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Tuning the ultrasonic and photoacoustic response of
polydopamine-stabilized perfluorocarbon contrast agents

Yijun Xie¥2b, Junxin Wang#<, James Wang¢, Ziying Hud, Ali Hariri¢, Nicholas Tu?, Kelsey A. Krug?,
Michael D. Burkart?, Nathan C. Gianneschid, Jesse V. Jokerst*<, and Jeffrey D. Rinehart*:2?

Contrast-enhanced ultrasound (CEUS) offers the exciting prospect of retaining the ease of ultrasound imaging while
enhancing imaging clarity, diagnostic specificity, and theranostic capability. To advance the capabilities of CEUS, the
synthesis and understanding of new ultrasound contrast agents (UCAs) is a necessity. Many UCAs are nano- or micro-scale
materials composed of a perfluorocarbon (PFC) and stabilizer that synergistically induce an ultrasound response that is both
information-rich and easily differentiated from natural tissue. In this work, we probe the extent to which CEUS is modulated
through variation in a PFC stabilized with fluorine-modified polydopamine nanoparticles (PDA NPs). The high level of
synthetic tunability in this system allows us to study signal as a function of particle aggregation and PFC volatility in a
systematic manner. Separation of aggregated and non-aggregated nanoparticles lead to a fundamentally different signal
response, and for this system, PFC volatility has little effect on CEUS intensity despite a range of over 50°C in boiling point.
To further explore the imaging tunability and multimodality, Fe3*-chelation was employed to generate an enhanced
photoacoustic (PA) signal in addition to the US signal. In vitro and In vivo results demonstrate that PFC-loaded PDA NPs show
stronger PA signal than the non-PFC ones, indicating that the PA signal can be used for in situ differentiation between PFC-

loading levels. In sum, these data evince the rich role synthetic chemistry can play in guiding new directions of development

for UCAs.

Introduction

In many ways, ultrasonography is an ideal medical imaging
technique — equipment and maintenance costs are
comparatively minor, safety concerns are minimal, portability is
high, and time resolution can exceed high-frame-rate cinema by
orders of magnitude. As a complement to more intensive
techniques such as magnetic resonance imaging (MRI), positron
emission tomography (PET) and computed tomography (CT), US
has become ubiquitous in diagnostic imaging.'* By introducing
an ultrasound contrast agent (UCA), utility can be further
enhanced, allowing better tracking of blood flow rates,
sharpening of contrast in tissue density, and enhanced
resolution.> © Although there are many ways in which an
ultrasound wave can interact with a contrast agent to generate
a detectable signal, they involve classical wave mechanics
describing the motion, density, and elasticity of the agent
relative to the medium. Thus, a balance must be struck between
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tissue penetration, signal resolution, and contrast with
surrounding tissue. Strong contrast signals at common
ultrasound transducer frequencies can be obtained with inert
gases or encased volatile liquid droplets due to their low
densities relative to biological tissue. Many commercial
ultrasound agents employ perfluorocarbons (PFC) stabilized by
protein, polymer or lipid shells, as these are biocompatible and
their compressibility and low boiling point enhances the
interaction with ultrasound energy.”? While ideal for many
applications, US contrast agents of this type have several
limiting factors. One challenge is fine-tuning the strength of PFC
encapsulation. Weaker encapsulation leads to strong bursts of
contrast with minimal ultrasound power, but it also limits the
useful imaging time window due to the volatility of PFC.
Another challenge is the synthetic complexity required for
tuning the ultrasonic response, altering the size, or introducing
new functionality.

Previously we demonstrated a system where instead of
encapsulation within a core-shell structure, PFC could be
stabilized in aqueous suspension by association with non-
porous polydopamine nanoparticles (PDA NPs) functionalized
with a perfluorinated alkane.? This system shows a surprisingly
strong and long-lived contrast response with reasonable
colloidal stability, which may arise from the balance of fluorous
components (PDA NPs and PFC) and polar components (PDA
NPs and H,0).' 12 This long-lived, strong signal and highly
tunable synthetic platform offers an intriguing system to
explore both the fundamental nature of the acoustic response
and the extent to which its properties can be enhanced for
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potential implementation in CEUS. To advance these aims, we
have improved upon our initial synthetic methods to prepare
1H,1H,2H,2H-perfluorodecanethiol-functionalized PDA with
better aqueous colloidal stability and greater control over
aggregation. Importantly, our new synthetic methods allow
study of how aggregation of PDA/PFC within aqueous
suspension affects the ultrasound response. Results show that
there is a fundamentally different power response between the
isolated particles and Pickering microscale emulsion aggregates
in the colloidal suspension of our material.131> Additionally, this
work explores the ways in which imaging contrast, stability, and
multimodality are controlled and enhanced including
introduction of chelating metals, decreased PFC volatility, and
long timescale storage and measurement of materials. We
probe the system’s durability under ex vivo, in vitro cell viability,
and in vivo conditions and its multimodality with photoacoustic
(PA) contrast—a hybrid technique that combines optical contrast
and acoustic spatial/temporal resolution.® 17 The combination
of PDA-based imaging by CEUS and PA adds additional
modalities to complement and track the myriad biomedical
applications currently under exploration for PDA and other
synthetic melanin particles.18-24

Experimental Section
Materials

Dopamine hydrochloride (DA, 99%) and perfluorohexanes
(PFH) was purchased from Alfa Aesar. Ammonium hydroxide
(NH3-H,0, 28%-30%) was purchased from VWR International.
1H,1H,2H,2H-Perfluorodecanethiol (97%) was purchased from
Sigma-Aldrich. Perfluoropentane (PFP) was purchased from
Strem Chemicals. Iron(lll) chloride hexahydrate (FeCls;-6H,0,
98%) and ethanol (100%) was obtained from Fisher Scientific.
Perfluorobutane (PFB) was purchased from SynQuest Labs. All
chemicals were used without further purifications. Deionized
water is used in all the experiments.

Synthesis of PDA-Fe-i% NPs

PDA-Fe-0.13% NPs were synthesized using ethanol-water
system by modifying the reported methods.1% 2527 Briefly, 60
mg of DA was mixed with 20 mL of ethanol and 60 mL of water
under stirring, and subsequently 8 mg of FeCl;-6H,0 in 20 mL
of water was added to the mixture. After vigorous stirring for 10
min, 20 mL of water containing 500 pL of NH3-H,0 was quickly
added to the mixed solution. After stirring for 24 h at room
temperature, the product is centrifuged and washed with
deionized water three times. In the case of PDA-Fe-1.0%, PDA-
Fe-1.7%, and PDA-Fe-2.4% NPs, the amount of FeCl;:6H,0 and
NH3-H,0 used is 12 mg and 600 pL for PDA-Fe-1.0%, 16 mg
and 980 pL for PDA-Fe-1.7%, 20 mg and 1000 pL for PDA-Fe-
2.4% NPs, respectively.

Synthesis of PDAF-i% NPs
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PDAF-0.13% NPs were synthesized by functionalizing PDA-
Fe-0.13% with 1H,1H,2H,2H-perfluorodecanethiol. First, the
PDAF-0.13% particles obtained from the previous step was
mixed with 10 mL of ethanol and 40 mL of water. Then 60 pL of
1H,1H,2H,2H-Perfluorodecanethiol was added to the mixed
solution. After 5 min of vigorous stirring, 10 mL of water
containing 150 pL of NH;-H,0 was quickly added to the mixture.
After stirring for 24 h, the particles are separated by
centrifugation and washed with water and ethanol three times,
and the final product is PDAF-0.13%. PDAF-1.0%, PDAF-1.7%,
and PDAF-2.4% are prepared in the same method using PDA-Fe-
1.0%, PDA-Fe-1.7%, PDA-Fe-2.4%, respectively.

Preparation of PFC-loaded PDAF-i% NPs

PFC-loaded PDAF-i% NPs were prepared with the typical
immersion method.'% 28 PDAF-i% particles are first lyophilized
at -55°C under 0.04 mbar overnight. Then 1 mg of PDAF-i%
particles were dispersed in 200 pL of PFC and sonicated for 10 s
(Fisher Scientific MH ultrasonic bath, 70 W, 40 kHz), evaporating
the excess PFC until no PFC liquid was seen in the vial. After
that, 2 mL of deionized water was added to the mixture and
sonicated for another 10 s. The mixed solution was used for
imaging experiments. Low speed centrifugation was performed
by centrifuging the mixed solution at 2500 rpm for 3 min; the
supernatant (PDAF-small) and precipitate (PDAF-large) were
collected for the imaging experiments.

Characterizations

TEM images were acquired on an FEI Tecnai G2 Spirit TEM
operating at 120 kV. SEM images and elemental analysis were
obtained by an FEI Quanta 250 SEM equipped with a Thermo
Fisher Scientific EDS detector. STEM images and EDS spectra
maps were acquired using a Hitachi HD-2300 Dual EDS Cryo
STEM equipped with dual Thermo Fischer Scientific EDS
detectors. The Hitachi HD-2300 was operated at 200 kV. DLS
and zeta potential measurements were determined by Malvern
Zetasizer Nano ZS90. XPS analysis was conducted on Thermo
Fisher Scientific ESCALab 250Xi spectrometer using Al K-alpha X-
ray source (1486.6 eV). The XPS spectra were calibrated with
adventitious carbon peak at 284.8 eV. UV—vis spectra were
measured on a PerkinElmer Lambda 35 UV/vis
spectrophotometer. Optical microscope images were taken on an
EVOS FL Auto Imaging System under transmitted light imaging
mode.

Ultrasound imaging

Ultrasound imaging was collected on a Siemens Sequoia 512
with an Acuson 15L8 transducer at 7 MHz. 0.5 mg mL? of PDA
particles in aqueous dispersions was tested for in vitro
ultrasound imaging. Both color Doppler and CPS imaging were
used for ultrasound imaging experiments. Both color Doppler
and CPS modes are performed with the increase of MI from 0.06
to 1.9. CPS imaging was used at 7 MHz and image brightness
was quantified by averaging the brightness over the region of
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interest using MATLAB R2016b. Continuous imaging was
performed by imaging at color Doppler mode at MI=1.9 until the
signal decayed to the intensity of deionized water signal.

Ex vivo cardiac ultrasound experiments

100 pL of PFP-loaded PDAF-2.4% with 4 mg mL?! was
injected into the left ventricle of a chicken heart (2.5 cm x 3 cm).
Color Doppler imaging commenced immediately after injection
with an increase in Ml from 0.06 to 1.9. Control experiments
were performed by injecting deionized water into the tissue.

Photoacoustic imaging

Photoacoustic imaging was performed on a VisualSonics
Vevo 2100 LAZR imaging system. Transducers with the
frequency of 21 MHz and 40 MHz were used for the
experiments. For in vitro experiments, 17 pL of PDA particles
with 0.5 mg mL?! was used for imaging at 21 MHz with pulsed
laser excitation at 700 nm. ImagelJ was used to quantify the PA
signal. For the ex vivo experiments, PDAF-2.4% NPs (4 mg mL1)
with 100 pL were injected into fresh chicken breast tissue (7 cm
x 8 cm). PA as well as B-mode images were collected at the
frequency of 40 MHz and laser wavelength of 700 nm.

Cytotoxicity assay

HCT116 colorectal carcinoma cells were plated at 2.5*103
cells/well in DMEM high glucose (Corning) + 10% FBS. Cell were
grown for 24 hours and then treated with PDAF-i% NPs (pre-
solubilized in H,0) ranging from concentrations of 0-500 ug/ml
for 24 hours. Then, the cells were washed twice with PBS, and
100 pL of media was added to each well, followed by 20 uL of
CellTiter Aqueous One Solution (Promega). After 3 hours at 37
°C, solutions were centrifuged at 10,000 RPM for 10 minutes,
three times, and supernatant was transferred to a new plate.
Then absorbance readings were taken at 490 nm (test
wavelength) and 690 nm (reference wavelength).

In vivo ultrasound and photoacoustic imaging

All animal studies were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committee
(IACUC) at the University of California, San Diego. All
experiments followed the guidelines of the Institutional Animal
Care and Use Committee at the University of California, San
Diego. The protocol was approved by the Institutional Animal
Care and Use Committee at the University of California, San
Diego. Colloidal suspensions of PDAF-2.4% NPs (1, 2, 4, and 8
mg mL?, 50 L) with or without PFH loading were mixed with
Matrigel in a 1:1 ratio and subcutaneously injected into the
loose skin over the back of a 5-month old nude mouse via an
insulin syringe (BD Micro-Fine™). Due to timing and equipment
constraints, prepared mixtures were transferred to the IACUC
and stored at 4 °C for 4.5 h before in vivo experiments. The
photoacoustic and color Doppler images were collected using
the same VisualSonics LAZR photoacoustic scanner with a LZ550

This journal is © The Royal Society of Chemistry 20xx
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transducer at 37 dB with and without 700 nm excitation,
respectively. We repeated the experiment using a mixture of 50
puL Millipore water with 50 pL Matrigel as the negative control.
For the signal stability measurement, the injected area was
exposed to 700 nm laser for 10, 20, and 30 minutes and imaged
using the photoacoustic or color Doppler mode. The
photoacoustic images were exported as TIFF files and analyzed
via Image) 1.49v.?° The photoacoustic images were converted
to grey scale (8 bit) and the raw integrated intensity of 6 regions
of interested within one sample were measured. The limit of
detection was calculated at 3 standard deviation above the
average of the baseline. The color Doppler signal detection limit
was estimated by comparing the signal of 2.0, 1.0, 0.5, and 0
mg/mL PDAF-PFH NPs that were subcutaneously injected in the
nude mouse.

Results and discussion

PDA NPs with chelated Fe(lll) ions were synthesized by a
modification of a previously reported method (Figure 1a).26
Briefly, FeClz; and 2-(3,4-dihydroxyphenyl)ethylamine
(dopamine) were dissolved in a 1:5 ethanol:H,0 solution and
allowed to oxidatively polymerize under basic conditions (initial
pH around 10.2) for 24 h.

Isolated PDA-Fe NPs were made fluorophilic through post-
synthetic attachment of 1H,1H,2H,2H-Perfluorodecanethiol via
thiol Michael addition (PDAF-i%, i represents the weight percent
of Fe3*, j = 0.13, 1.0, 1.7, 2.4). Size and morphology of the
modified particles were determined by transmission electron
microscope (TEM) and scanning electron microscope (SEM)
(Figure 1b-f, S1). With increasing initial Fe3* concentration, the
final NP sizes were found to show some increase in the final size
(PDAF-0.13%, d = 85+6 nm; PDAF-1.0%, d = 103+12 nm; PDAF-
1.7%, d = 95+13 nm; PDAF-2.4%, d = 137+15 nm). Weight
percentages of the Fe3* cation concentration were determined
by inductively coupled plasma mass spectrometry (ICP-MS).
Further decreasing the initial Fe3* ion concentration does not
lower the amount incorporated, nor does it decrease the NP
size (Figure S2). As discussed in previous studies,’® when
present during the polymerization, Fe3* cation distribution in
PDA is roughly homogeneous. Scanning transmission electron
microscopy with energy-dispersive X-ray spectroscopy (STEM-
EDS) confirm that this is also true for our NPs (Figure 1g, 1h).

SEM images (Figure 1f and S1) confirm the spherical
morphology and lack of significant cross-linking of particles as
observed in our previous results.’® In fact, no significant
morphological or size alterations were observed after
1H,1H,2H,2H-perfluorodecanethiol functionalization, indicating
that these steps are independently modifiable without the need
for re-optimization of the overall experimental parameters
(Figure S3). As the imaging properties of UCAs strongly depend
on the particle aggregation state, dynamic light scattering (DLS)
measurements were used to compare the hydrodynamic and
physical sizes measured by TEM analysis. The hydrodynamic
radii displayed by PDAF-i% display expected diameter increases
that are still consistent with minimal aggregation and low
polydispersity (PDAF-0.13%, dy, = 167457 nm, PDI =0.117; PDAF-
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(a)
e EtOH/H,0
NH3‘H20
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Fig. 1 (a) Schematic illustration of the synthetic procedure of PDAF-i% NPs. TEM images of (b) PDAF-0.13% NPs, (c) PDAF-1.0% NPs, (d) PDAF-1.7% NPs, (e) PDAF-2.4% NPs, (f) SEM
(a) Schematic illustration of the synthetic procedure of PDAF-i% NPs. TEM images of (b) PDAF-0.13% NPs, (c) PDAF-1.0% NPs, (d) PDAF-1.7% NPs, (e) PDAF-2.4% NPs, (f) SEM image
of PDAF-2.4%, (g) HAADF-STEM image of PDAF-2.4% NPs with an inset of TEM image of (e), and elemental mapping of (h) Fe, (i) S elements on PDAF-2.4% NPs.

1.0%, dy =196+53 nm, PDI =0.074; PDAF-1.7%, dy = 214+55 nm,
PDI = 0.067; PDAF-2.4%, dy = 202457 nm, PDI = 0.081, Figure
S4). Zeta potentials of PDAF-0.13%, PDAF-1.0%, PDAF-1.7%, and
PDAF-2.4% were —-32.2+0.2, -30.4+1.9, -35.3+0.2, -31.6+0.4
mV, respectively, indicating good stability in aqueous solution.
After PFP loading, DLS data show a detectable level of
aggregation in PDAF-1.0% (PDI = 0.204) and PDAF-2.4% (PDI =
0.284), which is postulated to arise from condensation of
“Pickering” PDAF-stabilized PFP-emulsion droplets in the
aqueous phase (Figure S5a-d). In addition, PFP-loaded PDAF
were shown to have minimal propensity to aggregate when
suspended in PBS and Fetal Bovine Serum (FBS) (Figure S5e-f).
To further confirm the successful functionalization of the
surface of PDA-Fe NPs with 1H,1H,2H,2H-perfluorodecanethiol,
energy-dispersive X-ray spectroscopy (EDS) was employed for
elemental analysis (Figure S6). The wt. % of sulfur is similar for
all NP samples (4.0% for PDAF-0.13%, 3.7% for PDAF-1.0%, 2.3%
for PDAF-1.7% NPs, and 3.7% for PDAF-2.4%) and indicates a
surface coverage of 0.84+0.19 S/nm?2. STEM-EDS mapping of S
element shows that S element is present uniformly on the
PDAF-2.4% NPs, consistent with intact incorporation (Figure 1i).
To characterize fluorine in the PDA sample, X-ray photoelectron
spectroscopy (XPS) was performed. The binding energy of 688

4| J. Name., 2012, 00, 1-3

eV was attributed to the fluorine of perfluorodecanethiol
(Figure S7).30

To activate PDAF-i% NPs for use as UCAs, they must be
loaded with a US responsive volatile liquid. Perfluorocarbons
(PFCs) were chosen for their proven safety, chemical inertness,
and ultrasound responsivity at common medical transducer
frequencies.® In our previous work, 1H,1H,2H,2H-
perfluorodecanethiol functionalization of PDA was shown to
associate with and stabilize perfluoropentane (PFP, T, = 28°C) in
aqueous solution, thus PFP was employed to benchmark the
basic capabilities of PDAF-i% NPs by two important UCA
modalities: color Doppler and contrast pulse sequence (CPS)
imaging (Figure 2). Color Doppler is the imaging signal arising
from a blue or red shift of the transducer frequency usually
attributed to the Doppler effect caused by fluid motion.3! As it
shows strong and directional contrast in the presence flow, its
most common use is cardiac imaging.32 Non-flowing UCA
samples can also show color Doppler signal where it appears as
a high-contrast speckle pattern of random Doppler shifts.33
Strong color Doppler signal is observed for all PDAF-i% samples
with peak brightness at the maximum mechanical index (Ml =
1.9) (Figure 2, S8a-b). Although speckle patterns are difficult to
guantify, the image quality roughly scaled with the particle size,
with PDAF-0.13% showing the weakest signal and PDAF-2.4%

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Color Doppler (up) and CPS imaging (down) of PFP-loaded (a) PDA-Fe-2.4%, (b)
PDAF-0.13%, (c) PDAF-2.4% (MI = 1.9; room temperature). For Color Doppler, black
corresponds to no frequency shift. Warm and cool colors represent opposing
frequency shifts. The grayscale signal is from simultaneously-collected B-mode
imaging. For CPS images, black and white represent minimum and maximum signal
intensity.

showing the strongest. This trend is logical, given that stronger
acoustic cavitation and nonlinear backscattering is expected for
larger particles.? 34 Compared to our previous fluorinated PDA
UCAs,1° PDAF-i% shows stronger color Doppler signal and better
colloidal stability. These properties are likely due to the post-
synthetic  F-functionalization method which prevents
interparticle crosslinking during the initial particle synthesis.
PFP-loaded PDA-Fe particles without fluorine functionalization
and PFP-H,0 emulsion mixtures without any particles, were also
imaged using color Doppler mode. Unfunctionalized PDA NPs
exhibit no color Doppler signal even at Ml = 1.9, indicating that
both PFP and the functionalization to induce fluorophilic
stabilization are required to generate signal (Figure 2a and S8c-
e). PFP-H,0 control samples also show no signal up to Ml = 1.9
without stabilizing PDAF-i% (Figure S9a-b), demonstrating the
importance of the particle in stabilizing the volatile PFP.

In addition to color Doppler, PDAF-i% were imaged using the
Contrast Pulse Sequence (CPS) method. In this method, the non-
linear ultrasound response of PFCs due to expansion and
contraction is exploited to detect shifts in the phase angle. By
subtraction of the linear response, virtually back-ground-free
signals can be obtained. Figure 2b-c (bottom) and S8a-b show
representative CPS images for PDAF-i% with the golden grain
pattern quantifying clear CPS response from all samples (Figure
3a-d). Quantification is performed by averaging pixel intensities
such that a fully saturated signal area will result in an intensity
of 255. Room temperature values for PDAF-i% at mechanical
index (MI) = 1.9 fall in the range of 60-100 (Figure 3a-d),
comparable to PFC-loaded hollow silica, and commercial UCAs,
10,31 All PDAF-i% show significant intensity at lower Ml as well
(MI = 1.2; Figure S9c-f).

The interaction between the PFC and PDAF is crucial to
stability and the timescale of imaging. It is expected from
previous results on PFH nanoemulsions,® that the imaging

This journal is © The Royal Society of Chemistry 20xx
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characteristics will be altered by changes in available thermal
energy. To ensure that our UCAs are viable at body
temperature, color Doppler and CPS imaging was performed at
37°C with all other experimental conditions identical (Figure 3,
4). At higher temperature, PDAF-i% show enhanced signals at
all MI, with maximum enhancements over room temperature
values by 34%. Color Doppler is also shown with transducer
signals requiring less than half of the power those at room
temperature (Ml = 0.87 vs. Ml = 1.9, Figure 4).

These results demonstrate that the interaction between PFP
and PDAF-i% is strong enough to maintain stability at body
temperature, where the PFP response to 7 MHz US is
significantly enhanced. The nature of this stabilization is
complex but has been demonstrated in biphasic molecular
solutions.3> 36 Prior to 1H,1H,2H,2H-perfluorodecanethiol
functionalization, the PDA forms a colloidal suspension that is
stabilized by the negative zeta potential. This provides the
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Fig. 3 CPS signal brightness versus Mechanical Index (MI) for (a) PDAF-0.13% NPs, (b)
PDAF-1.0% NPs, (c) PDAF-1.7% NPs, and (d) PDAF-2.4%; The Ml is a unitless measure
of the maximum reduction in pressure induced by the ultrasound wave defined as Ml
= peak negative pressure / V(center frequency of the US beam). Signal brightness is
determined by averaging the 8-bit pixel intensities over equivalent ROI for all data.
Images in inset are representative CPS data at MI=1.9 for each sample.

polarity necessary for solvation by water and the Coulombic
repulsion required to prevent particle aggregation. Upon
functionalization with 1H,1H,2H,2H-perfluorodecanethiol, the
fluorous areas of the PDAF-i% surface become the most stable
position for PFP loading. If this loading process induces PDAF-i%
aggregation, surface-stabilized Pickering emulsions will form
(vide infra). To demonstrate the importance of the fluorophilic
interaction to stabilization, PFP-loading was attempted on
samples of PDA-Fe prior to fluorine functionalization. Negligible
color Doppler signal was observed at room temperature,
confirming that PFP is not retained in this case (Figure 2a and
S8c-e).

Given that the robust nature of the fluorophilic stabilization
provided by PDAF-i% permits strong imaging signals even with
elevated temperatures, we were interested in whether we
could utilize PFCs with widely differing physical properties to
alter the UCA without any redesign of the particle itself. This
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would increase their versatility towards different imaging
targets emphasizing deep tissue penetration (low frequency) or

Fig. 4 Color Doppler and CPS imaging of (a) PDAF-0.13% NPs, (b) PDAF-1.0% NPs, (c)
PDAF-1.7% NPs, (d) PDAF-2.4% NPs at 37°C.

high resolution (high frequency). For example, Goodwin et al.
reported that greater Ml required to induce the
vaporization of PFH than PFP, such that high intensity focused
ultrasound (HIFU) was required.3” As probes of the versatility of
our particles, both PFCs with enhanced (perfluorobutane (PFB),
T, =-1.7°C) and diminished (perfluorohexane (PFH), T, = -56°C)
volatility were imaged using color Doppler and CPS modalities
(Figure S10). Despite a range of over 50°C in Ty, the imaging
characteristics are remarkably stable (Figure S11),
quantitatively in the range of 80-100 at M| = 1.9. These data
indicate that a mechanism other than irreversible cavitation
may be leading to imaging contrast from these materials, since
bubble dynamics will depend strongly on the physical

< L)

was

dissolution from the NP, then it may be possible to design UCAs
that image persistently until cleared.

To test long-term continuous imaging capability, PFP-loaded
PDAF-i% were subjected to continuous Ml = 1.5 and 1.9 color
Doppler imaging (Figure S12). Commercial UCAs can generally
be imaged for less than 30 min before losing signal,3® yet PDAF-
2.4% exhibited 6 h of imaging lifetime without dropping to
background Given the ability to stabilize during
continuous imaging, periodic imaging after long-term storage
was also tested. Storage of pre-mixed UCA is generally not
possible due to the volatility of PFCs, and so a kit is required to
form emulsions for immediate use. To test the stability of PFP-
loaded PDAF-i%, fully prepared samples in aqueous solution
were stored at 4°C and imaged over the course of 50 d (Figure
S13). Both color Doppler imaging and CPS remain strong after
50 d indicating long shelf life.

As shown in Figure S5, some amount of aggregation is
demonstrated to occur after PFP loading. The ultrasound
mechanism and optimization strategy of microparticle and
nanoparticle UCAs is fundamentally different and thus
determining the signal derived from each subpopulation of
PDAF sample is important. In order to distinguish the
contribution of ultrasound signal between small nanoparticles
and large aggregates, the PFP-loaded PDAF-2.4% particles were
separated by low speed centrifugation (2500 rpm, 3 min). Sub-
populations from supernatant (named as PDAF-small) and
precipitate (PDAF-large) were collected and compared with the
original sample (PDAF-mix). DLS data (Figure 5a-c) shows that
the hydrodynamic size of PDAF-small (d = 256 nm; PDI = 0.11) is
comparable to the non-PFP loaded sample (202 nm, PDI = 0.081;
Figure S4d). Both PDAF-large and PDAF-mix (Figure 5b-c) show
aggregation with many particles in the 1-5 um range as

levels.
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characteristics of the PFC. If imaging can occur without PFC

Frame
expected from the original DLS data (Figure S5). In addition to
DLS, we performed optical microscopy on particles before,

Fig. 5 DLS size distribution of PFP-loaded (a) PDAF-small, (b) PDAF-large, (c) PDAF-mix with the insets of CPS imaging. (d) Quantitative plot of signal intensity for

61J NCCPS imaging for PFP-loaded PDAF-small, PDAF-large and PDAF-mix. (e) DLS size distribution of PFP-loaded PDAF-small before and after three cycles of ultrasound.,

y 20xx

imaging. (f) Quantitative analysis of image signal intensity (red) and Ml (black) versus frame number for CPS imaging of PFP-loaded PDAF-small particles. The insets

are corresponding color doppler and CPS images according to different frame number.
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during, and after exposure to 5 MHz ultrasound excitation
(Figure S14). While aggregates were observable in PDAF-large
and PDAF-mix, the application of ultrasound did not induce
further aggregation in the system. The organization of solid
particles to stabilize an interface, known as a Pickering
emulsion,3® has been incorporated into ultrasound contrast
agents in a number of systems.*% 41 To investigate whether the
observed aggregates were the source of ultrasound contrast in
our samples, individual size sub-populations were analyzed by
ultrasound contrast techniques.

After confirming the aggregation state by DLS and optical
microscopy, immediate CPS and color Doppler imaging studies
were performed on PDAF-small, PDAF-large, and PDAF-mix
(Qualitative CPS and color Doppler images were shown in insets
of Figure 5a-c, S15c). All samples show strong signal indicative
of the presence of an effective contrast agent. By quantitative
analysis of CPS data (Figure 5d), both PDAF-large and PDAF-mix
demonstrate an enhancement over the signal intensity of PDAF-
small, as aggregated particles could contribute strong
ultrasound contrast;*2 however, this difference decreases with
increasing Ml and is largely gone by Ml = 1.9. It could be inferred
from this data that PDAF-small is forming aggregation with
increasing MI, and thus the similarity at high Ml is simply a result
of converting PDAF-small into PDAF-large. However, the DLS
data shows remarkably stable particle size distribution before
and after ultrasound imaging (Figure 5e), and the MI
measurement can be cycled repeatedly without a change in the
signal response (Figure S15d-e). Perhaps the most interesting
finding from the aggregation study is the starkly different
curvature to the Ml-response between samples. While both
PDAF-mix and PDAF-large show a roughly linear signal response
to increased MI (Figure 5d, Figure S15a-b), PDAF-small shows
negligible response levels until Ml = 1.0. At MI > 1.0, the
response begins to rapidly increase with Ml (Figure 5d). This
behavior is seen more clearly when MI and CPS signal are
plotted vs individual frame number (Figure 5f, S15d-e). Both CPS
and Doppler signals show a “turn on” response consistently
around MI = 1.0. Since the transducer frequency is fixed for
these studies, this corresponds to either a threshold peak
negative pressure (PNP) or a threshold MI (Ml = PNP / Vcenter
frequency) for this UCA formulation. Overall, these data suggest
that both small particles (PDAF-small) and large aggregation
(PDAF-large) can contribute ultrasound signal in our system,
though their signals have important fundamental differences
that will be the subject of future study. For the remainder of the
studies discussed, the unseparated PDAF-mixed samples will be
used except where explicitly indicated.

Previous results have demonstrated that the imaging
characteristics of PDA translate well between aqueous solution,
biological buffer, serum, and ex vivo tissue.l® 22 To ensure the
stable and bright contrast of PDAF-i% are not limited to solution
measurements, ex vivo tissue imaging experiments were
performed. PFP-loaded PDAF-2.4% was injected into the
ventricle of a chicken heart and imaged with color Doppler, B-
mode, and CPS ultrasound signals (Figure S16). The most
intense area of B-mode imaging shows the position of
nanoparticles after injection. However, the signal is difficult to

This journal is © The Royal Society of Chemistry 20xx
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differentiate from surround tissue, which also exhibits B-mode
contrast. Corresponding regions in color Doppler and CPS signal
demonstrate the low-background, millimeter-level imaging
capabilities of contrast-enhanced ultrasound. The color Doppler
speckle pattern reflects the lack of flow in the tissue, indicating
the promise of PDAF-i% for the in vivo studies where
differentiation between flow rates is vital for assessing tissue
health. For comparison, water injected into the chicken heart
tissue shows no signal by either contrast mode (Figure S17).

(b)
<10*
12

Ak

)

101

PA Intensity (a.u

w/PFP w/o H,0 0 ~
PFP H,0

w/ PFP wlo PFP

(c) Before injection

After injection

w/ PFH

lo PFP  w/ PFP

Fig. 6 (a) In vitro PA imaging of PDAF-2.4% NPs, with (w/) or without (w/o) PFP
loaded at 21 MHz. Scale bar = 2 mm. (b) the corresponding quantitative analysis
of PA signal in (a), and the statistical significance was determined with t test,
*#*#*p < 0.0001, (c) Combined PA (red color, white-rectangle area) and B-mode
(grayscale) ex vivo imaging of PDAF-2.4% in chicken breast tissue. The scale bar
in panel (c) is 1 mm.
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As a complementary tool to conventional ultrasound
imaging, photoacoustic (PA) imaging has attracted great
research interest because it combines the high contrast and
spectral nature of optics with the spatial and temporal
resolution of ultrasound.?3%¢ The PA signal arises from an
optical pulse generating localized pressure waves within a
strongly absorbing material such as a plasmonic nanoparticle
and organic semiconductors.*’->2 Recent work has shown that
PDA-based materials show strong PA imaging performance due
to their high absorption in the NIR region.*3 >3 Additionally,
traditional UCAs have demonstrated that US/PA dual-modal
contrast is a viable technique for biological tissue imaging.>*
Given the strong absorption of PDAF-i% through 1000 nm
(Figure S18), it could be expected that PFC-loaded PDAF-i%
would display a bright PA signal in addition to US. In our study,
a Vevo 2100 LAZA PA imaging system (Visualsonics) was used to
scan the in vitro PA signal of PFP and non-PFP-loaded PDAF-
2.4% in aqueous solution (Figure 6). PA imaging and its
quantitative analysis are shown in Figure 6a and 6b. Not only is
PA imaging possible in PFP-loaded PDAF-2.4%, but it is
enhanced by roughly 40% compared with the equivalent non-
PFP loaded sample, fitting with previously results on
microbubble contrast agents.3> 5436 As shown in ultrasound
contrast, particle aggregation in the presence of PFC can be
expected to play a role in the PA signal as well. Likely an effect
of the enhanced absorption in the aggregates, a stronger signal
is indeed observed for PDAF-large (Figure S15f). In addition, the
Fe concentration of PDAF-i% was expected to play a role in PA
imaging contrast due to charge transfer absorption involving
the chelation to the PDA catecholate (Figure 7a,b).1®
Interestingly, we observe a drastic PA enhancement when
comparing PDAF-0.13% and all other samples. Since this trend
correlates with the particle size variation as well as the Fe3*
content, the contribution of each factor to the PA signal cannot
be deconvoluted. It is, however, consistent with a previous
report>” and with the much lower extinction coefficient of
PDAF-0.13% compared to that of other PDAF-i% samples (Figure
7c).

Ex vivo PA imaging of PDA particles in chicken breast tissue
was also performed (Figure 6¢, S19). PFH-, PFP- and no PFC-
loaded PDAF-2.4% were injected 1 cm into the chicken breast
tissue and subsequently imaged at the injection site at 40 MHz.

(a)

s

x
v o
1 =

N

e

——y
—_

L
N

PA Intensity (a.u.)
w

-
M

1

0 r - r
ah ok gk 3 ASH° AT® Y
o AS AT a¥ €0 € € ”
O o o o oo oo " "
(C) Wavelength (nm)
O O O
%109 < G Sl -
10 —
—
= I
§ 1 ™
8 | J. Name., 2022, -3
0.1 —— PDAF-0.13%

Fig. 7 (a) In vitro PA imaging of PDAF-i% NPs under 0.5 mg mL™* at 21 MHz, (b) the
corresponding quantitative analysis of PA signal in (a), (c) molar volume extinction
coefficient of PDAF-i%. The scale bar in panel (a) is 2 mm.

PDAF-2.4%-PFH

PDAF-2.4%

The PA signal appears in the striations of the muscle fiber in the
chicken breast tissue after the injection of nanoparticles,

indicated by the red line in the Figure 6c. It should be noted that
there is observable signal increase with PFC-loaded PDA
samples compared with no PFC-loaded PDA samples, in
agreement with the in vitro PA imaging results.

PDA is chemically similar to natural melanin and has been
shown to be biocompatible in various synthetic forms. Figure
S20 reveals that cell viability of all PDAF-i% is greater than 80%
at all concentrations for HCT116 cells, indicating good
biocompatibility for PDAF-i%.

The PFH-loaded PDAF-i% exhibits stable in vivo PA and color
Fig. 8 In vivo PA and color Doppler imaging with PFH-loaded PDAF-2.4% (2 mg mL™),
PDAF-2.4% without PFH, and water control. Scale bar represents 2 mm.

Doppler signal under constant laser exposure. The
subcutaneously injected PFH-loaded PDAF-2.4% had 1.5 and
146.2-fold stronger PA intensity, with significantly higher color
Doppler signal, than the negative controls PDAF-2.4% and
Millipore water mixed with Matrigel in a 1:1 ratio (Figure 8).
Furthermore, the PA and color Doppler signal of the PFH-loaded
PDAF-2.4% remained stable (RSD < 2.3%, Figure S21) during
constant 700 nm laser excitation for 30 minutes with a
detection limit of 0.12 mg/mL in the PA mode and ~2.0 mg/mL
in the color Doppler mode (Figure S22). These results
demonstrated the long-term in vivo utility of the PFH loaded
PDAF-i% particles.

Overall, PDAF-i% demonstrate promising characteristics as
UCAs: (1) They display strong contrast by both color Doppler
and CPS imaging techniques; (2) the fluorophilic mode of PFC
stabilization presents a way to image that is largely orthogonal
to other tunable characteristics. Thus, synthetic handles such as
size, metal content, constituent monomer can be repurposed to
control tissue penetration, deliver alternate modes of contrast,
or trigger therapeutic responses; (3) the stability of the
PFC/particle interaction allows for long-term continuous
imaging ability, which can be used as the contrast agents for
tissue imaging. This long-timescale ability could allow for long-
term tracking of flow patterns and analysis of flow on tissue
perfusion timescales.

Conclusions

In vitro US imaging at 20°C and 37°C both show remarkable
contrast pulse sequences (CPS) and color Doppler signal at Ml =
1.9; and significant color Doppler signal could be found at Ml =

This journal is © The Royal Society of Chemistry 20xx
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0.87 at 37°C. It should be noted that our PDAF-i% NPs could be
imaged at MI = 1.9 for at least 6 h and were effective after
storage at 4°C for almost two months, a behavior markedly
different from other type of microbubble-based agents as well
as our previous PDA-F NPs.20 Often in nanoparticle-based
ultrasound UCAs, it is difficult to characterize the extent to
which aggregation plays a role in the properties. Optimization
of our initial size distribution and careful separation by low
speed centrifugation and immediate characterization have
allowed us to address key differences due to nanoparticle
aggregations. Importantly, our results indicate that both
isolated particles and aggregations contribute to the overall
signal we observe, but the differences are not simply in signal
magnitude. Specifically, the threshold Ml response for PDAF-
small warrants further study and may hold cues as to the
methods to further control and optimize this signal response.
Future work will continue to push the limits of these materials
to longer imaging time and more optimized ultrasound
response via tuning the particle design. Given the wide known
parameter space for modification of polymer nanoparticles,
further capabilities should be available, such as triggered
positive contrast and multi-color contrast. This synthetic control
of functionality offers the exciting possibility of specializing
UCAs analogous to more established contrast agents like those
of MRI, which have benefitted strongly from fundamental
exploratory research into their
relationships.
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