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Real-Time, In Situ Imaging of Macrophages via
Phase-Change Peptide Nanoemulsions

Inhye Kim, Jacob C. Elliott, Atip Lawanprasert, Grace M. Wood, Julianna C. Simon,
and Scott H. Medina*

Macrophages are specialized phagocytes that play central roles in immunity
and tissue repair. Their diverse functionalities have led to an evolution of new
allogenic and autologous macrophage products. However, realizing the full
therapeutic potential of these cell-based therapies requires development of
imaging technologies that can track immune cell migration within tissues in
real-time. Such innovations will not only inform treatment regimens and
empower interpretation of therapeutic outcomes but also enable prediction
and early intervention during adverse events. Here, phase-changing
nanoemulsion contrast agents are reported that permit real-time, continuous,
and high-fidelity ultrasound imaging of macrophages in situ. Using a de novo
designed peptide emulsifier, liquid perfluorocarbon nanoemulsions are
prepared and show that rational control over interfacial peptide assembly
affords formulations with tunable acoustic sensitivity, macrophage
internalization, and in cellulo stability. Imaging experiments demonstrate that
emulsion-loaded macrophages can be readily visualized using standard
diagnostic B-mode and Doppler ultrasound modalities. This allows
on-demand and long-term tracking of macrophages within porcine coronary
arteries, as an exemplary model. The results demonstrate that this platform is
poised to open new opportunities for non-invasive, contrast-enhanced
imaging of cell-based immunotherapies in tissues, while leveraging the
low-cost, portable, and safe nature of diagnostic ultrasound.
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1. Introduction

Macrophages are phagocytic cells that
play key roles in innate and adaptive
immunity.[1,2] They are important cellu-
lar mediators of wound healing[3] and
tissue regeneration,[4] and contribute to
inflammatory-linked diseases that in-
clude diabetes,[5] atherosclerosis,[6] and
rheumatoid arthritis.[7] These varied ef-
fector functions have spurred interest
in developing modified and engineered
macrophage cell therapies, particularly for
oncology.[8,9] However, like all cell-based
therapies, variable biodistribution profiles
and tissue migration patterns can lead
to heterogenous therapeutic responses
and increase the risk of unwanted side
effects.[10] Accordingly, technologies that
enable real-time and long-term imaging of
macrophages would allow clinicians and
scientists to monitor tissue distribution
in situ to inform treatment approaches,
predict and avoid off-target toxicities, and
ultimately enhance our understanding
of the dynamic behavior of these cells.
Toward this goal, fluorescence,[11] mag-

netic resonance,[12] and positron emission
tomography[13] imaging modalities have been explored for
macrophage monitoring. While these methods enable exquisite
visual resolution, they have several notable drawbacks. They of-
ten require expensive instrumentation and highly trained tech-
nicians, suffer from limited tissue depth, or are unable to pro-
vide real-time and continuous monitoring of cell motion. Ultra-
sound (US) imaging is an attractive alternative as it is inexpen-
sive, portable, radiation-free, and provides real-time acquisition
in a non-invasive manner with excellent penetration depth and
spatial resolution when paired with microbubble acoustic con-
trast agents.[14,15] However, traditional bubble-based agents used
for ultrasonography cannot be readily coupled to macrophages
due to low uptake efficiency,[16] and have short persistence time
in circulation due to gas diffusion into blood.[17]

Here, we report liquid phase-changing nanoemulsions that
are readily internalized into macrophages and undergo a US di-
rected liquid-to-gas phase transition to convert into echogenicmi-
crobubbles in situ. This enables on-demand, real-time, and con-
tinuous acoustic imaging of macrophages in tissues with high
spatiotemporal resolution. Importantly, we show that modulat-
ing the interfacial assembly of the stabilizing emulsifier allows
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us to produce particles with varied surface morphologies and,
as a result, tunable acoustic properties and in cellulo stability.
These findings highlight the potential of this platform to open
new imaging-guided approaches to improve the precision, safety,
and efficacy of cell-based therapeutics.

2. Results and Discussion

2.1. Development and Characterization of Peptide Emulsions

To generate the nanoemulsion contrast agent, and facilitate
macrophage uptake, we utilize an integrin-targeting peptide
emulsifier that self-assembles at the surface of perfluorocar-
bon (PFC) nanodroplets: FFFFFFGGGCCGGKGRGD-NH2 (here-
after referred to as FF-RGD, FF: pentafluorophenylalanine (F5-
Phe), G: glycine, C: cysteine, K: lysine R: arginine, and D: as-
partic acid) (Figure S1, Supporting Information).[18,19] The flu-
orinated N-terminus promotes assembly of the peptide at PFC-
water interfaces, while two cysteines within the central glycine-
rich spacer allow for intermolecular disulfide-crosslinking be-
tween adjacent peptides to stabilize the formed particle. Fi-
nally, a C-terminal RGD motif is displayed from the surface
of the emulsion to enable binding with 𝛼V𝛽3 integrins highly
expressed on the surfaces of macrophages to promote cellular
internalization.[20,21]

Next, we utilized varying assembly conditions to generate four
distinct morphologies of the nanoemulsions (Figure 1a). Using
perfluorohexane (PFH) as the PFC droplet template, we began
by dispersing the FF-RGD emulsifier within the fluorous sol-
vent and adding the mixture to water. Spontaneous assembly of
the emulsifier at the PFH droplet surface led to the formation
of emulsions with a uniform surface monolayer. The resultant
particles could then be left non-crosslinked (N-pEM) or further
stabilized by oxidizing the cysteine residues in the presence of
dimethyl sulfoxide (DMSO) to form disulfide crosslinked parti-
cles (pEM). Reversing the formulation procedure produced di-
vergent surface morphologies. For example, dispersing FF-RGD
in water first, before the addition of PFH, generated 1D protofib-
rils ≈4 nm in width and 38 nm in length (Figure 1b; Figure S2,
Supporting Information). This pre-assembly is likely directed by
fluorophilic interactions between F5-Phe residues to sequester
the fluorinated block away from the bulk water solvent, gener-
ating fibrillar assemblies. Treating the nanofibrils with thioflavin
T (ThT), a dye that displays enhanced fluorescence upon binding
to amyloid structures,[22] suggests these fibrils are 𝛽-sheet rich
in nature (Figure 1c). Yet, a canonical 𝛽-sheet signal was not ob-
served when performing circular dichroism (CD) spectroscopy
(Figure 1d), which is expected to yield a minimum centered at
≈216 nm. Instead, we observed a positive peak at 212 nm, un-
usual given the L-chiral nature of this peptide and thatD-chirality
is typically required to produce positive CD ellipticities.[23] Care-
ful review of the literature suggests this CD feature can be at-
tributed to n→𝜋* transitions that occur due to stacking of aro-
matic groups within the assembling F5-Phe residues.

[24]

To further investigate this unusual CD profile, and specifically
isolate fluorine-fluorine driven effects, we synthesized an anal-
ogous sequence (F-RGD) containing natural, non-fluorinated,
Phe residues (Figure S3, Supporting Information). We observed
a similar CD spectrum to FF-RGD, with the exception that the

positive peak was redshifted by 7 nm (Figure S4a, Supporting
Information); likely due to the absence of fluorine-driven ag-
gregation. Although CD profiles between the two peptides were
similar, TEM analysis showed F-RGD assembly produced long,
highly persistent fibrils, several microns in length (Figure S4b,
Supporting Information). Interestingly, emulsification using the
non-fluorinated F-RGD peptides also did not yield stable emul-
sions (Figure S5, Supporting Information), suggesting the im-
miscibility of natural Phe residues in the fluorous solvent pre-
vented their interfacial assembly. With this in mind, we focused
our attention on FF-RGD and found that disulfide crosslinking of
FF-RGD nanofibrils in the presence of DMSO generated ordered
2D sheets (Figure 1e). These sheets displayed reduced amyloid
signals relative to the fibrils (Figure 1c), possibly due to a more
crowded intermolecular arrangement that inhibited intercalation
of the ThT dye. Collectively, our data suggest a combination of
aromatic and fluorine-fluorine interactions promotes the organi-
zation of F5-Phe into highly rigid 1D fibrillar assemblies in wa-
ter, which then can be further laminated into 2D sheets via inter-
molecular thiol crosslinking.
Utilizing these varied peptide assembly morphologies (e.g.,

non-crosslinked/crosslinked unimolecular monolayers, 1D fib-
rils, and 2D sheets) we developed four distinct emulsions
(Figure 1a). All four formulations produced particles of ≈600 nm
in diameter (Figure 1f). However, 1D-pEM and 2D-pEM yielded
narrower particle size distributions and more opaque solutions,
indicative of higher particle yield (Figure S6, Supporting Infor-
mation), relative to N-pEM and pEM. This may be because 1D-
pEM and 2D-pEM are formed via accumulation of solid partic-
ulates at the fluorous-water interface, a structure known as a
Pickering emulsion,[25] while N-pEM and pEM are stabilized by
monomeric surfactants. Prior studies suggest that solid particles
irreversibly adsorb to oil-water interfaces and generate more sta-
ble emulsions compared to monomeric surfactants,[26] the latter
being in dynamic equilibrium between bulk solvation and inter-
facial organization.[27] Finally, TEM and cryo-SEM imaging en-
abled visualization of the final emulsion structure for all four for-
mulations (Figure 1g–j; additional images in Figures S7 and S8,
Supporting Information).

2.2. Acoustic Activation and Stability

We next investigated how the varied surface morphologies of
the FF-RGD emulsion phenotypes influenced their acoustic sen-
sitivity (Figure 2a–c; Figure S9, Supporting Information). For
these studies, perfluoropentane (PFP) was selected as the fluo-
rous core due to its decreased vaporization point (TB = 29 °C)
relative to PFH (TB = 56 °C). This allows for lower US ener-
gies to be used to induce liquid-to-gas transitions and cause
acoustic vaporization,[28] thereby minimizing the potential for
acoustic damage to tissues in future applications. Results show
that all four emulsion formulations were readily activated at low
US intensities (0.1–0.5 W cm−2), achieving ≈40–65% droplet
vaporization (Figure 2a). Above 1 W cm−2, up to 85% activa-
tion was achieved. Vaporization of the emulsions was further
confirmed by optical (Figure 2b,c) and fluorescence microscopy
(Figure 2d,e), which was limited to micron-sized emulsions due
to magnification limitations. For fluorescence visualization, the
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Figure 1. Characterization of FF-RGD peptide emulsions. a) Schematic representation of peptide emulsions formulated using non-crosslinked (N-pEM)
or crosslinked (pEM) peptide monomers, 1D fibrils (1D-pEM) or 2D sheets (2D-pEM). b) Negatively stained TEM image of FF-RGD nanofibrils; inset
shows histogram of fibrillar diameter (n = 50). c) ThT fluorescence emission spectra in the presence of FF-RGD in water (1D fibrils, blue) or in 2.5%
DMSO (2D sheets, green) (n = 3); 𝜆ex = 430 nm. [ThT] = 50 μm, [FF-RGD] = 0.2 mm. d) CD spectrum of FF-RGD in water, [FF-RGD] = 0.2 mm. e)
Negatively stained TEM image of 2D FF-RGD sheets. f) Size distribution of the fluorous emulsions; N-pEM, pEM, 1D-pEM, and 2D-pEM (from left to
right). Negatively stained TEM images of g) N-pEM, h) pEM, and i) 1D-pEM. j) Cryo-SEM image of 2D-pEM. Yellow arrows in panel (i) denote fibrils
adsorbed on the surface of the PFC droplet.
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Figure 2. US-activation and stability of PFP-based FF-RGD emulsions. a) Percentage of emulsions vaporized (activated) following insonation at 37 °C
under varying US intensities (1 MHz; 0.1–2 W cm−2, 50% duty cycle ; 90 s exposure). Statistical analysis was conducted by one-way ANOVA; n = 5, ****p
< 0.0001, ***p = 0.0001, ns: not significant. Optical images of 1D-pEM b) before and c) after insonation (2 W cm−2; 50% duty cycle; 90 s exposure).
Insets show a decrease in opacity of the 1D-pEM upon US-treatment, and formation of coalesced bubbles, indicative of emulsion vaporization. d,e)
Epifluoroscence micrographs of Nile red-loaded 1D-pEM particles d) before and e) after exposure to US (1 W cm−2; 50% duty cycle; 90 s exposure).
Inset of (d) shows accumulation of Nile red at the PFP-water interface where FF-RGD fibrils are located. White arrows in panel (e) denote coalescence
of 1D-pEMs that have recondensed after vaporization. f) Stability of the emulsions after incubation either at room temperature (r.t.) or at 37 °C for 24 h.
Statistical analysis was conducted by one-way ANOVA; n = 3, *p < 0.05, ***p < 0.0005, ns: not significant.

hydrophobic dye Nile red was loaded into the liquid interior of
1D-pEM emulsions. Interestingly, we found that Nile red dis-
solved within the PFP emulsion core had a blueshifted emission
spectra, resulting in green fluorescence, while the dye localized
at the surface of the particles was characteristically red (see inset
of Figure 2d). These spectral shifts are explained by the varied
solvatochromic properties of Nile red based on the polarity of the
bulk solution.[29] We observed an additional slight blue shift in
Nile red’s emission spectra upon interaction with FF-RGD fibrils
assembled at the surface of 1D-pEM and 2D-pEM formulations
relative to the monolayer particles, likely due to the difference
in assembled structures (Figure S10, Supporting Information).
Fortunately, these divergent spectral phenomena allow us to in-
dependently monitor the dynamics of both the emulsion core
and surface assemblies. Microscopy images shown in Figure 2d
demonstrate that, before sonication, 1D-pEM emulsions are in-
tact and do not show signs of coalescence. However, after US
exposure (1 W cm−2, 90 s) the particle density is reduced, in-
dicating vaporization (Figure 2e). We also observed occasional
droplet coalescence, which may result from recondensation of
vaporized bubbles back into fused liquid emulsions. Due to the
inverse relationship between particle size and acoustic vaporiza-
tion power,[30,18] these larger coalesced particles would be more
readily vaporized on subsequent US exposures. As will be shown
later, this emulsion recycling is believed to play a role in the per-
sistence of contrast-enhancing microbubble nuclei for continu-
ous and long-term acoustic imaging.

Finally, we measured the stability of emulsions at room tem-
perature and 37 °C over a 1–4 day incubation period (Figure 2f;
Figure S11, Supporting Information). Results show the Pickering
emulsions (1D-pEM and 2D-pEM) are generally more stable than
theirmonomeric counterparts (N-pEM and pEM). This can be ex-
plained by the irreversible adsorption of solid peptide nanostruc-
tures at the PFP-water interface, which provides a strong steric
barrier against solvent diffusion and particle coalescence pre-
sonication.[26] However, unexpectedly, 1D-pEM was nominally
more stable than 2D-pEMunder physiologic conditions. This was
surprising given that the 1D-pEM emulsion shell is not stabi-
lized by disulfide crosslinking. As Pickering emulsion stability
depends on the shape/morphology of the particles adsorbed at
the interface,[31] this counterintuitive result may be explained by
more efficient adsorption of the short FF-RGD nanofibrils to the
PFP-water interface relative to the much larger 2D sheets. The
varied surface morphologies may also alter the presentation of
RGD cell-targeting ligands and consequently affect emulsion up-
take into macrophages; an assertion we next test in vitro.

2.3. Macrophage Uptake and Persistance

Prior to studying phagocytosis, biocompatibility of each emul-
sion formulation was assessed after a 24 h incubation with RAW
264.7 murinemacrophages at the highest working concentration
of the particles (Figure 3a). No significant loss of cell viability
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Figure 3. Bioactivity of emulsions within RAW 264.7macrophages. a) Cell viability measured after 24 h incubation with each emulsion. Statistical analysis
was conducted via unpaired t-test compared to nontreated control; n= 10, ns: not significant, **p< 0.005. Epifluorescencemicrographs of cells incubated
with Nile red-loaded 1D-pEM for b) 6 and c) 24 h. Red fluorescence: Nile red from emulsions and blue fluorescence: DAPI from nuclei. d) Side scattering
intensity from macrophages incubated with Nile red-loaded emulsions for each time point. Statistical analyses for 1D-pEM were conducted by one-way
ANOVA; n = 3, ****p < 0.0001 between 1 and 6 h, **p < 0.005 between 6 and 12 h, ***p < 0.0005 between 12 and 24 h. #p < 0.05 compared to N-pEM,
##p < 0.01 compared to pEM and 2D-pEM. e,f) Mean fluorescence intensity (MFI) of Nile red-loaded emulsions in macrophages analyzed by flow
cytometry at each time point. Statistical analysis for 1D-pEM in panel (e) was conducted by one-way ANOVA; n = 3, ***p < 0.001 between 6 and 12 h, *p
< 0.05 between 12 and 24 h.
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was observed. With this confirmed we next assessed the time-
dependent persistence of Nile red-loaded emulsions in RAW
264.7 cells via epifluorescence microscopy (Figure 3b,c; Figures
S12–S14, Supporting Information). Brightfield and fluorescence
micrographs taken at 1 h show that emulsions are rapidly in-
ternalized into macrophages (Figure S12, Supporting Informa-
tion), and peak in intracellular load at 12 h of incubation, as
confirmed by flow cytometry (Figure 3d-f). The particles subse-
quently persist within the cells for >3 days (Figure S14, Support-
ing Information). It is worth noting that, depending on the analy-
sis method used, significant differences in performance between
the emulsions are observed. For example, interpreting the side
scattering data, which provides a representation of internal cellu-
lar density due to particle localization, indicates that 1D-pEM par-
ticles show superior intracellular persistence (Figure 3d). Con-
versely,measuringNile red fluorescence (Figure 3e) suggests that
the monomeric formulations (N-pEM and pEM) outperform the
Pickering emulsions (1D-pEM and 2D-pEM). We believe the side
scattering data to be more representative of particle performance
given that the instability of the monomeric emulsions (Figure 2f)
may lead to premature leakage of the Nile red dye,[32] and con-
sequently exaggerated cellular fluorescence results. The superior
internalization and persistence of 1D-pEM emulsions may be ex-
plained by a combination of factors. First, 1D-pEM showed the
greatest stability at physiological temperature compared to the
other three formulations (Figure 2f; Figure S11, Supporting In-
formation). Additionally, the fibrillar assembly of FF-RGD pep-
tides maymake it both resistant to proteolytic degradation[33] and
able to multivalently display RGD peptide motifs at the particle
surface to maximize interactions with the 𝛼v𝛽3 receptor on the
macrophages.[34]

Based on the dense intracellular accumulation of particles
we next evaluated whether US-induced emulsion vaporization
would compromise macrophage cell viability. To study this, RAW
264.7 cells were incubated with 1D-pEM for 12 h, followed by
treatmentwith 1MHzUS at different intensities.We observed no
significant change in viability for cells with internal vaporization
of 1D-pEM compared to controls exposed to US alone (Figure
S15, Supporting Information). The ability of these cells to tolerate
intracellular generation of cavitating bubbles may be due to the
combination of high cytoplasmic viscosity[35] and local crowding
by intracellular organelles and other emulsions.[36] Together, this
may constrain the size of vaporized microbubbles and thereby
create gaseous nuclei that are sufficiently small to prevent intra-
cellular damage, as further evidenced by optical imaging of 1D-
pEM treated RAW 264.7 cells after US insonation (Figure S16,
Supporting Information).

2.4. In Vitro and Ex Vivo US Imaging of Emulsion-Laden
Macrophages

Evaluating the imaging performance of the emulsions was first
conducted using high-resolution B-mode in tissue-mimetic agar
phantoms. For these studies, pEM, 1D-pEM, and 2D-pEM for-
mulations were prioritized based on their stability and initially
evaluated for imaging contrast in the absence of the macrophage
host (Figure 4a; Figure S17, Supporting Information). Results
show the highest contrast is obtained from the 1D-pEM par-

ticles, achieving a 2.4-fold enhancement in signal relative to
the control of media alone. Given that, among all emulsions
tested, 1D-pEM particles show optimal stability (Figure 2f), cel-
lular persistence (Figure 3d), and imaging contrast (Figure 4a),
this formulation was prioritized for further investigation of
macrophage imaging.
B-mode US imaging of RAW 264.7 cells loaded with 1D-pEM

(hereafter referred to as 1D-pEM-RAW) was performed by pre-
treating cells with the particles for 12 h, loading the contrast-
enhanced cells into agar phantoms, and then submerging the
sealed phantom into a 37 °C degassed water tank. The vaporiza-
tion threshold was then measured by gradually increasing the
peak positive and negative pressures (Figure 4b,c) until a signif-
icant change of contrast was observed. As shown in Figure 4b,
B-mode imaging at low negative pressure of 0.3 MPa produced
weak US signals due to the majority of emulsions remaining
in the liquid phase. Increasing the peak negative pressure to
0.6 MPa induced a liquid-to-gas phase transition that generated
echogenic microbubbles within the cells, yielding a significant
enhancement in 1D-pEM-RAW cell contrast (Figure 4c). Similar
studies in blood indicated that, although background echogenic-
ity is increased, 1D-pEM-RAW cells could still be clearly resolved
from the noise (Figure S18, Supporting Information). In some
cells, a sufficient number of intracellular microbubbles were cre-
ated to cause the macrophages to become buoyant and float to
the media surface (Movie S1, Supporting Information). It is pos-
sible that, once outside of the imaging field, these cells may
lose their buoyancy as the bubbles collapse or recondense back
into liquid emulsions. Importantly, the mechanical index (0.14
at P− = 0.6 MPa), the spatial peak temporal average intensity
(8 mW cm−2 at P+ = 1.1 MPa), and the spatial peak pulse aver-
age intensity (10 W cm−2 at P+ = 1.1 MPa) required to generate
high contrast B-mode images of 1D-pEM-RAW are all below the
FDA diagnostic limit of 1.9, 720 mW cm−2, and 190 W cm−2,
respectively,[37] demonstrating the safety and translatability of
this platform.
Next, to evaluate the persistence of imaging contrast during

long-term US surveillance, the B-mode intensity of 1D-pEM-
RAW cells was monitored over a 60 min continuous insonation
period (Figure 4d–f; Figure S19, Supporting Information). Re-
markably, we did not observe a statistically significant attenu-
ation in the signal over the entire 1 h imaging time. This is
in stark contrast to conventional microbubbles that have imag-
ing half-lives of ≈2–20 min.[38,39] These findings suggest that
the low negative acoustic pressure (0.4 MPa) used to induce va-
porization of our emulsions permits stable bubble oscillation,
as opposed to explosive cavitation, to provide persistent con-
trast without inducing macrophage damage.[40] Together, this
demonstrates the feasibility of prolonged and repeated US imag-
ing of emulsion-loaded macrophages with high spatiotemporal
resolution.
To further validate this platform in tissues we assessed the

real-time imaging performance of 1D-pEM-RAW cells circulat-
ing within the vasculature of a porcine heart, or unloaded cells
as control (Figure 5; Figure S20, Supporting Information). Here,
the coronary artery was catheterized, and a degassed glycerol so-
lution loaded with 1D-pEM-RAW cells was injected via a syringe
pump at a flow rate of 1mLmin−1. Contrary to the control (Figure
S20a and Movie S3, Supporting Information), contrast enhanced
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Figure 4. In vitro US imaging. a) Comparison of pEM, 1D-pEM, and 2D-pEM emulsion B-mode echogenicity relative to blank media. Region of interest
(ROI) mean pixel intensity was measured from greyscale B-mode images (18 MHz, P+ = 0.5 MPa, P− = 0.4 MPa, one cycle). Statistical analysis was
conducted by one-way ANOVA; n= 3, ***p= 0.0002, **p< 0.005. b,c) Representative B-mode image of agar phantom loaded with 1D-pEM-RAW cells and
insonated at acoustic pressures of b) P+= 0.3MPa, P−= 0.3MPa, and c) P+= 1.1MPa, P−= 0.6MPa (see video inMovie S1, Supporting Information).
d) Experimental setup for measuring time-dependent B-mode contrast of 1D-pEM-RAW cells. e) Representative B-mode images of 1D-pEM-RAW cells
at varying exposure times (18 MHz, P+ = 0.5 MPa, P− = 0.4 MPa, one cycle). Yellow rectangle defines ROI used for quantification. f) Relative pixel
intensity of 1D-pEM-RAW B-mode images (ROI in panel e) over the 60 min insonation period (n = 3).

1D-pEM-RAW cells were clearly visualized under B-mode imag-
ing as they perfused through the vessel, allowing single cell track-
ing andmonitoring (see colored circles in Figure 5b). Quantifica-
tion of the B-mode signal demonstrated a 4.7-fold increase in the
contrast of 1D-pEM-RAW cells relative to the tissue background
(Figure 5c). In separate experiments, color Doppler US (5 MHz)
was employed to evaluate the potential of this modality to fur-
ther improve the spatiotemporal resolution of 1D-pEM-RAW cell
imaging (Figure 5d). Here, a frequency shift in the acoustic sig-
nal reflected from the surface of oscillating bubbles is interpreted
by the US transducer to provide a colored feature that enables
clearer differentiation of the contrast nuclei from the surround-
ing tissue. As shown in Figure 5d, and Movie S4 (Supporting In-
formation), Doppler signals were observed throughout the ves-
sel during perfusion with 1D-pEM-RAW cells. We ascribe these
color features to the circulating 1D-pEM-RAW cells since control
vessels perfused with unloaded cells did not show similar sig-
nals (Figure S20b and Movie S5, Supporting Information), and
separate experiments demonstrated that free emulsions them-
selves provide strongDoppler contrast during stable oscillation in
agar (Figure S21 and Movie S6, Supporting Information). These
findings are further validated from prior studies that report mi-
crobubbles phagocytosed by leukocytes produce a higher mean
frequency echo relative to free bubbles due to intracellular vis-
cous dampening.[40] While additional studies are needed to com-
prehensively validate this assertion, the early results reported
here substantiate the ability of peptide nanoemulsions to enable

contrast-enhanced in situ US imaging of macrophages in a real-
time, continuous, and precise manner.

3. Conclusion

Macrophages are attractive immune cells as they can be leveraged
and engineered for diagnostic and therapeutic purposes. Accord-
ingly, real-time and non-invasive monitoring of these cells with
spatiotemporal resolution will improve patient outcomes during
treatment with adoptive or allogenic products andmay reveal pre-
viously unknown activities of macrophages during disease pro-
gression. As we show here, phase-changing nanoemulsions that
can be acoustically activated to form bubble-based nuclei within
macrophages enable in situ imaging of these cells using tradi-
tional diagnostic US modalities. This advance is made possible
by controlling the assembly pathway of the fluorinated peptide
emulsifier at the droplet surface, ultimately leading to formula-
tions that are efficiently internalized into macrophages and sta-
bly oscillate under B-mode and Doppler US imaging. A notewor-
thy advantage of our peptide emulsifiers, relative to traditional
lipids and polymers, is that their sequences can be readily tuned
to possess varying cross-linking moieties and cell-targeting mo-
tifs, without the necessity of secondary chemical modification.
As a result, emulsifying peptides can be rationally designed to
target a range of cell-types for application-specific requirements,
while exploiting the synthetic tractability of solid-phase synthe-
sis techniques. However, peptides also have pharmacologic lia-
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Figure 5. Real-timemonitoring of emulsion-laden RAW264.7 cells within tissues. a) Top: schematic illustration of USmacrophage tracking within porcine
vasculature. Bottom: photograph of ex vivo experimental setup for B-mode US imaging in the catheterized porcine coronary artery. b) Representative
time-dependent B-mode images (18 MHz, P+ = 0.5 MPa, P− = 0.4 MPa) of 1D-pEM-RAW cells during vessel perfusion (see full video in Movie S2,
Supporting Information). Vessel walls are demarcated by white dashed lines. Colored dashed circles track individual 1D-pEM-RAW cells during flow.
c) Quantification of B-mode contrast for 1D-pEM-RAW cells compared to background controls (n = 50 each; unpaired t-test was performed between
conditions, with p < 0.0001). d) Color Doppler signals (5 MHz, P+ = 4.1 MPa, P− = 1.8 MPa), superimposed on B-mode images collected during
1D-pEM-RAW cell vessel perfusion (see full video in Movie S4, Supporting Information). White arrows in panel (b) and (d) represent flow direction.

bilities that lipids and polymers do not, particularly proteolytic
degradation. Therefore, further preclinical work is necessary to
fully characterize the in vivo stability, persistence, and perfor-
mance of these contrast agents. Nevertheless, we believe this plat-
form is poised to open new diagnostic opportunities for real-time
monitoring, guidance, and manipulation of macrophage distri-
bution and behavior in tissues. As clinically relevant examples,
such capabilities would allow for better management of adop-
tive CAR-macrophage immunotherapies and enable in situ in-
vestigation of macrophage activity during pathogenesis. In sum,
this technology has the potential to nucleate the design of a
broad array of US-controlled nanoscale tools that can impact di-
verse areas in biotherapeutic discovery and immunobiology, all
while leveraging the portable, non-invasive, and safe nature of
diagnostic US.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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