-integration mode. Linear regression was performed to ob-
tain a calibration curve relating the volume of Xe in the sample
headspace with measured peak areas (Fig. 3). A calibration
curve for OFP measurements (not shown) was also created
using the same procedure. The calibration curves of Xe diluted
in air and xenon and OFP diluted in air were represented by the
equations: y = 1.5 × 109x + 7.1 × 106 and y = 1.3 × 109x − 2.1 ×
106, respectively, where x represents the Xe dose in microliters
and y represents the area under the curve. Similarly, the calibra-
tion curve for OFP diluted in air was represented by the equa-
tion: y = 6.0 × 108x − 4.3 × 105.

Fig. 2 A representative GC/MS chromatogram showing separation of Xe
and OFP by the molecular sieve
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To determine the Xe dose in Xe-MB and Xe-OFP-MB, the
microbubbles were redispersed by inverting the vial gently.
Thereafter, 500 μl of the dispersion was aliquoted to a fresh
2-ml glass vial (66020-950, VWR, Radnor, PA, USA). The
vial was sonicated for 5 min to release Xe from microbubbles
and to accelerate the equilibration of Xe into the headspace by
convectivefluid mixing. Using a 10-μl gastight syringe (SGE
Syringe, 10R-GT-LC, RESTEK, Australia), 5-μl gas was
drawn from the headspace and injected manually into the
GC/MS system. Four vials were used for measurements with
both Xe-MB and Xe-OFP-MB. The volume of Xe dissolved
in Xe-saturated and Xe-OFP-saturated solution (16:3:1 v/v
PBS:propylene glycol:glycerol) was measured using the same
protocol. Three vials of Xe-saturated and Xe-OFP-saturated
solution were tested.

The volume of Xe in the headspace was calculated
using the calibration curve and reported in terms of mi-
croliters of Xe per milligram of lipid. Note that the con-
centration of lipid in Xe-MB and Xe-OFP-MB was
1 mg/ml. The volume of Xe was also determined exper-
imentally by sampling the vial headspace sequentially
between 0 and 18 h (without sonication) to assess the
time taken for xenon gas to diffuse through the solution
and equilibrate with the headspace. The total Xe dose in
Xe-MB and Xe-OFP-MB was also computed by sum-
ming the expected volume of Xe dissolved in solution
(16:3:1 v/v PBS:propylene glycol:glycerol) and lipid [39]
(based on published solubility coefficients), with the vol-
umes measured using the Coulter counter. The presence
of dissolved salts and glycerol is expected to reduce the
solubility of Xe in solution by 9.3% [40] and 5.7% [41]
relative to water, respectively. At the concentrations used
in this study, propylene glycol is not expected to affect

the solubility of Xe relative to the aqueous solution [42].
Based on the partition coefficient of Xe in aqueous so-
lutions 0.089 [43], headspace analysis is expected to un-
derestimate the measured dose of Xe by 8.2%.

Ultrasound-Triggered Gas Payload Release

As a step toward in vivo experiments, the feasibility of
ultrasound-triggered payload release was assessed using ultra-
sound parameters relevant for vascular and transcranial appli-
cations (6-MHz and 220-kHz frequencies, respectively). The
Xe-MB or Xe-OFP-MB were diluted (1:2000 v/v) in 0.5%
BSA solution in a flow system maintained at 37.0 ± 0.5 °C
(Fig. 1). A decrease in the attenuation coefficient upon ultra-
sound exposure served as an indicator of gas release from Xe-
MB and Xe-OFP-MB. Three vials of either Xe-MB and Xe-
OFP-MBwere used for each group (no ultrasound, ultrasound
at mechanical index (MI) = 0.03, and ultrasound at MI = 0.8).

To evaluate microbubble destruction using ultrasound, a
clinical scanner (HDI 5000, Philips, Bothell, WA, USA)
equipped with an L12-5 linear array probe was used. The
diluted Xe-MB and Xe-OFP-MB were perfused into a 1-
mm inner diameter ethyl vinyl acetate tube (McMaster-
Carr, Aurora, OH, USA) using a syringe pump (Pump 11
Elite Infusion/Withdrawal Programmable Single Syringe,
Harvard Apparatus, Holliston, MA, USA) in withdrawal
mode. The tube diameter and flow rate (5 ml/min) mimicked
the time-averaged volumetric flow in a rat carotid artery [44,
45]. The transducer was placed at a distance of 1 cm from
the tube. The tube was insonified using either duplex
Doppler ultrasound at 6-MHz frequency and MI of 0.8 or
B-mode (MI = 0.03). These experiments were performed
within 20 s of agent dilution. Note that 6-MHz frequency
is used typically for carotid imaging applications.

Ultrasound-triggered gas release was also evaluated at
220 kHz using a single-element piezocomposite transducer
(38-mm aperture), as a step toward Xe delivery for treating
intracerebral hemorrhage. Of note, using 220-kHz frequen-
cy allows adequate penetration of acoustic energy through
the skull [46]. Xe-MB or Xe-OFP-MB were diluted in 2-ml
PBS and transferred to the CLINIcell®, forming a fluid
column (3.8 cm width × 0.75 cm height × 0.5 cm depth)
which only par t ia l ly f i l led the CLINIcel l®. The
CLINIcell® was placed 5 cm from the transducer and ex-
posed to either ultrasound (15-cycle pulses at 0.44 MPa
peak-to-peak pressure, 5-kHz pulse repetition frequency,
MI = 0.47) or sham (no ultrasound) for 10 s, following
which the attenuation was measured. This static condition
was chosen to model an occluded middle cerebral artery
[47, 48]. These measurements were performed within 20 s
of agent dilution in PBS, which is comparable to the murine
blood recirculation time [49].
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Statistical Analysis

The data are reported as the mean ± 1 standard deviation
(S.D.). The Mann–Whitney nonparametric test was used to
determine whether the differences in particle volume and pay-
load of Xe in Xe-MB or Xe-OFP-MB were statistically sig-
nificant. Statistical analysis was performed using GraphPad
Prism 7 (GraphPad Software Inc., La Jolla, CA, USA). A p
value of less than 0.05 was considered statistically significant.

Results

Size Analysis of Xe-MB and Xe-OFP-MB

The number- and volume-weighted size distributions of Xe-
MB and Xe-OFP-MB are shown in Fig. 4a, b. The “in vial”
number concentration of Xe-MB andXe-OFP-MBwas (3.6 ±
1.3) × 109 and (5.9 ± 0.3) × 109 microbubbles/ml, respective-
ly. Also, over 94.2% of Xe-MB and over 99.7% of Xe-OFP-
MB were smaller than 10 μm. For comparison, 99.9% of
Definity® particles were smaller than 10 μm ([37]). The total
volume of Xe-MB was the highest when measured in Xe-
saturated PBS (34.5 ± 4.4 μl/ml) and decreased for air-
saturated (19.9 ± 12.2 μl/ml) and undersaturated PBS (1.3 ±
0.2 μl/ml) (p < 0.01). The total volume of Xe-OFP-MB was
not different when measured in Xe-saturated, air-saturated,
and undersaturated PBS (p > 0.05). Measurements in Xe-
saturated water revealed that the total volume of gas payload
encapsulated in Xe-OFP-MB (83.7 ± 10.1 μl/ml) was 2.4-fold
higher than that in Xe-MB (p < 0.01). Table 1 lists the total
dose of xenon in Xe-MB and Xe-OFP-MB solutions obtained
by summing the gas payload measured with the Coulter coun-
ter and adding the amount calculated in the lipid shells and in
the Xe-saturated or Xe-OFP-saturated solutions [39–41] using
Raoult’s law [50]. For this total Xe dose calculation, the Xe-
MB or Xe-OFB-MB volume measured in the presence of Xe-
saturated or Xe-OFP-saturated solution was considered

instead of air-saturated or undersaturated solution to mimic
the conditions during GC/MS measurements.

Attenuation Coefficient of Xe-MB, Xe-OFP-MB,
and Definity® (2-25 MHz)

The attenuation coefficient of Xe-MB, Xe-OFP-MB, and
Definity® measured in 0.5% BSA solution (100 ± 1% DO)
immediately after dilution is shown in Fig. 5. The dashed
and dotted vertical lines denote 5.2 and 18 MHz, the frequen-
cies used for subsequent B-mode imaging experiments. The
attenuation coefficient for Xe-OFP-MB was up to 50 dB
higher than Xe-MB. Xe-MB showed an attenuation coeffi-
cient 9.2 dB/cm at 5.2 MHz, but almost no attenuation at
18 MHz. Xe-OFP-MB demonstrated similar attenuation to
Definity® (29 dB) at 5.2 MHz, whereas its attenuation was
8 dB lower than Definity® at 18 MHz.

The attenuation coefficient of Xe-MB and Xe-OFP-MB in
undersaturated BSA solution (DO = 87.5 ± 1.8%) is illustrated
in Fig. 6. The attenuation coefficient of Xe-MB approached 0,
indicating a complete release of the gas payload in undersat-
urated BSA solution. However, the Xe-OFP-MB demonstrat-
ed an attenuation coefficient of up to 75 dB/cm in undersatu-
rated BSA solution.

Ultrasound Imaging

Figure 7a–d shows B-mode images of a latex tube (6-mm
diameter) (a) before administration of contrast agent, after
infusion of (b) Xe-MB, (c) Xe-OFP-MB, and (d) Definity®.
Figure 7e–h shows high-frequency B-mode images of the
mouse left ventricle (e) before administration of contrast agent
(baseline) and after administration of (f) Xe-MB, (g) Xe-OFP-
MB, and (h) Definity®. At 5.2 MHz (in vitro imaging), Xe-
MB, Xe-OFP-MB, and Definity® produced a 24-, 29-, and
33-dB enhancement relative to baseline, respectively. At
18 MHz (in vivo imaging) Xe-OFP-MB and Definity® pro-
duced a 13- and 27-dB enhancement in echogenicity relative
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to the baseline, respectively. However, no enhancement (0 dB)
was observed for Xe-MB. The duration of contrast enhance-
ment was nearly 90 s for Definity and 30 s for Xe-OFP-MB.
No noticeable change was observed in breathing and heart rate
after injecting the agents in the mouse, suggesting that the
dose was well tolerated.

Xenon Quantification Using GC/MS

Table 2 shows the Xe dose per milliliter of solution in Xe-MB,
Xe-OFP-MB and Xe-saturated solution, and Xe-OFP-
saturated solution. For comparison, the Xe dose in Xe-
saturated and Xe-OFP-saturated solutions (without
microbubbles) is also listed. Xe-MB and Xe-OFP-MB carried
a higher dose than Xe-saturated or Xe-OFP-saturated solu-
tions (p < 0.01). Note that 1 ml of Xe-MB or Xe-OFP-MB
solution contains 1 mg of lipid. Therefore, the Xe dose per
milliliter of solution is equivalent to the Xe dose per milligram
of lipid. The Xe dose in Xe-OFP-MB was significantly (p =
0.014) higher by 28.7 ± 28.8% than in Xe-MB. The measured
Xe dose in Xe-saturated and Xe-OFP-saturated solution were
not different (p > 0.05). It took over 4 h for Xe in the solution
to equilibrate with the headspace (data not shown). The

measured percentage of Xe and OFP in Xe-OFP-MB
corresponded to 89.1 ± 28.1% and 15.5 ± 7.5% of the total
gas volume, which is consistent with the percentage of Xe
and OFP loaded in the headspace before high-shear mixing
(90% and 10%, respectively).

The results of shelf-life assessment up to 28 days are shown
in Fig. 8. These results show nearly a 30% decrease in the
measured Xe gas payload over 1 week for Xe-MB and no
change for Xe-OFP-MB. Beyond 7 days, the Xe dose in Xe-
MB and Xe-OFP-MB continued to decrease progressively
until 28 days. Specifically, at days 7, 14, and 28, Xe-MB lost
29.1%, 51.8%, and 68.1% of the Xe dose relative to measure-
ments on day 2. However, the corresponding decrease in Xe
dose of Xe-OFP-MBwas only 0.6%, 18.2%, and 47.8% at the
same time points.

Ultrasound-Triggered Gas Payload Release

The attenuation coefficients of Xe-MB and Xe-OFP-MB mea-
sured with and without exposure to 6-MHz duplex Doppler or
B-mode ultrasound are illustrated in panels a and b in Fig. 9,
respectively. The attenuation coefficients measured without ul-
trasound exposure and with B-mode ultrasound (MI = 0.03)
exposure were similar. Both Xe-MB and Xe-OFP-MB
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Fig. 5 The frequency-dependent acoustic attenuation coefficient of Xe-
MB, Xe-OFP-MB, and Definity® measured in BSA solution (dissolved
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Fig. 6 The frequency-dependent attenuation coefficient of Xe-MB and
Xe-OFP-MB in undersaturated BSA solution (DO = 87.5 ± 1.8%)

Table 1 Xenon concentration
estimated using Coulter counter
measurements and solubility
coefficients of Xe in lipid [39] and
aqueous solution [40]

Agent [Xe] (μl/ml of solution, mean ± S.D.)*

Coulter counter
measurement

Calculated
aqueous

Calculated
lipid

Total

Xe-MB 34.5 ± 4.4 75.5 1.9 110.4 ± 4.4 (n = 3)

Xe-OFP-MB 83.7 ± 10.1 66.7 1.7 151.4 ± 10.1 (n = 3)

*The Xe dose per milliliter of solution is equivalent to the Xe dose per milligram of lipid
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remained attenuative when insonified with B-mode pulses.
However, a marked decrease in the attenuation coefficient
was observed after insonification with spectral duplex
Doppler (MI = 0.8). The attenuation coefficients of Xe-MB
andXe-OFP-MBwith andwithout exposure to 220-kHz pulsed
ultrasound are shown in panels a and b in Fig. 10, respectively.
Almost complete loss of attenuation was observed after expo-
sure to 220-kHz pulsed ultrasound (MI = 0.47).

Discussion

The findings of this study demonstrate that a) Xe can be load-
ed in lipid-shelled microbubbles that are stabilized against
dissolution by co-encapsulation of OFP, b) co-encapsulation
of OFP enhanced the Xe payload and contrast produced by
lipid-shelled microbubbles, and c) ultrasound can be used to
release the Xe payload from microbubbles, using parameters
suitable for carotid and transcranial insonation. The
microbubbles used in the present study were prepared using
DSPC and 18:0 PEG2000 PE. These lipids have long acyl

chains that improve the stability of microbubbles [51].
Specifically, DSPC lowers the surface tension [52] and resists
surface shear [53] and gas diffusion [54]. PEG2000 PE serves
as an emulsifier and forms hydrated PEG brushes that prevent
microbubble coalescence [55].

The measured volume of Xe-MB in Xe-saturated PBS was
higher than air-saturated and undersaturated PBS because of a
reduction in the diffusion gradient, which could enhance the
propensity of Xe to remain encapsulated in the microbubbles.
The higher stability of Xe-MB in an air-saturated solution
relative to the undersaturated solution is consistent with a
previously reported study with SonoVue®, a lipid-shelled ul-
trasound contrast agent filled with sulfur hexafluoride.
Specifically, SonoVue® microbubbles dispersed in 100%
air-saturated water persisted 6-fold longer than in 80% satu-
rated water [36]. The size distribution studies suggest that
diluting the agent in Xe-saturated PBS stabilizes the Xe pay-
load. Undiluted microbubbles are dispersed in Xe-saturated
solution, which will keep the payload stable. Thus, the agent

Fig. 7 (a–d) B-mode images of a latex tube (6-mm diameter) (a) before
administration of contrast agent, after infusion of (b) Xe-MB, (c) Xe-
OFP-MB, and (d) Definity®. (e–h) Parasternal long axis view of the
left ventricle of a mouse: (e) baseline image without contrast agent, (f)

with Xe-MB, (g) with Xe-OFP-MB, and (h) with Definity®. The regions
of interest for determining echogenicity are indicated by dotted green
lines
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Fig. 8 The dose of Xe in Xe-MB and Xe-OFP-MB measured up to
28 days

Table 2 Xenon concentration measured using gas chromatography/
mass spectrometry. Seven vials were tested for Xe-MB, 8 vials for Xe-
OFP-MB, and 3 vials each for Xe-saturated and Xe-OFP-saturated
solution, respectively

Agent [Xe] (μl/ml of solution, mean ± S.D.)*

Xe-MB 113.1 ± 13.5

Xe-OFP-MB 145.6 ± 25.5

Xe-saturated solution 34.1 ± 2.7 (with sonication)
57.6 ± 4.2 (8 h equilibrium)

Xe-OFP-saturated solution 39.1 ± 2.1 (with sonication)
51.0 ± 3.3 (8 h equilibrium)

*The Xe dose per milliliter of solution is equivalent to the Xe dose per
milligram of lipid
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could be administered in vivo as an undiluted bolus, or after
dilution in Xe-saturated saline. Additionally, the volume-
weighted size distributions demonstrated an increase in the
volume of microbubbles when OFP was combined with Xe.
Xenon has a higher aqueous solubility than OFP (Ostwald
solubility constants at 37 °C are 8.9 × 10−2 and 5.2 × 10−4,
respectively [43, 56]. The osmotic action of OFP due to its
high vapor pressure and low aqueous solubility [32] could
have contributed to the stability of Xe-OFP-MB. In addition,
perfluorocarbon gases may reduce the surface tension by in-
tercalating in the lipid monolayer [31, 57]. The presence of
OFP during high-shear mixing can promote the formation of
stable microbubbles by allowing unshelled bubbles to persist
long enough for a lipid monolayer to form on the surface [24].
Further, the increased volume density of Xe-OFP-MB (Fig. 4)
is consistent with the observation that Xe-OFP-MB had a

higher attenuation coefficient (Fig. 5) and xenon payload
(Tables 1 and 2) than Xe-MB.

Xe-OFP-MB were stable in an undersaturated solution
(DO = 87.5 ± 1.8%) that caused complete loss of microbubble
volume and attenuation in Xe-MB (Figs. 4 and 6). This obser-
vation is likely because of the stabilizing effect of OFP [31,
32]. Similar trends were observed previously in studies that
focused on oxygen delivery using lipid-shelled microbubbles
[24, 30]. Specifically, co-encapsulation of 5 to 20% perfluo-
rocarbon gas improved stability markedly relative to
microbubbles loaded only with oxygen [24, 30].

In vitro imaging (Fig. 7a–d) showed a 24-dB enhancement
in echogenicity relative to baseline images for Xe-MB. Xe-
OFP-MB and Definity® showed higher enhancement (29 and
33 dB) over the baseline images. The enhancements produced
by Definity® and Xe-OFP-MB were similar, consistent with
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the trend observed from attenuation spectroscopy measure-
ments at 5.2 MHz (Fig. 5). In vivo imaging (Fig. 7e–h) of
Xe-MB, Xe-OFP-MB, and Definity® showed that the con-
trast produced by Xe-OFP-MB in response to insonation at
18 MHz was higher than Xe-MB and lower than Definity®.
At 18 MHz, Xe-MB had no discernible enhancement, which
could be due to the low acoustic responsiveness of this agent
at high frequencies, consistent with attenuation spectroscopy
measurements (Fig. 5).

The Xe dose in Xe-OFP-MB was higher than Xe-MB. The
variability in Xe dose measurements was likely caused by
steps such as gas injection into the vial headspace, bubble
handling (transfer of sample into a new vial), and loss of gas
during injection of small volumes into the GC/MS system.
Xe-OFP-MB were more stable than Xe-MB, particularly in
an undersaturated solution that mimicked venous gas satura-
tion. The GC/MS studies were performed using undiluted dis-
persions of Xe-MB and Xe-OFP-MB to achieve adequate sig-
nal to noise ratio. Therefore, the fluid containing the
microbubbles was saturated with Xe, whereas the fluids used
to dilute the microbubble suspensions for attenuation spec-
troscopy were not Xe-saturated. The total dose of Xe obtained
by summing the volume from Coulter counter measurements
with published solubility values for Xe in aqueous solution
and lipid (Table 1) was in general agreement with GC/MS
measurements (Table 2). The GC/MS measurement underes-
timation may have been due to loss of gas during sample
transfer and injection. These observations are consistent with
a previous study [38], which reported that GC/MS measure-
ments of Xe-saturated water were able to measure only 64%
of the total Xe dose (volume of gas released into the headspace
plus that retained in the Xe-saturated solution).

Microbubbles and echogenic liposomes differ in their Xe
release profile and loading capacity. Xe-ELIP have been re-
ported to have a biphasic Xe release profile [17, 19].
Specifically, the Xe payload in gaseous form is released rap-
idly upon sonication, followed by slow release of lipid dis-
solved in the lipid bilayer [17]. Xe-ELIP have also been
shown to adhere to damaged endothelium, which could im-
prove targeting of Xe to ischemic areas [17]. The total Xe dose
in Xe-OFP-MB per milliliter of solution was 1.7-fold lower
than in Xe-ELIP [17, 38]. The lipid concentration per milliliter
of solution in Xe-OFP-MB and Xe-ELIP was 1 and 10mg/ml,
after formation (MB) or reconstitution (ELIP), respectively.
Because the amount of lipid in Xe-OFP-MBwas 10-fold low-
er than in Xe-ELIP, the total Xe dose in Xe-OFP-MB per
milligram of lipid was subsequently 6-fold higher.
Therefore, the suitability of Xe-ELIP or Xe-OFP-MB for
in vivo applications might depend upon the desired total
amount of lipid injected. Note that the efficacy of Xe-ELIP
has been demonstrated extensively in vivo [17–19, 22]. Future
preclinical studies are needed to compare the therapeutic effi-
cacy of Xe-loaded microbubbles relative to Xe-ELIP.

Shelf-life studies of Xe-MB and Xe-OFP-MB (Fig. 8)
showed a substantial decrease in dose within 28 days of
adding Xe or Xe/OFP gas, although the decrease in dose over
time was lower for Xe-OFP-MB than Xe-MB. This decrease
in dose can be attributed in part due to the leakage of Xe
through the septum. The present protocol for loading gas into
the vial involves piercing the butyl rubber septum twice—for
evacuating the air, and for adding Xe gas, which could ad-
versely affect gas retention in the vial over time. We expect
that the shelf life can be improved further by using industry
standard methods of gas loading into the vial.

Attenuation measurements performed after exposure to du-
plex Doppler ultrasound (Fig. 9) and 220-kHz pulsed ultra-
sound (Fig. 10) demonstrated a loss of attenuation due to the
destruction of the microbubbles. Therefore, sonication could
be used to release the Xe gas payload into the surrounding
fluid for diffusion into tissues where it could impart neuropro-
tective effects. Of note, Xe-OFP-MB were stable when
insonified with B-mode at a low acoustic output (MI = 0.03).
Therefore, this Xe-loaded agent could potentially be used for
site-specific delivery of Xe under ultrasound image guidance.

In this study, the measurement of Xe dose was performed
under idealized (“in vial”) conditions. Furthermore,
ultrasound-triggered release was based on attenuation mea-
surements, which served as a surrogate for Xe payload release.
Due to the limitations of the GC/MS measurement technique,
it could not be confirmed whether the payload released in
response to 6-MHz or 220-kHz pulsed ultrasound contained
xenon. However, the short time elapsed between agent dilu-
tion and payload release with ultrasound (~20 s) suggests that
only a small fraction of the Xe dose would be passively re-
leased before ultrasound exposure. This assertion is supported
by previous literature on oxygen [24, 30] and nitric oxide [58]
delivery with similar lipid-shelled microbubbles.

The time taken for the agent to reach the target in vivo will
depend on the administration strategy. For the therapy to be
successful, majority of the xenon payload should be retained
in the microbubbles until ultrasound-triggered release at the
target location. In the context of stroke treatment, both intra-
venous and intra-arterial approaches are clinically relevant
[59]. Specifically, apart from intravenous delivery, intra-
arterial administration of thrombolytic is already in clinical
use [60]. In intra-arterial delivery, the microbubbles will reach
the target region within a few seconds and the payload can be
released rapidly by ultrasound. Either a bolus or a diluted
bolus in Xe-saturated saline could be employed for intra-
arterial approaches. Thus, loss of Xe payload by passive dif-
fusion is not expected to be a challenge for intra-arterial ap-
plications. For intravenous applications, the time between
in vivo administration and reaching the target location is
governed by the blood recirculation time, which is only 15 s
in murine models [49] and nearly 1 min in humans [61]. Our
group has already reported the therapeutic efficacy of Xe-
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ELIP in murine models using both intravenous and intra-
arterial administration of the agent [17–19, 22]. Moreover,
previous studies have shown that co-encapsulation of a per-
fluorocarbon gas also imparts temporal stability to the bioac-
tive gas through osmotic [32] and co-surfactant effects [31,
57]. Specifically, in vitro studies on oxygen delivery suggest
that co-encapsulation of oxygen gas can extend the temporal
payload stability [24, 30]. Therefore, we anticipate that Xe-
loaded microbubbles will have a therapeutic effect when ad-
ministered intravenously. Also, the higher dose of Xe-MB and
Xe-OFP-MB relative to Xe-saturated and Xe-OFP-saturated
solution (Table 2) suggests that these agents will enhance
therapeutic efficacy over administration of Xe-saturated sa-
line. However, future large animal and human studies (in
which the recirculation time is longer) will be necessary to
assess whether intravenous administration of Xe-OFP-
loaded microbubbles provides neuroprotection during ische-
mia. Recent reports with microbubbles stabilized with surfac-
tants [28, 62], dextran [63], polymer [64], or chitosan shells
[65] show promise for reducing gas diffusion across the shell,
even without co-encapsulating perfluorocarbon gases. In the
future, the performance and biocompatibility of such agents
should be compared against lipid-shelled microbubbles for Xe
delivery.

This study had a few notable limitations. The passive re-
lease profile of Xe from Xe-OFP-MB could not be assessed in
this study because of the limited time resolution of GC/MS
measurements. Future studies will assess Xe payload stability
using alternate techniques within the first 4 min, consistent
with the reported in vivo half-life of a similar lipid-shelled
ultrasound contrast agent [66]. The size distributions reported
in this study were measured at room temperature. Although
the acoustic response of microbubbles varies with temperature
[34, 67], the size distribution of lipid-shelled contrast agents
has been shown to not vary substantially at room and physio-
logical temperatures [37]. Future in vivo studies will be nec-
essary to assess the therapeutic efficacy of Xe delivery using
the agents reported in this study.

Conclusions

The findings of this study demonstrate that Xe can be loaded
within lipid-shelled microbubbles for ultrasound-triggered re-
lease. Co-encapsulation of octafluoropropane gas enhanced
the Xe dose, volume, and stability of Xe-OFP-MB. Xe-MB
and Xe-OFP-MB encapsulated 113.8 ± 16.1 and 145.6 ±
25.5 μl of Xe per mg of lipid, respectively. The feasibility of
gas payload release was demonstrated with 6-MHz duplex
Doppler and 220-kHz pulsed ultrasound. These results sug-
gest that lipid-shelled microbubbles could serve as ultrasound-
triggered xenon delivery agents for applications such as neu-
roprotection in stroke.
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