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Abstract

Activatable microbubble contrast agents for contrast-enhanced ultrasound have a potential role
for measuring physiologic and pathologic states in deep tissues, including tumor acidosis. In this
study, we describe a novel observation of increased harmonic oscillation of phosphatidylcholine
microbubbles (PC-MBs) in response to lower ambient pH using a clinical ultrasound scanner. MB
echogenicity and nonlinear echoes were monitored at neutral and acidic pH using B-mode and
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Cadence contrast pulse sequencing (CPS), a harmonic imaging technique at 7.0 and 1.5 MHz. A
3-fold increase in harmonic signal intensity was observed when the pH of PC-MB suspensions
was decreased from 7.4 to 5.5 to mimic normal and pathophysiological levels that can be
encountered /n vivo. This pH-mediated activation is tunable based on the chemical structure and
length of phospholipids composing the MB shell. It is also reliant on the presence of phosphate
groups, as the use of lipids without phosphate instead of phospholipids completely abrogated this
phenomenon. The increased harmonic signal likely is the result of increased MB oscillation caused
by a decrease of the interfacial tension induced at a lower pH, altering the lipid conformation.
While relative signal changes are interpreted clinically as mostly related to blood flow, pH effects
could be significant contributors, particularly when imaging tumors. While our observation can be
used clinically, it requires further research to isolate the effect of pH from other variables. These
findings could pave the way toward for the development of new smart ultrasound contrast agents
that expand the clinical utility of contrast-enhanced ultrasound.
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The advent of harmonic imaging of microbubbles (MBs) has revolutionized the field

of contrast-enhanced ultrasound (CEUS).1 When tissues are exposed to ultrasound, they
produce echoes at the same frequency as the frequency emitted by the ultrasound probe.
Since MBs exposed to ultrasound oscillate nonlinearly, they produce echoes containing
both the transmit frequency and its harmonics. By filtering the transmit frequency from the
received echoes, images will show only MBs with markedly improved contrast resolution.2
As MBs are restricted to the intravascular space, tissue enhancement can be used to estimate
relative tissue blood flow and fractional blood volume.3 Owing to these features, MBs are
routinely used in clinical practice to characterize time-dependent enhancement patterns to
recognize tumors from normal tissue, usually liver and kidney.# Current MBs consist of a
water-insoluble and inert perfluorocarbon gas core stabilized by a shell typically composed
of lipids such as phosphatidylcholines (PCs).% The combination of the perfluorocarbon
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vapor core and stabilizing shell allows MBs to be stable in the vascular space for several
minutes despite the slow changes in ambient pressure that occur as they traverse through

the circulation, as well as microsecond changes that occur between the compression and
rarefaction phases of an ultrasound wave produced by clinical scanners. The type of lipid
used allows the shell to buckle during compression or rupture during expansion, which
increases the generation of harmonics.”-8 Comparisons between theoretical simulations

and experimental MB dynamic responses corroborate the observation that both MB shell
composition and microstructure directly impact MB rheological properties, which are the
main drivers of MB dynamic response, including oscillation amplitudes and resonant radii
at harmonic and subharmonic resonances. Increasing shell stiffness and viscosity dampens
MB oscillation amplitude, while a reduction in interfacial tension at the PFC—water interface
that decreases shell viscosity and stiffness increases MB oscillation amplitude.8-12 Because
cross-linking shell lipids decreases or eliminates MB nonlinear response to ultrasound, most
likely by restricting MB oscillation, utilizing cross-linkers that are cleavable by chemical,
enzymatic, or other stimuli generates harmonics allowing detection of these bioresponsive
MBs.13-15 The successful demonstration of these approaches has paved the way to providing
biomarker-responsive ultrasound contrast agents.

In addition to cross-linking, the acoustic response of phospholipid coated MBs can also

be modulated by altering shell composition, which affects the acoustic lipid dissolution

rate caused by shell lipid shedding and fragmentation. The acoustic response can also be
affected by increasing the number of carbons in the phospholipids’ acyl chain to increase the
attractive intermolecular dispersion force enhancing shell cohesion and greater resistance to
ultrasound destruction occurring at both low and high pressure.16

In this study, we describe a novel observation that phosphatidylcholine-based MBs (PC-
MBs) without cross-linking exhibit pH-dependent harmonic signal (oscillation) changes
(Figure 1). Lowering the pH from 7.4 to 5.5 causes a steep increase in the harmonic signal.
We also show that this observation is reversible and dependent on the chemical structure of
the phospholipids used.

Tissue enhancement on real-time CEUS studies utilizing PC-MB:s is directly proportional
to MB concentration, and image contrast is caused by relative differences in blood flow
and fractional blood volume. With this report, we show that pH also affects image contrast
and could therefore potentially be affected by ambient pH during CEUS studies. Though
blood pH is tightly controlled in vivo, acidosis is a hallmark of many pathologic states

such as ischemia and malignancy due to increased local H* concentration and elevated
serum lactate.1”18 For instance, extracellular pH of solid tumors can fall within a range of
6.7-7.1,1% which is within the range of activation of PC-MBs (Figure 2). As a result, the
pH-dependent harmonic signal enhancement from PC-MBs could potentially be exploited to
detect the acidic environment of solid tumors—a feature that is associated with increased
local aggressiveness, metastatic potential, and chemoresistance.29 Importantly, this strategy
could be readily deployed in the clinic since the FDA approved formulations Lumason and
Definity are both PC-MBs.
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Methods of mapping tumor pH have been proposed for MRI, PET, photoacoustic, and
optical imaging, though none are in routine clinical use.2122 Should the effect of pH

on PC-MBs be uniquely quantified, ultrasound would hold several advantages over other
modalities, including the ability to perform high-resolution real-time imaging of both
superficial and deep tissues as well as low cost and widespread clinical availability.

Because CEUS is also routinely used for image guided biopsies, sampling acidotic regions
would maximize the yield for pathologic analysis. While future work is needed to fully
understand the mechanisms behind this observation, our study may serve as the basis for
the development of MBs with greater sensitivity to pH and potentially other physiologic and
pathologic stimuli.

EXPERIMENTAL SECTION

14:0 PC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), 16:0 PC (1,2-dipalmitoyl-sr-
glycero-3-phosphocholine), 18:0 PC (1,2-distearoyl-sn-glycero-3-phosphocholine), 20:0
PC (1,2-diarachidoyl-sn-glycero-3-phosphocholine), and 18:0 TAP (1,2-distearoyl-3-
trimethylammoniumpropane chloride) were purchased from Avanti Polar Lipids

(AL, USA). 18:0 PE-PEG2k (N-(methylpolyoxyethylene oxycarbonyl)-1,2-distearoyl-
sn-glycero-3-phosphoethanolamine) was purchased from NOF America (NY, USA).
Perfluorobutane (PFB) was purchased from FluoroMed (TX, USA). Lumason is distributed
by Bracco Diagnostics (NJ, USA) and was collected from the ultrasound clinic shortly after
reconstitution. Phosphate-buffered saline, hydrochloric acid, sodium hydroxide, glycerol,
propylene glycol, and other chemicals were purchased from ThermoFisher Scientific (MA,
USA).

Preparation of PC-MBs.

PC-MBs were prepared as previously described.23 Briefly, lipid films were prepared by
dissolving the desired ratios of lipids in chloroform in glass vials, followed by the

removal of chloroform by rotary evaporation (40 °C) to yield thin lipid films. Films

were subsequently dried overnight under a vacuum and stored at =20 °C until further

use. Lipid films were solvated in a solution of PBS 1X containing propylene glycol and
glycerol (80:10:10, v/v/v, 10 mL, final lipid concentration 2 zM) and heated to 70 °C in

a bath sonicator (CPX2800H Digital Heated Ultrasonic Cleaner, Branson). Solvated films
were then tip sonicated (SFX 550, Model 102-C converter, Branson) with a 1/8 in. tip

for 5 s at 70% amplitude (385 W) under a headspace of PFB vapor. MBs were then
washed by low-speed centrifugation (300g, 3 min) and the infranatant discarded. Washes
were repeated 2 times with PBS. The resulting MB suspensions were stored at 4 °C and
used within 1 week. MB size distribution and concentration were evaluated before each
imaging experiment using a Coulter counter (Multisizer 4, Beckman). Lumason MBs were
reconstituted according to package instructions, kept at room temperature, and used within
24 h of reconstitution.

In Vitro Ultrasound Imaging of MBs.

All experiments used 3 mL of PBS prewarmed to 37 °C in a flexible polyethylene transfer
pipet bulb containing 1 x 104 MBs/mL. The bulb was placed in a tissue-mimicking phantom
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composed of 1% agarose (w/v) and 0.5% cornstarch (w/v) in a 37 °C water bath.24 Imaging
was performed using a clinical ultrasound scanner (Siemens ACUSON Sequoia 512) using
either a 151 8 transducer operated at a central transmit frequency of 7.0 MHz at 0.07
mechanical index (MI) or a 4 V1 transducer operated at a transmit frequency of 1.5 MHz

at 0.04 MI. MBs were imaged using a dual display standard B-mode and Cadence contrast
pulse sequence (CPS) reconstructed from the same data set. CPS transmits 3 consecutive
pulses utilizing both amplitude modulation and phase inversion. Brightness mode (grayscale,
B-mode) was used for spatial orientation. The focal zone of the transducer was positioned at
the far border of the imaging chamber. A prototype Sequoia MSP/MSRQ software installed
by Siemens was utilized to acquire frames with real time motion correction that displayed
the mean intensity within a region of interest (ROI) for every frame. The ROI was drawn
totally within the imaged MB suspension for real-time observation of harmonic intensity
(Figure 2). In one set of experiments, MBs were added to PBS, and the pH was adjusted

by adding 1 M HCI or 1 M NaOH to reach the desired pH as measured by a pH meter
(Mettler Toledo). The baseline image was recorded prior to acid addition. In another set of
experiments, MBs were added to prewarmed PBS with preadjusted pH. Starting from the
baseline, the signal intensity was monitored until it reached a plateau. To assess reversibility,
the MB signal was monitored as the pH was alternated by adding HCI or NaOH. All
experiments were performed in triplicate, each using separate MB batches.

Image and Intensity Kinetic Analysis.

Images were captured at preset time points using IC capture (The ImagingSource, LLC).
The intensities within ellipsoidal ROIs were calculated by ImageJ and are presented as the
mean gray value (range from 0 to 256). Fold increase in signal intensity was calculated by
dividing the signal at each time point by the signal at baseline. Time-intensity curves (TICs)
to assess the rate of signal change at each pH were generated by capturing an image every 5
s, plotting the 20 s moving average of the ROI intensity, and fitting the data to asymmetric
sigmoidal curves (Microsoft Excel; GraphPad Prism). The time to half-maximum of the
fitted sigmoid curve was plotted against the carbon chain length (Figure 3B). Experiments
were performed in triplicate by using independent batches of PC-MBs.

Microbubble Simulations.

CPS and B-mode signal changes of MBs in response to changes in elasticity were modeled
by the Rayleigh Plesset Equation with extensions by the Marmottant. Ideal pulses at 7 and
1.5 MHz were used at a pressure of 185 kPa (similar to our estimated mechanical index
during imaging studies). Additional details are provided in the Supporting Information.

RESULTS AND DISCUSSION

Variations of pH Affect Nonlinear Signal Intensity of PC-MBs.

To assess the effect of pH on the nonlinear signal intensity of PC-MBs, PFB-filled MBs
were formulated with 10% 18:0 PE-PEG2k and 90% either 18:0 PC or 16:0 PC. When

the pH of these MB suspensions was decreased, harmonic signal intensity increased and
plateaued within minutes (Figure 2). Baseline-corrected harmonic signals for both the 18:0
and 16:0 PC-MBs showed a stark signal increase of ~35 AU as the pH decreased from 7.5
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to ~5.5 (Figure 2A). This corresponds to a 3.0 and a 2.6-fold increase over the baseline
(Figure S1). This was followed by a less pronounced increase between pH 5.5 and 2.7.
Heterogeneity of the CPS signal intensity within the presented images is attributed to the
position of the focal zone, which is positioned at the lower border of the imaging chamber.

Lumason MBs, which are FDA approved CEUS agents composed of a sulfur hexafluoride
core stabilized by 16:0 PC and DPPG-Na (1,2-dipalmitoyl-sr-glycero-3-phospho-rac-
glycerol sodium) lipids, behaved similarly but exhibited a lesser signal increase compared
to our PC-MB formulations (Figure 2A,B). Note that in addition to differences in lipid and
gas compositions, the average MB diameter of Lumason is smaller (1.6 gm vs 2.0 and 2.4
um for the 18:0 and 16:0 PC-MBs, respectively) (Figure S2). Since smaller MBs exhibit
higher interfacial tension (inversely proportional to the radius), it could in part explain the
difference in signal at lower pH. Importantly, PFC gas and liquid are known to further lower
the interfacial tension of bubbles as they intercalate with lipid membranes, producing a
cosurfactant effect.2> More recently, the correlation between improved MB stability and the
lowered surface tension (and consequently, Laplace pressure) has been reported in PFB MBs
containing perfluorohexane incorporated into the lipid shell.28 Lumason, by comparison,
contains a core of sulfur hexafluoride gas, which is not currently known to intercalate in
lipid chains.

Taken together, these results demonstrate for the first time that PC-MBs are able to exhibit
acoustic signal modulation in response to changes in pH, with the greatest change occurring
within the physiologic range. This phenomenon likely occurs due to the self-assembly
behavior of phospholipids and does not require the MBs shell to be reengineered. We have
also demonstrated that this property is exhibited by Lumason. Definity, the other PC-MB
approved clinical agent that was not evaluated in this study, will likely be pH sensitive since
it has a composition similar to that of our own formulation. Importantly, while effective
pH-sensitive ultrasound contrast media have been developed and reported previously, these
exhibit increased backscatter in response to reduced pH rather than taking advantage of
nonlinear oscillation.2

To ensure that the changes in harmonic signal are not due to transient and local

HCI concentration, PC-MBs were added to PBS with preadjusted pH. The rates of

signal intensity increase and plateau were similar. Although not physiologically relevant,
increasing the pH to 8 and 11 caused only minimal to modest increases in the harmonic
signal (Figure S3). Similar activation behavior was observed when imaging at 1.5 MHz as
described above for 7.0 MHz (Figure S4). This suggests that the acid-mediated behavior

of PC-MBs is due to inherent changes in MBs and is independent of the frequency. The
lack of dependence of the pH-induced harmonic signal increase on frequency is clinically
important, as lower frequencies are necessary for CEUS examination of deeper structures
such as the liver, whereas higher frequencies are used for superficial structures such as
lymph nodes. It is not expected that MBs will be directly exposed to the tumor interstitium
when imaging solid tumors because MBs are blood pool agents. Excess protons diffuse
along a concentration gradient from the acidic tumor microenvironment into the blood to be
buffered and washed away. Nonetheless serum pH is expected to be lower than normal.28:29
We anticipate that MBs traversing the abnormal larger intratumoral capillaries will increase
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their residence time to be affected by pH. This effect could be further enhanced by targeting
MBs to the tumor endothelium to increase the exposure time.

Lipid Structure of the MB Shell Modulates Acid-Induced Activation.

We noted a difference in acid-activation behavior between the 18:0 and 16:0 PC-MBs.

16:0 PC-MBs exhibited activation at a slightly higher pH, closer to 7.4, compared to

18:0 PC-MBs, which only showed activation below a pH of 7.0 (Figure 2A,B). By
comparison, Lumason exhibited an increased signal when the pH decreased below 6.45.
These differences were hypothesized to be due in part to differences in the chemical
structures of the PC-MB shell lipids. To further evaluate the effect of acyl chain lengths

on harmonic signal, TICs for acid-activation were generated for the 14:0, 16:0, 18:0, and
20:0 PC-MBs as the pH was adjusted from 7.4 to 6.4 and 3.0 (Figure 3A). Although the time
to half-maximum was greater for MBs with the longer acyl-chain length lipids, their signal
enhancement was greater compared to that of MBs with shorter acyl-chain length lipids
(Figure 3B). This difference in signal amplitude is attributed in part to the differences in

the initial signal intensity for these PC-MBs (Figure S5). Because of these stark differences
in activation rates between PC-MBs with different acyl chain lengths, we hypothesized

that the longer time to full activation of the longer chain length lipids was largely due to
slower conformational changes caused by the stronger intermolecular forces between acyl
chains.30:31 Diffusion of hydronium ions throughout the solution is unlikely to limit the time
of activation, as shorter acyl chain PCs demonstrated near instantaneous activation (14:0 PC
and 16:0 PC vs 20:0 PC).

We also investigated the effect of removing the phosphate group from the lipid polar head on
the acid-activation behavior of the MBs. PC is a neutral zwitterionic phospholipid comprised
of a quaternary ammonium that is unable to accept a proton and a modified phosphate group.
As the pKj; of the phosphate in PCs is approximately 1, PCs and PC monolayers have no net
charge within the physiologic pH range.32:33 MBs were prepared with 18:0 TAP, a cationic
lipid that does not contain a phosphate group. These MBs exhibited no changes in harmonic
signal intensity in response to a pH decrease of 3.0 (Figure 4). Taken together, these results
suggest that despite the low pK; of phosphate moieties in PCs, interaction of hydronium ions
with the phosphate of PCs has an effect on MB oscillation.

In bilayer lipid membranes, and despite being neutral, PCs are known to exhibit changes

in their molecular packing and mechanical properties with variations in pH, attributed to
conformational changes in polar head packing and acyl chain orientation.33:34 Owing to the
fact that the interfacial tensions of curved micrometer-sized bubbles and flat surfaces are
similar, the gas/water interface with intervening phospholipids can be simulated and studied
using surface pressure—area per molecule isotherms and fluorescence microscopy.2° Surface
tension measurements carried out with a monolayer of PCs at the air—water interface using a
Langmuir trough demonstrated that surface tension is dependent on the pH of the subphase.
Specifically, the surface tension was at its minimum for pH values close to the PC isoelectric
point (4.15),36 resulting from the increased concentration of H* that induced a spontaneous
close packing of polar heads due to ionic interactions. Interestingly, a higher lipid surface
concentration at low pH has also been observed with the negatively charged phospholipid
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1,1',2,2’ -tetramyristoyl cardiolipin (TMCL).37 Surface pressure-molecular area isotherms
of TMCL confirmed the pH-dependence of the lipid packing and conformation. The lower
surface area occupied per lipid in their liquid condensed phase (88 A2 at pH 4 vs 91 A2

at pH 7) is in agreement with a higher packing of lipids before film collapse and higher
surface concentration. Longer plateaus of coexistence between a liquid-expanded (LE) phase
and liquid-condensed (LC) phase reveals a higher propensity of the lipophilic chains to
adopt an ordered state at low pH, resulting in a concentration of the extended lipid at the
surface. Both of these findings were attributed to changes in orientation of the polar head,
leading to a maximal concentration of hydrophobic side chains extended at the surface.
Interestingly, these domains of high lipid concentration domains are visible as condensed
regions of saturated lipid in coexistence with the PEG-lipid expanded fluid phase on

MBs observed by fluorescence microscopy combined with Langmuir trough experiments.3°
These microstructures were shown to influence MB lipid shell physical characteristics such
as surface viscosity and shear yield and expected to affect gas permeability and lipid
shedding.3®

Importantly, kinetic modeling indicates that when lipid-coated MBs oscillate at low driving
pressure, they exhibit elastic behavior, whereas at higher driving pressures, they undergo
surface tension changes that can reach that of water upon expansion/rupture, and surface
tension decreases to zero when the lipid shell buckles.8:38 These asymmetric changes in
surface tension result in nonlinear oscillation of MBs that occurs within the expected
pressure range of a clinical ultrasound scanner. Taken together with prior findings of pH-
dependence of the surface tension of lipid films, we hypothesize that the interactions of
PCs on the MB surface with hydronium ions in solution result in a more cohesive lipid
monolayer and greater propensity of the PCs in the shell to resist fracture during lipid
shedding and reformation during fragmentation. We also hypothesize that this phenomenon
is associated with changes in shell elasticity. Note that this hypothetical explanation of the
pH-driven increase in stability against acoustic dissolution and overall higher echogenicity is
also in agreement with theoretical simulations.

In order to better understand the proposed causes for this phenomenon, we simulated MB
responses to changes in shell elasticity using the Rayleigh—Plesset equation with Marmottant
extensions.38:39 |dealized pulses with a peak negative pressure of 185 kPa and frequencies of
both 1.5 and 7 MHz (similar to our mechanical indices and center frequency for ultrasound
experiments) were used. With increases in the independent parameter of elasticity, the
intensity of the CPS echoes increased by up to 3-fold, consistent with experimental results.
This was true for both simulated center frequencies. However, smaller diameter MBs had

a greater increase in the CPS echo at 1.5 MHz, and higher diameter MBs had a greater
increase in the CPS echo at 7 MHz. The relative magnitude of the response, with respect

to the response as soft elasticity (X = 0.5 N/m), is shown in Figure 5. The spectral content

of frequencies higher than the pulsing center frequency, including harmonics, increased

for both center frequencies and all MB diameters (Figure S6). Representative waveforms

of the B-mode and CPS pressure echoes are depicted in Figure S7. As there are many

shell parameters for this new formulation of PC-MBs (e.g., elasticity, viscosity, and surface
tension) that have not yet been determined, shell elasticity changes driven by pH change are
a possible explanation for the measured intensity changes.
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Acid-Induced Activation of PC-MBs is Reversible.

For both 18:0 and 16:0 PC-MBs, we were able to reverse the acid-induced activation to

the baseline by adding NaOH to normalize the pH back to 7.4. These cycles were repeated
three times after waiting over 8 min to ensure that both maximum and minimum harmonic
signals were reached. While the MB signal returned to nearly the same baseline value, there
was an observable decrease in maximal signal with each cycle, likely due to MB destruction
(Figure 6). Lumason and non-PEGylated 18:0 PC-MBs also showed similar reversibility,
suggesting that this phenomenon occurs independently of the presence of PEG (Figure

S8). When tested at lower frequencies to mimic the clinical frequencies used in abdominal
imaging, both Lumason and PC-MBs showed reversible activation when imaged with the

4 V1 transducer transmitting at 1.5 MHz (Figure S9). Notably, the B-mode signal also
exhibited a modest increase in signal with each activation cycle, suggesting that pH may
impact MB backscatter (Figure S10). The near complete reversibility of this phenomenon
when the ambient pH is alternated between an acidic to a basic state further supports the
hypothesis that the effect observed is due to conformational changes of the PC monolayer
rather than degradation.

CONCLUSION

Our work demonstrates for the first time the intrinsic pH-sensitive characteristics of PC-
MBs that result in quantifiable changes in nonlinear oscillation. PC-MBs exhibit a marked
increase in harmonic signal intensity (observable using a clinical ultrasound scanner) with

a reduction in pH from 7.5 to 5.5. Furthermore, this phenomenon is dependent on the
chemical properties of the MB shell, specifically the length of acyl chains and the presence
of phosphate in the polar head. Regional acidosis in deep tissues can occur under certain
pathophysiologic states (e.g., solid tumors), raising the possibility that enhancement of these
tissues in CEUS exams may in part be due to pH changes, in addition to blood flow,
fractional blood volume, and MB concentration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CEUS Contrast-enhanced ultrasound
PC Phosphatidylcholine
MB Microbubble
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PEG Polyethylene glycol
CPS Cadence contrast pulse sequencing
TIC time-intensity curve
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Figurel.
Phosphatidylcholine-shell microbubbles (PC-MBs) are activated at acidic pH. Decrease of

pH below a normal physiological level results in an increase in nonlinear echoes of PC-MBs
(CPS: Cadence contrast Pulse Sequence).
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Figure2.
Nonlinear signal intensity of PC-MBs is pH dependent. (A) Sharp increase in the CPS signal

intensity of 16:0 and 18:0 PC-MBs is observed as pH decreases from 7.5 to 5.7 (error

bars indicate SD; n= 3). The change in the signal of Lumason is far less pronounced. (B)
Representative images acquired at the plateau following the acidification of the suspension.
Note that there is a visible difference in the signals of the 16:0 and 18:0 PC-MBs and
Lumason. Insets above each CPS image indicate time intensity curves for highlighted
regions of interest.

ACS Sens. Author manuscript; available in PMC 2026 January 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alietal.

A

Fold increase

Page 15

8
H3
P pH6.4 g ApH30
8 4 -
14:0 PC 6 opic4 %
6 34 16:0 PC €5
— 18opc  E,
a- / p SV 200pC  E
- ; [~
- 2| o @ 4
“ - 3
1 A A
T T T 1 o+ 71— 0
0 4 6 8 10 0 5 10 15 14 16 18 20
Time (min) Time (min) Carbon chain length

Figure 3.
Acid-activation kinetics of PC-MBs are dependent on MBs’ shell lipid structure. (A)

Fold-increase in signal intensity of PC-MBs containing 14:0, 16:0, 18:0, and 20:0 PCs
demonstrates that shorter carbon chain lengths allow for faster activation. (B) Mean time

to half-maximum = SD of the time-dependent signals shown in (A) fitted to asymmetric
sigmoid functions. Time to half-maximum increases for longer carbon chain lengths at both
pH levels tested.
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Figure 4.
Acid-activation of MBs requires phosphate. MBs composed of 18:0 TAP had no appreciable

increase in harmonic signal upon acidification.
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Figureb.
Simulated MBs demonstrate increased CPS intensity with increased elasticity. Simulated

MB responses to pulses of 1.5 MHz (A) and 7 MHz (B) show that CPS intensity is
dependent on both elasticity and MB diameter.
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Figure 6.
Acid-activation of PC-MBs is reversible. Repeated cycles of pH-dependent activation and

deactivation demonstrate marked increases in CPS signal intensity for PC-MBs (16:0 PC
and 18:0 PC) compared to the baseline. Decreased CPS signal intensity upon repeated cycles
is attributed to microbubble destruction.
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