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Abstract 

The in vivo applications of gas-core microbubbles have been limited by gas diffusion, rapid body 
clearance, and poor vascular permeability. To overcome these limitations, using a modified 
three-step emulsion process, we have developed a first-of-its-kind India ink incorporated opti-
cally-triggerable phase-transition perfluorocarbon nanodroplets (INDs) that can provide not only 
three types of contrast mechanisms—conventional/thermoelastic photoacoustic, phase-transition/ 
nonlinear photoacoustic, and ultrasound imaging contrasts, but also a new avenue for photoa-
coustic effect mediated tumor therapy. Upon pulsed laser illumination above a relatively low 
energy threshold, liquid-gas phase transition of the INDs has been demonstrated both in vitro and 
in vivo, offering excellent contrasts for photoacoustic and ultrasound dual-modality imaging. With 
further increased laser energy, the nanodroplets have been shown to be capable of destructing 
cancer cells in vivo, presumably due to the photoacoustic effect induced shock-wave generation 
from the carbon particles of the incorporated India ink. The demonstrated results suggest that the 
developed multifunctional phase-transition nanodroplets have a great potential for many 
theranostic biomedical applications, including photoacoustic/ultrasound dual-modality molecular 
imaging and targeted, localized cancer therapy. 

Key words: India Ink, nanodroplets  

Introduction 
Microbubbles with gas cores have been widely 

explored in the field of diagnostic ultrasound over the 
past few decades.1,2 However, the in vivo applications 
of microbubbles are limited by their short circulation 
lifetime owing to gas diffusion and biological clear-
ance, as well as poor vascular permeability due to 
their micrometer-scale dimensions (which prevents 

them from extravasating out of the vascular system 
into the tumor intercellular space efficiently). As a 
result, microbubble-assisted tumor imaging, molecu-
lar diagnosis, and therapy have been confined to lim-
ited applications. It is believed that only particles with 
sizes less than a few hundred nanometers can perme-
ate the leaky tumor vasculature. Therefore, exogenous 
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contrast agents smaller than such sizes should be 
synthesized to optimize in vivo applications.3,4 
Phase-transition perfluorocarbon (PFC) liquid 
nanodroplets have been gaining more and more at-
tention in recent years.5,6 These nano-sized droplets 
can efficiently permeate out of the blood circulation 
into tumor tissues. Although their liquid cores ini-
tially provide poor ultrasound contrast,7 once trig-
gered into gaseous phase, they can offer significantly 
augmented ultrasound contrast. Compared with mi-
crobubbles, PFC liquid nanodroplets, which are fur-
ther stabilized by lipids, polymers, surfactants, or 
albumin shells, possess longer circulation lifetime. 
Traditionally, ultrasound irradiation with a relatively 
high pressure amplitude was used to trigger the PFC 
liquid into gaseous phase—also termed as acoustic 
droplet vaporization (ADV).6 However, the Laplace 
pressure and the surface-stabilizing agents of the 
droplets make them relatively difficult to vaporize by 
ultrasound. The pressures and frequencies of conven-
tional diagnostic ultrasound are proved not sufficient 
to induce acoustic droplet vaporization.8,9 In fact, 
acoustic droplet vaporization typically requires 
acoustic frequencies and pressures that may also 
cause unwanted bioeffects,9 which is certainly unde-
sirable.  

Recently, the development of optical droplet 
vaporization (ODV) has provided an alternative way 
to activate PFC nanodroplets.10,11 By incorporating 
optical absorbing materials (i.e., optical absorbers) 
into the liquid cores, laser irradiation instead of ul-
trasound (US) exposure has been applied to induce 
the liquid-to-gas transition of PFC nanodroplets. 
When relatively low pulsed laser energy is used, 
conventional photoacoustic (PA) signals originating 
from the transient thermoelastic expansion of the op-
tical absorbers are generated. However, if the laser 
energy goes up beyond a certain threshold, the ab-
sorbed optical energy will lead to a local temperature 
rise sufficient to induce the liquid-to-gas transition 
(vaporization) of the droplets, which, in turn, can 
trigger the generation of much stronger (nonlinear) 
temporary photoacoustic signals compared with 
those from thermoelastic expansion.11–14 Furthermore, 
once triggered into gas phase, such nanodroplets can 
provide excellent contrast for ultrasound imaging as 
well.15  

Photoacoustic imaging is a hybrid biomedical 
imaging modality that possesses the contrast superi-
ority of optical imaging and the resolution superiority 
and penetration ability of ultrasound imaging.16–22 
The photoacoustic effect converts the absorbed pulsed 
optical energy into acoustic waves, which are detected 
by ultrasound transducers to reconstruct the optical 
absorption distribution in biological tissue.23 In order 

to obtain high PA contrast from exogenous agents, PA 
signals from endogenous tissue chromophores should 
be minimized. It is well known that the optical ab-
sorption of major biological tissue chromophores (e.g., 
hemoglobin) is minimal in the near-infrared (NIR) 
region from 700 to 1100 nm. Moreover, due to signif-
icantly reduced optical scattering, the optical pene-
tration depth of tissue is relatively large in this wave-
length range. Therefore, it is of great significance to 
develop contrast agents with peak absorption in this 
wavelength range (e.g., PFC naodroplets incorporat-
ing NIR optical absorbers).24 

By now, a number of different optical absorbers 
have been used for ODV materials, including PbS 
nanoparticles, plasmonic gold nanoparticles (rods and 
spheres), and ICG.10,11,25,26 All of them have demon-
strated great potential for a variety of photoacoustic 
and ultrasound imaging applications. However, PbS 
based nanodroplets have been shown to require a 
very high laser fluence (on the order of J/cm2) to in-
duce the liquid-to-gas transition,10 which may cause 
potential damage to biological tissue as well. Plas-
monic gold nanoparticles may get melted easily under 
moderate laser illumination,11 which may shift the 
absorption spectrum to undesired wavelengths. ICG 
is a FDA approved agent used in the clinic, however, 
compared with India ink, ICG has a much lower mo-
lar extinction coefficient (for example, more than 10 
times lower at 800 nm) and a narrower optical ab-
sorption spectrum. 27,28 In addition, for PA applica-
tions, ICG also suffers from relatively low PA conver-
sion efficiency due to the conversion of fluorescence. 
Furthermore, all currently reported nanodroplets re-
quire laser illumination within a relatively narrow 
spectral band that may limit the choices of lasers and 
thus their applications under certain circumstances. In 
this work, a novel India ink incorporated optical-
ly-triggerable phase-transition nanodroplets have 
been developed for both biomedical imaging and 
therapy applications. As the optical absorbers of the 
droplets, India ink is chemically and spectroscopically 
stable, easily accessible, inexpensive, nontoxic, and 
have been widely used in the clinic.29–33 In addition, 
the ink’s "active constituent" carbon black is nonreac-
tive and nonallergenic; its absorption coefficient is 
large, with relatively small variations across a wide 
range of the visible and NIR regions. Thus, over a 
broad spectrum, it can offer excellent photoacoustic 
contrast and be optically vaporized.34 In addition, 
shock wave generation from carbon materials upon 
pulsed laser illumination has been recently reported 
to offer a potentially new therapeutic mechanism to 
destruct cancer cells.35–37 Therefore, incorporating 
India ink, and thus this mechanism, into the optical-
ly-triggerable phase-transition nanodroplets may of-
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fer a new avenue for targeted and localized cancer 
therapy.  

A typical ink nanodroplet (IND) reported in this 
work consists of a droplet of liquid Perfluorohexane 
(PFH) and ink particles within a poly-lactic-co- 
glycolic acid (PLGA) shell. PFH with a boiling point of 
56°C is stable at room temperature and can be trig-
gered to gaseous phase using proper laser energy. 38 
The polymer PLGA is FDA approved and has been 
clinically used in biological and medical applications. 
As the carrier of the droplet, it is highly stable; it also 
has good biocompatibility, long blood circulation 
time, and good acoustic properties, without immu-
nogenicity and potential risk for cross infection.39,40 
The INDs were synthesized using a modified 
three-step emulsion process. After fabrication, the 
INDs were characterized by scanning electron mi-
croscopy, spectrophotometry, and a laser particle size 
analyzer. Upon illumination with proper laser energy, 
the phase-transition process of the INDs was suc-
cessfully demonstrated in vitro and in vivo, providing 
excellent contrast for both PA and US imaging. Fur-
thermore, the feasibility of tumor therapy in vivo us-
ing the INDs was also demonstrated and studied. 

Materials and methods 
Materials 

India ink was purchased from Amresco (USA), 
PFH was purchased from Alfa Aesar (U.K.), PLGA 
(50:50, 12,000 Da MW) was purchased from Daigang 
(China), polyvinyl alcohol (PVA 25,000 Da MW) was 
obtained from Sigma-Aldrich (USA), methylene chlo-
ride (CH2Cl2) was purchased from Chuandong (Chi-
na), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
liumbromide (MTT) was obtained from Beyotime 
(China), Agarose was purchased from Invitrogen 
(USA). Deionized water was obtained with the Mil-
li-Q Plus System (Millipore Corporation, USA). 

Synthesis of INDs  
INDs encapsulating India ink were fabricated 

with an modified three-step emulsion process. Four 
solutions were prepared: (1) 4 mL 2.5% w/v PLGA 
solution of CH2Cl2, (2) 20 mL 4% w/v PVA aqueous 
solution, (3) 0.5 mL 10% v/v India ink aqueous solu-
tion, and (4) 0.3mL PFH. First, the 0.5 mL ink aqueous 
solution was added to the 0.3 mL PFH and emulsified 
in an ice bath with an ultrasonic probe (SONICS & 
MATERALS Inc; USA) at 130 W for 1 min. After that, 
4 mL 2.5% w/v PLGA solution of CH2Cl2 was added 
to the emulsion and emulsified in the ice bath with the 
ultrasonic probe at 130 W for another 2 min, and then 
20 mL 4% w/v PVA aqueous solution was added to 
the double emulsion and homogenized (FJ300-SH, 
China) in an ice bath within 3 min for the third emul-

sion. Next, the emulsion was stirred for 2 hours by a 
magnetic stirrer (HJ-1, Ronghua, China), and then 
centrifuged (Eppendorf AG, Germany) at 8000 rpm 
for 5 minutes. After centrifugation, the supernatant 
was discarded, and the droplet precipitate was 
washed by deionized water. Both the centrifugation 
and washing process were repeated for three times. 
Finally, the washed spheres were diluted in 2.5 mL 
degassed deionized water to prepare the stock with 
the concentration of 40 mg/mL and then stored in a 
centrifuge tube at 4 °C for further use. It is to be noted 
that both stock and diluted India ink was pretreated 
with ultrasonic sonication (immersed in ultrasonic 
water bath (SCQ-H500, Shengyan, China) for about 30 
minutes29) before usage throughout the whole ex-
periment. 

Characterization of INDs 
A UV/VIS/NIR Spectrophotometer (UV3600; 

Shimadzu, Japan) was used to acquire the optical ab-
sorption spectra (optical density vs. wavelength) of 
the INDs and the ink alone. The morphological and 
structural characterization and size of INDs were ob-
served by a scanning electron microscope (SEM, FEI 
Nova NanoSEM450; USA) and an optical microscope 
(Olympus CKX41; CANADA). The size distribution 
and zeta potential of INDs were measured by a Laser 
Particle Size Analyzer System (Zeta SIZER3000HS; 
Malvern, USA). 

Cell culture  
MDA-MB-231 human breast cancer cells were 

obtained from the laboratory of Ultrasound Engi-
neering Institute of Chongqing Medical University 
and cultured using RPMI 1640 with 10% fetal bovine 
serum, and 1% penicillin/ streptomycin at 37°C with 
humidified air containing 5% CO2.  

Animal models 
All animals were treated according to the guide-

lines of the Care and Use of Laboratory Animals. Fe-
male BALB/c nude mice (4-6 weeks old and weighted 
18-20 g) were purchased from Slac Laboratory Animal 
Co. Ltd (Shanghai, China). For inoculation, 
MDA-MB-231 cells (1×106 cells/100 μL/mouse) were 
suspended in serum-free RPMI-1640 medium and 
administered subcutaneously to the flanks of the 
mice. Tumor-bearing mice were used for experiments 
7 to 10 days after tumor inoculation when the volume 
[π/6 x length x (breadth)2] reached about 200 mm3.  

Cytotoxicity study  
INDs (5 mL) were sterilized under UV light for 

20 min. MDA-MB-231 cells were incubated in 
cell-culturing media containing INDs at concentra-
tions of 0.3, 0.6, 0.9, 1.2, and 1.5 mg/mL. The cells 
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were first seeded into 96-well plates at a density of 
5x103 cells per well and incubated at 37°C and 5% CO2 

for 12 hours. Then the former medium was replaced 
with new medium containing varying concentrations 
of INDs, and the cells were incubated at 37°C and 5% 
CO2 for 24 hours. The cells in the culture media 
without any INDs were regarded as the blank control. 
Afterwards, 150 μL new media and 20 μL MTT solu-
tion were added to each well to replace the former 
medium, and incubated at 37°C and 5% CO2 for 4 
hours. Then the former medium was abandoned and 
100 μL DMSO was added to each well. Low speed 
oscillation was applied for 10 minutes to make sure 
the formazan crystals were dissolved completely, and 
the optical absorbance was then measured at 490 nm 
on a microplate reader (Tecan Sunrise, Switzerland).41 
The results were expressed as percentages relative to 
those acquired in the blank control. The absorbance 
differences between INDs groups and the control 
group were analyzed statistically using analysis of 
variance. The differences observed between samples 
of varying concentrations were considered significant 
for P < 0.05.  

Instrumentation for PA and US measurement 
A custom-made photoacoustic and ultrasound 

dual-modality imaging system was used for all the PA 
measurements. The system consists of a tunable 
pulsed OPO laser (mostly operating at ~800 nm) to 
illuminate the objects through a custom-built light 
delivery system, a 10-MHz focused ultrasound 
transducer for both US and PA signal acquisitions, 
and a precision 3D motorized stage to move the im-
aging head across the x-y plane for 3D imaging—as 
the depth resolution comes from the time of arrival of 
the received acoustic signals, the stage’s z axis is used 
for positioning the imaging head only. More details of 
the imaging system can be found in our earlier pub-
lication.42 In general, depth resolved PA and US sig-
nals were acquired sequentially, and a 3D image of 
the object was obtained with 2D raster scanning of the 
imaging head in the x-y plane. 

A Q-switched Nd:YAG pulsed laser (532 nm, 5 
Hz repetition rate, 1200 mJ maximum pulse energy, 10 
ns pulse width) was applied for INDs phase transition 
triggering in all experiments without PA measure-
ments, after which a commercial ultrasonic diagnostic 
instrument (Mylab90, Esaote, Italy) with an US fre-
quency of 10 MHz and an imaging speed of 50 
frames/s was used to acquire US images in a routine 
mode (B-mode) and contrast mode (mechanical index 
(MI)＝0.1). Compared with the PA/US dual-modality 
system mentioned above, the laser source here sup-
plies a much higher maximum single pulse energy 
(1200 mJ/pulse vs. 1 mJ/pulse) while the ultrasonic 

system can offer an imaging speed more than 100 
times faster. 

In vitro INDs characterization and imaging 
PA signals of 4 INDs concentrations (5, 10, 20, 40 

mg/mL) in 2% agarose gel phantom were first meas-
ured to characterize the photoacoustic linearity of the 
nanodroplets (800 nm, OPO laser, laser fluence is 0.5 
mJ/ cm2). It was assumed the number of synthesized 
nanodroplets was linearly related to how much PLGA 
was used, and therefore the concentration of the 
droplets was indicated by the PLGA quantity (e.g. 40 
mg/mL) in this manuscript. Furthermore, the fol-
lowing procedures were carried out to estimate how 
much ink particles were incorporated into each 
nanodroplet. The optical density of INDs was com-
pared with that of pure PLGA droplet (without any 
incorporated ink) of the same concentration to esti-
mate the absorption of ink particles encapsulated in 
INDs using spectrophotometry. Afterwards stock ink 
particles were titrated into degassed deionized water 
until the optical density matched that of the INDs 
incorporated ink particles just obtained.11  

To compare the photoacoustic property differ-
ence between INDs and pure ink, both INDs and ink 
solution containing the same amount of ink particles 
were irradiated by the laser source of our PA system 
(800 nm, OPO laser, laser fluence is 8 mJ/cm2) for 100 
seconds (1000 laser pulses), while photoacoustic sig-
nals were recorded over time. Moreover, to validate 
nanodroplet vaporization, INDs, pure ink (same ink 
particle concentration as that incorporated in INDs) 
and pure droplet (without any ink incorporated, same 
PLGA concentration as INDs) solution were observed 
with US imaging before and after laser irradiation 
(532 nm, Nd:YAG laser, 10 s irradiation, laser fluence 
is 5 mJ/cm2). 

In vivo INDs study 

In vivo INDs imaging 
All in vivo imaging experiments were conducted 

with laser energy density between 0.5–12 mJ/cm2, 
well below the ANSI laser safety limit.43 The animals 
were anesthetized via Isoflurane breathing (1.5% 
Isoflurane gas mixed with oxygen) throughout the 
course of the measurement. First of all, to validate the 
contrast enhancement for conventional photoacoustic 
imaging, photoacoustic images of the tumor areas 
were acquired in situ before and after intratumoral 
injection of INDs (50 μL INDs, 40 mg/mL, 800 nm, 
OPO laser, laser fluence is 0.5 mJ/ cm2, tumor mas-
saged for 1 min after injection). Furthermore, to vali-
date the in vivo nanodroplet vaporization, US images 
of the tumor area injected with INDs, pure ink (same 
ink particle concentration as that incorporated in 
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INDs), and pure droplets (without any ink incorpo-
rated, same PLGA concentration as INDs) were ob-
tained before and after laser irradiation (532 nm, 
Nd:YAG laser, 10 s irradiation, laser fluence is 12 
mJ/cm2). In total, 30 mice were used for experiments. 
Among them, 15 mice were used in the PA imaging 
group with intratumoral injection of INDs, pure ink, 
and pure droplets (5 mouse each group); the other 15 
mice were also divided into three sub-groups, with 5 
in each group injected intratumorally in situ with 
INDs, pure ink, and pure droplets, respectively.  

In vivo INDs therapy 
To study the therapy effect of INDs, 10 tu-

mor-bearing mice were randomly divided into two 
groups (n = 5 per group): INDs group (I) and INDs 
blank group (II) as control. In the INDs group, the 
mice first received in situ intratumoral injection of 50 
μL INDs and massaged for 1 min while in the control 
group, same amount of saline was injected as sham 
treatment. The tumors in both groups were then irra-
diated with laser energy for 3 min (532 nm, Nd:YAG 
laser, laser fluence is 18 mJ /cm2). The laser spot was 
adjusted to cover the whole tumor area. 

Evaluation of INDs impact on tumor after 
laser exposure  

INDs impact on tumor after in vivo imaging  
Six hours after INDs based PA and US imaging 

in vivo, the animals were euthanized and tumors were 
removed for macroscopic and microscopic examina-
tions to verify if any side effect exists due to laser il-
lumination during the imaging process. 1 cm3 tissue 
containing INDs injected area and surrounding area 
from each tumor was excised, sectioned and stained 
with hematoxylin and eosin (HE) for pathological 
examination. Another 1 cm3 tissue was sampled by 
glutaraldehyde to observe the ultra-structure changes 
of the targeted tissue with transmission electron mi-
croscope (TEM, Hitachi, 7500; Japan). Immunohisto-
chemical examination was also performed to acquire 
the information on apoptosis of the tumor tissues us-
ing terminal dexynucleotidyl transfer-
ase(TdT)-mediated dUTP nick end labeling (TUNEL). 
The nucleus of apoptosis-positive cells would appear 
in brown color. The proportion of the positive cells, 
also called apoptosis index (AI), was calculated via 
reading 5 random regions of the sample at 
400×magnification. 

Tumor therapy effect of INDs  
The results of INDs therapy study were evalu-

ated with the same methods as that in the previous in 
vivo imaging part.  

Statistical analysis 
For statistical analysis, each experiment was 

performed at least three times. One-way analysis of 
variance was carried out to calculate the differences 
among each group. Data was presented as mean±
standard deviation. 

Results and Discussion 
Synthesis and characterization of INDs  

Fig. 1A (a-d) shows the fabrication process of 
INDs: a) PFH was embedded with ink particles sus-
pended in water as the first emulsion; b) PFH and ink 
particles was encapsulated by PLGA dissolved in 
CH2Cl2 as the second emulsion; c) PFH, ink and PLGA 
was encapsulated by PVA as the third emulsion; d) 
CH2Cl2 on PLGA shell evaporated by magnetic stir-
ring. Fig. 1A (e) shows the phase transformation pro-
cess of INDs after laser irradiation. As time goes on, 
some portion of the initially generated gas leaked out 
of the PLGA shell, forming small nanobubbles. These 
nanobubbles can further fuse into micrometer-sized 
bubbles. Fig. 1B shows the cross-section of the INDs. 
The porous PLGA shell encapsulates India ink and 
PFH inside, forming a stable spherical droplet. 

Several approaches were used to characterize the 
INDs. First of all, the fabricated INDs in the emulsion 
were reserved and monitored for two weeks. No ob-
vious shape and size changes were observed, demon-
strating their high stability. Fig. 2a1 shows the SEM 
image of INDs sample, from which it can be seen that 
the majority of the INDs presented have an almost 
perfectly spherical shape. Fig. 2a2 and 2a3 show the 
SEM images of a single spherical and hemispheric 
IND, respectively. Porous surface can be seen on most 
INDs—pores appear as black spots on the surface and 
were indicated by the white arrows in Fig. 2a2. In Fig. 
2a3, ink particles encapsulated within the PLGA shell 
can be seen through the expanded surface pores (in-
dicated by the white arrows). The porous surface 
feature of INDs as well as the encapsulated ink parti-
cles suggested its potential capability of chemothera-
peutic drug delivery for cancer treatment. Moreover, 
the INDs may enable controlled drug release. While 
the surface pores of PLGA shell allow drugs to be 
released slowly,44–46 the phase-transition process of 
INDs may lead the drugs to be released more quickly, 
due to the expansion or rupture of the PLGA shell. 
Fig. 2C-2E show the optical density of INDs, size dis-
tribution, and zeta potential, measured by spectro-
photometry, dynamic light scattering (DLS), and 
electrophoretic light scattering(ELS), respectively. It 
can be seen that the absorption spectra of INDs and 
pure India ink are very similar to each other due to 
negligible absorption of pure droplet, demonstrating 
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the optical property was not significantly altered 
during the INDs synthesis process. INDs exhibited 
narrow size distribution with an average hydrody-
namic diameter of 472.5±78.01 nm. The average zeta 
potential is 50.5±4.89 mV, indicating the high stability 
of INDs.  

Fig. 3A and 3B show the shape and size charac-
teristics of INDs under optical microscope (Olympus 

CKX41, CANADA) before and after laser irradiation 
(532 nm, Nd:YAG laser, laser fluence is 5 mJ/cm2). It 
was shown that after laser irradiation, gas bubbles 
were formed due to INDs vaporization (indicated by 
black arrows in Fig. 3B), which were produced by the 
escaping of the gas from the PLGA shell. The larger 
bubbles are presumably due to rapid coalescence of 
smaller bubbles.  

 

 
Figure 1. Schematic illustration of (A) the IND fabrication process (a – d) and ODV principles (d and e), as well as (B) the architecture of a synthesized IND. 

 
Figure 2. A, SEM images of INDs at different magnifications. Porous surface was indicated by the white arrow in a2, and ink particles encapsulated inside were indicated in a3. 
B, Cytotoxicity results of INDs on MDA-MB-231 cells (mean±standard deviation for different concentrations of INDs). C-E, The optical density, size distribution, and zeta 
potential of INDs measured by spectrophotometry, dynamic light scattering (DLS), and electrophoretic light scattering(ELS), respectively. 
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Figure 3. A and B, Bright-field optical microscopic images of the INDs sample pre and post laser exposure, respectively. The black arrows in B indicate the formed bubbles due 
to INDs vaporization. The larger bubbles are due to rapid coalescence of smaller bubbles. 

 
Cytotoxicity  

The MDA-MB-231 cell viability was measured to 
be 89.6%,87.5%, 89.5%, 90.8%, and 88.3%, 
(mean±standard deviation given in Fig. 2B) for groups 
cultured with INDs at concentration of 0.3, 0.6, 0.9, 1.2 
and 1.5 mg/mL respectively. These results neither 
showed a definite correlation between INDs concen-
tration and cell viability, nor did they show a signifi-
cant difference among INDs groups compared with 
the control group (P > 0.05), suggesting that INDs has 
very low or no toxicity to MDA-MB-231 cell line. 

In vitro INDs characterization and imaging 
Fig. 4A and 4B show the PA signal dynamics of 

INDs and ink solution during laser irradiation for 100 
s (800 nm, OPO laser, laser fluence is 8 mJ/cm2). For 
INDs, PA signal first goes up immediately and then 
declined to a lower steady state after about 30 s. The 
instant increase of the photoacoustic signals (which 
can be up to 10 times larger than the conventional 
photoacoustic signals from pure India ink of the same 
concentration) after laser irradiation is presumably 
from the rapid, laser-activated vaporization of INDs. 
As laser excitation continued, the supply of vaporiz-
ing INDs was depleted, causing the PA signal to drop 
down to a steady state at a lower level, which is de-
termined by the conventional photoacoustic effect of 
the encapsulated ink particles. Our speculation can be 
confirmed by the PA signal of the same concentra-
tion’s India ink solution, as shown in Fig. 4B, which 
has PA amplitude at the same level as that of laser 
excited INDs upon reaching the steady state. Fig. 4C 
shows the PA maximal amplitude projection (MAP) 
images of 5, 10, 20, 40 mg/mL INDs in 0.2% agarose 
gel when illuminated with 0.5 mJ/cm2 laser fluence 
(800 nm, OPO laser). The PA signal originated from 
the steady state thermoelastic expansion of the ink 
particles encapsulated in the INDs. Fig. 4D is the 
quantitative analysis of the signal intensity over con-
centration in Fig. 4C, which shows that the PA am-

plitude increased linearly with higher INDs concen-
trations (P < 0.05).  

Fig. 5A shows the US images of INDs, pure ink 
(same ink particle concentration as that incorporated 
in INDs), and pure droplet (without any ink incorpo-
rated, same PLGA concentration as INDs) solutions 
before and after laser irradiation with a fluence of 5 
mJ/cm2 for 10 s (532 nm, Nd:YAG laser), while Fig. 5B 
is the statistical/quantitative analysis of these images. 
In each image of Fig. 5A, there are two counterparts, 
with each corresponding to the commercial US sys-
tem’s routine mode (in gray scale) and contrast mode 
(in color/golden scale) imaging, respectively. The US 
signals of the routine mode image originated from 
both INDs and the vaporized bubbles while the sig-
nals of the contrast mode image originated solely 
from the vaporized bubbles. Therefore the contrast 
mode images were used for all subsequent quantita-
tive analyses of the INDs vaporization. The post irra-
diation US signal enhancement in the INDs group is 
much larger than that of the other two groups (also 
validated by the quantitative analysis in Fig. 5B), 
where no significant enhancement is observed. 

In vivo INDs imaging  
Fig. 6A shows in vivo Bscan PA images of the 

tumor area before and after intratumoral injection of 
40 mg/mL INDs, pure ink (same ink particle concen-
tration as that incorporated in INDs), and pure drop-
let (without any ink incorporated, same PLGA con-
centration as INDs). It is to be noted that, due to the 
laser power limitation of our PA imaging system (800 
nm, OPO laser, laser fluence is <1 mJ/cm2), no 
phase-transition related PA signals were able to be 
excited during in vivo INDs imaging in this study, i.e., 
the PA signal enhancement after intratumoral injec-
tion derived primarily from the thermoelastic expan-
sion of the encapsulated ink particles. It can be seen 
that the PA signals increased significantly after the 
intratumoral injection of INDs and pure ink, sug-
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gesting that, even without triggering the 
phase-transition, the INDs can still be used for con-
trast-enhanced PA imaging. Fig. 6B is the quantitative 
analysis of the images in Fig. 6A, which shows the 

post injection amplitude is ~20-fold higher than that 
of the pre–injection case (*P < 0.05) in both INDs and 
pure ink group. 

 
Figure 4. A and B, PA signal dynamics of INDs and ink solution, respectively, during pulsed laser irradiation for 100 s (800 nm, OPO laser, laser fluence is 8 mJ/cm2). C, The PA 
maximal amplitude projection (MAP) images of 5, 10, 20, 40 mg/mL INDs in 0.2% agarose gel when illuminated with a laser fluence of 0.5 mJ/cm2 (800 nm, OPO laser). D, The 
quantitative analysis of the signal intensity over concentration in C. 

 
Figure 5. A, US images in routine (gray scale) and contrast (color scale) modes of the INDs, pure ink (same ink particle concentration as that incorporated in INDs), and pure 
droplets (without any ink incorporated; with the same PLGA concentration as in INDs) solutions before and after laser irradiation with a fluence of 5 mJ/cm2 for 10 s (532 nm, 
Nd:YAG laser). B, Quantitative analysis of the images (within white box area) in A (*P < 0.05). 
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Fig. 7A shows the in vivo US imaging (in both 
routine and contrast modes) results of the tumor slice 
after intratumoral injection of INDs, pure ink (same 
ink particle concentration as that incorporated in 
INDs), and pure droplet (without any ink incorpo-
rated, same PLGA concentration as INDs) before and 
after laser irradiation with a laser fluence of 12 
mJ/cm2 for 10 s (532 nm, Nd:YAG laser). Fig. 7B is the 
quantitative analysis of these images. The same as in 
phantoms, the US signal enhancement post laser irra-
diation in the INDs group (20 times enhancement 
with 40 mg/mL INDs as used in this study; 10 times 
and 4 times enhancement can also be achieved with 20 
mg/mL and 10 mg/mL INDs, respectively) is much 
higher than that of the other two groups (also vali-
dated by the quantitative analysis in Fig. 7B), where 
no significant enhancement is observed. It is to be 
noted that due to the increased optical absorption and 
scattering in vivo, the energy density needed for trig-
gering the vaporization of INDs is higher than that 
required in vitro (12 mJ/cm2 vs. 5 mJ/cm2). However, 
this energy level is still fairly low (for example, com-
pared with the energy level needed for photothermal 
therapy47) and well below the ANSI laser safety lim-
it.43 Therefore, our results showed that in vivo vapor-
ization of INDs can be triggered with low laser energy 

and short irradiation time. The generated 
gaseous bubbles generate a significant 
acoustic impedance mismatch with the 
surrounding environment, providing ex-
cellent contrast for US imaging in vivo. 

Impacts of INDs after laser exposure  
No obvious coagulative necrosis was 

observed based on macroscopic inspections 
after PA imaging (Fig. 8a1), US imaging 
(Fig. 8b1), and in the control group of tumor 
therapy study (Fig. 8d1). Neither did HE 
staining of tumor slices show obvious tis-
sue damage in these groups (Fig. 8a2 and a3 
for PA imaging; Fig. 8b2 and b3 for US im-
aging; Fig. 8d2 and d3 for the control group 
of tumor therapy study), and the tumor 
cells were intact arranged in nests before 
and after laser exposure. However, for the 
INDs + laser group in the tumor therapy 
study, when the laser fluence reached ~18 
mJ/cm2 with an exposure duration of 3 min 
(532 nm, Nd:YAG laser), the coagulative 
necrosis was observed (Fig. 8c1); massive 
cell injuries were also seen by HE staining, 
featured with fragments of cell membranes 
and nuclei in the necrotic area of homoge-
neous red staining (Fig. 8c2 and c3). Simi-
larly, the expression of apoptosis-positive 

cells based on immunohistochemical examination 
showed significant tumor apoptosis in the INDs + 
laser group of tumor therapy study, which was not 
seen in the control group and the PA and US imaging 
groups (Fig. 9d vs. Fig. 9b, 9a, 9c). The apoptosis index 
(AI) in the INDs + laser group was also much higher 
than that of the other three groups (Fig. 9B). The TEM 
results showed that, in the control group of the tumor 
therapy study, as well as the PA and US imaging 
groups (Fig. 10A-C), both cell and nucleus membranes 
were intact, although local mitochondria were slightly 
distended. However, in the INDs + laser group, most 
cell membranes were incomplete, and many orga-
nelles disappeared (Fig. 10D). The images also con-
firmed that ink particles were present within the cy-
toplasm or endocytosed cell membranes (Fig. 10E and 
F). The surface temperature of the tumors in all im-
aging and therapy groups was measured with an in-
frared thermometer before and during laser exposure 
and it showed that there was only a slight tempera-
ture rise (within 2°C, Figure 11) for all the mice. These 
results revealed that the INDs was suitable for diag-
nostic PA and US imaging without producing severe 
thermal damage to the tissue with the laser fluence 
used in this study. Furthermore, for the laser + INDs 

 
Figure 6. A, In vivo Bscan PA images of the tumor area before and after intratumoral injection of 40 
mg/mL INDs, pure ink (same ink particle concentration as that incorporated in INDs), and pure 
droplets (without any ink incorporated, same PLGA concentration as INDs). B, Quantitative analysis 
of the images intensity in A (*P < 0.05). 
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group, obvious tumor tissue damages were observed 
by macroscopic, TEM, and pathological inspections, 
which indicated that the tumor damage was the result 
of the photoacoustic effect due to the combined use of 
INDs and laser exposure, rather than the photother-
mal effect (as no obvious temperature increase was 
detected). More specifically, the PA therapy mecha-
nism was speculated to mainly originate from the 
shock-wave generation due to the strong ink (carbon 
black) particle absorption of the delivered laser ener-
gy, rather than the vaporization process of the PFH 
droplet. In addition, this speculation and the above 
experimental results are also consistent with those 
reported in the literature.36,37,48  

Conclusions 
In conclusion, using a modified three-step emul-

sion process, we developed a first-of-its-kind India 
ink incorporated PFC nanodroplet (IND) material that 
can be triggered into gas phase upon pulsed laser 
illumination of low energy. The developed INDs not 
only provide three types of imaging con-
trasts—thermoelastic/conventional photoacoustic 

contrast, phase-transition/nonlinear photoacoustic 
contrast, and ultrasound contrast—but also offer a 
potential for cancer therapy through photoacoustic 
effect induced shock-wave generation from the car-
bon particles in the ink. Experiments have shown that 
the developed INDs are chemically stable and spec-
troscopically robust (ink particles absorb strongly 
across a wide spectral range from visible to NIR re-
gions), and are of no observed toxicity and immuno-
genicity. These properties, together with their unique 
imaging contrasts and therapeutic effect, make the 
INDs a promising candidate for many theranostic 
biomedical applications, including photoacoustic ef-
fect mediated cancer therapy in conjunction with 
photoacoustic and ultrasound dual-modality molec-
ular imaging for therapy guidance, monitoring, and 
evaluation. In addition, as demonstrated in previous 
works,49,50 the INDs may be surface or internally 
modified to permit molecular targeting of specific 
biological targets, as well as delivering therapeutic 
drugs, to enable even more potent multi-functional 
theranostic applications. 

 
 

 
Figure 7. A, In vivo US images in both routine (gray scale) and contrast (color scale) modes of the tumor slice after intratumoral injection of INDs, pure ink (same ink particle 
concentration as that incorporated in INDs), and pure droplets (without any ink incorporated, same PLGA concentration as INDs) before and after laser irradiation with a 
fluence of 12 mJ/cm2 for 10 s (532 nm, Nd:YAG laser). B, Quantitative analysis of the images (within white box area) in A (*P < 0.05). 
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Figure 8. Macroscopic inspection (a1, b1, c1, d1) and HE staining 
of tumor tissues at different magnifications (×200 (a2, b2, c2, d2) 
and ×400 (a3, b3, c3, d3)) after laser exposure. A, a1, a2, a3 are 
tumor tissues after PA imaging; B, b1, b2, b3 are tumor tissues 
after US imaging; C, c1, c2, c3 are tumor tissues after laser 
irradiation in the INDs + laser group of the therapy study; D, d1, 
d2, d3 are tumor tissues after laser irradiation in the control 
group of the therapy study. Coagulative necrosis was seen in c1 
(indicated by a black arrow), and necrosis areas were indicated 
by yellow arrows in c2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

Figure 9. A, Immunohistochemical examination of the tumor tissues after PA 
imaging (a), laser irradiation in the control group of the therapy study (b), US 
imaging (c), and laser irradiation in the INDs + laser group of the therapy study 
(d). Representative apoptosis-positive cells were indicated by black arrows 
while the apoptosis-negative cells were indicated by yellow arrows. B, The 
calculated apoptosis index of different groups after laser exposure (*P < 0.05).  
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Figure 10. A-C, TEM images of the tumor tissues after laser irradiation in the control group of the therapy study, PA imaging, and US imaging, respectively. The white arrows 
indicate the slightly distended local mitochondria. D-E, TEM images of the tumor tissues after laser irradiation in the INDs + laser group of the therapy study. F, TEM image of 
the tumor tissues after laser irradiation in the US imaging group. The white arrows in D indicate the incomplete (damaged) cell membranes, and the black arrows indicate the 
locations of disappeared cell organelles. The white arrows in E and F indicate the ink particles within either the cytoplasm (E) or endocytosed cell membranes (F). 

 
Figure 11. The surface temperature rise of the tumors for all the mice in the imaging and therapy groups. 
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