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Sonodynamic therapy (SDT)1,2 is a method of cancer therapy which excites a given molecule, often a porphyrin,3 through 
the implosion of gas bubbles arising from inertial acoustic cavitation followed by ultrasound (US) irradiation.4−6 Generation 
of the reactive oxygen species (ROS) during the molecule’s decay induces cell death, typically through the apoptotic 
pathway.7 SDT was developed nearly two decades ago by Yumita et al.1 Fundamentally, SDT is based on the 
photodynamic therapy (PDT) concept, but uses US as the energy source rather than light. SDT helps to overcomes some 
PDT limitations such as PDT’s low tissue penetration and long lasting skin sensitivity due to the retention of the photo- 
sensitizer in cutaneous tissue.8 While the SDT mechanism remains unknown, the reported hypotheses suggest a deep link 
to the PDT process as molecules commonly used in PDT can also be used for SDT. 
Porphyrin compounds are among the most studied species as photosensitizers because they exhibit low toxicity at therapeutic 
concentrations in the absence of external stimuli, in contrast to other anticancer drugs.9 Moreover, porphyrins can be efficiently 
excited by US and they generate ROS during their decay process, inducing tumor cell death.2,10,11 
Because the timing and location of US application is the key to successful SDT,12−15 a technique which enables direct 
visualization of porphyrin delivery to the region of interest, by the same energy source (US), would be of great benefit to this 
therapeutic approach. Microbubbles (MBs) are US contrast agents routinely utilized in clinical diagnostic imaging and are 
being investigated for drug delivery applications. Shell- stabilized, gas MBs provide strong ultrasound backscatter via two 
mechanisms: an impedance mismatch with the gas phase and oscillating in the ultrasound field, rapidly contracting and 
expanding in response to the pressure changes of the sound wave.16,17 MBs, which are typically in the range of 1−10 μm in 
diameter, typically also resonate at the 3−12 MHz frequencies widely used for diagnostic US imaging, making them several 
orders of magnitude more reflective than normal body tissues. Combining the echogenic properties of MBs with the 
therapeutic properties of porphyrins and their US-triggered activation (at different US frequency) could improve the 
effectiveness of SDT. However, the size of MBs may limit their biodistribution in the tumor and hinder subsequent therapy. To 
increase the delivery efficiency of drug to solid tumor via the enhanced permeability and retention (EPR) effect, the ideal 
theranostic vehicle18−20 should be scaled down to the 200−400 nm range to pass through leaky tumor vasculature. Accordingly, 
the aim of this work was to develop a new theranostic, echogenic, porphyrin-loaded nanoparticle capable of real-time US 
activation, monitoring, and activity in SDT. Some prior work has investigated theranostic systems which combine the 
visibility of MBs with well-known anticancer drugs (such as doxorubicin21), resulting in chemosensitizing effects. In addition, 
a modified porphyrin−lipid conjugate has been incorporated into MBs (which were then converted into NBs via sonication) 
to obtain a multimodal US and photodynamic imaging probe.22,23 Callan et al. exploited the MB as Rose Bengal 
sonosensitizer carrier and enhancer in ROS generation upon US irradiation for SDT anticancer therapy.24,25 Similarly, Liu and 
co-workers reported that microbubbles can markedly improve the anticancer effect of DVDMS mediate sonodynamic therapy 
both in vitro and in vivo.26 However, to the best of our knowledge, there are currently no echogenic nanosystems which 
combine US imaging with US activated molecules for future SDT-US imaging theranostic application.27 
The development of an efficient gas core nanosystem loaded with suitable amphiphilic porphyrin derivatives for eventual 
theranostic application in cancer therapy is proposed herein. The foundation of this construct is a lipid, surfactant, and 
polyacrylamide-stabilized perfluorocarbon nanobubble (NB).21,28−31 These NBs are stable32 and easily modifiable, and 
the shell can be exploited to load drugs, prodrugs, and/or vector to build theranostic and imaging agents.33 NBs were 
formulated and separated using a well optimized procedure,30 by using a lipidic film made of DPPA (1,2-dipalmitoyl-sn- 
glycero-3-phosphate), DPPC (1,2-dipalmitoyl-sn-glycero-3- phosphocholine), DPPE (1,2-dipalmitoyl-sn-glycero-3-phos- 
phoethanolamine) (Avanti Polar Lipids, Pelham, AL), and mPEG-DSPE (1,2-distearoyl-phosphatidylethanol-amine-meth- yl-
polyethylene glycol conjugate-2000) (Laysan Lipids, Arab, AL). The film was hydrated with Pluronic solution (Sigma- 
Aldrich, Milwaukee, WI) in 0.5% Irgacure (Fisher Scientific; Pittsburgh, PA) in PBS in the presence of glycerol at 75 °C. 
Next, NNDEA (Polysciences, Warrington, PA) and BAC (Sigma-Aldrich, Milwaukee, WI) (2:1 weight ratio) were added, and 
air was removed from the sealed vials and replaced with octafluoropropane before shaking. To include porphyrin compounds 
in the NBs lipidic layer, by noncovalent interaction, a structural modification of this compound is required. Starting from 
commercial porphyrin it is possible to tune its lipophilic property by conjugation with suitable aliphatic chains. Hence, two 
porphyrin derivatives have been synthesized: the first class being more lipophilic and the second class more amphiphilic. 
The main structural difference consists of a dioxyethylene bridge between porphyrin nucleus and the lipid chains, which 
confers the amphiphilic behavior to the entire molecule (Scheme 1). 



Porphyrin classes were synthesized by altering reaction parameters (i.e., reactant concentrations, additives, and reaction time) 
to produce a porphyrin mixture with convenient distribution of mono, di, tri, and tetra-substituted compounds. The optimum 
ratio and reaction end points were identified by HPLC-MS, as well as porphyrin isolation. The first class of lipophilic 
porphyrin, originated from commercially available meso-tetrakis(4-hydroxyphenyl)-porphyrin (compound 1, Scheme 1), was 
synthesized by a reaction with Br-dodecane in the presence of Na2CO3. 
18-Crown-6-ether was added to increase the ability of sodium carbonate to behave as a base. This approach was designed 
to maximize the tetra-alkylated derivative to give higher yield of this compound than those obtained in already reported 
procedures,34 allowing at the same time, to isolate significant amounts of mono-, di-, and tri-alkylated compounds. The second 
class of amphiphilic porphyrin, originated from commercially available meso-tetrakis(4-carboxyphenyl)-por- phyrin, was 
synthesized by a reaction with a suitably protected diamine as per previously described procedure.35 After amine 
deprotection, derivative 6 (Scheme 1) was reacted with lauroyl chloride. The reaction conditions were optimized to obtain 
a mixture of mono-, bis-, tris-, and tetrakis-acylated derivatives which were separated by preparative HPLC-MS (details in 
SI). These isolated porphyrin derivatives were added to the NB formulation to explore the ability of these compounds to 
be incorporated in the lipid monolayer. NB dimension and echogenicity were evaluated. 
The NB ability to load porphyrins in their lipid shell is markedly dependent on porphyrin structure. Porphyrin loading was 
calculated by collecting, washing, and lyophilizing the bubble layer suspension. After dissolving the residue in a mixture 
of methanol and chloroform (2:1), to avoid lipid aggregation, the porphyrin content was determined by fluorescence 
measurement. The loading of the most lipophilic structure (compound 5), was found to be very low and porphyrin was 
observed as nanoaggregates. A mean of 1800 porphyrin molecules were calculated for each NB. Number of porphyrin 
molecules per NB was derived from the overall porphyrin concentration in the bubble layer and the number of nanoparticles 
determined by nanoparticle tracking analysis, NTA, using the NanoSight, Malvern Instruments, as described below. Because 
of the lipophilic structure of compound 5, interactions with the lipid monolayer of the NB appeared unlikely. Conversely, 
compound 7, due to its four amphiphilic bridges (red lines in Figure 1) between the macrocyclic nucleus and the lipophilic 
chain (blue line in Figure 1), could be loaded more efficiently into NBs than compound 5. 
An average of 3300 porphyrin molecules per NB were calculated for compound 7 and no nanoaggregates were observed. 
Fluorescent microscopy confirmed the distribution of compound 7 into the NB lipid monolayer. 
The higher loading of compound 7 than compound 5 in the lipid NBs could be attributed to the amphiphilic nature of side 
chains in compound 7, which have similar structure to Pluronic L10 and to phospholipidic arrangement in the bubble shell 
(Figure 1). 
The data suggests that porphyrin modification has to be tailored ad hoc to the optimized NB formulation,30 mimicking 
the phospholipid and additive polar/hydrophobic balance and distribution. More specifically, the porphyrin chain should 
contain a distal lipophilic region to interact with the nonpolar phospholipid tails and Pluronic−PPO in the NB shell. The 
porphyrin should be amphiphilic to also allow its polar region to interact with the polar phospholipid heads and Pluronic− 
PEO in the NB shell. Because of porphyrin geometry, only one chain is needed to achieve successful NB incorporation; 
additional chains are likely not involved in the interaction with NB monolayer components. 
Fluorescent microscopy supports the conclusion that compound 7 can be more efficiently incorporated into both MB and 
NB monolayers compared to compound 5. Due to the limits of optical resolution, colocalization of porphyrin and bubble 
shell via fluorescent microscopy can only be carried out on MB particles. However, it is likely that the same structure can be 
assumed for nanosized particles which share the same chemical composition and makeup (Figure 2a). Compound 5, which 
has a completely lipophilic structure, was unable to make interactions with the bubble shell and preferentially self- aggregated 
into nanocrystals outside the bubbles (Figure 2b). 

The mean diameter and polydispersity of Pluronic nano- bubbles, which were separated from the MB population using 
differential centrifugation,36 were measured using nanoparticle tracking analysis (NanoSight). On the basis of previously 
reported work,36 bubbles larger than 0.7 μm should rise a distance of 0.5 cm or greater following centrifugation at 50g for 5 
min. Collecting sample below this distance ensures the presence of only NB. Without porphyrin, NB diameter was found to 
be 137.0 ± 16 nm (n = 3). When porphyrin was loaded into the bubble shell, the NB diameter changed to 144.66 ± 5.6 
nm (n = 3) for compound 7 and 199.5 ± 14.6 nm (n = 3) for compound 5 (Figure 3a and b, respectively). Thus, when 
porphyrin is included in the monolayer, we can observe an increase in the overall diameter. Specifically, when the porphyrin 
derivative contains a “Pluronic-like” structure, as is the case with compound 7, the change in size is not so drastic as after 
compound 5 addition. It may be possible that Pluronic L10 is excluded from the NB structure when porphyrin 
molecules are included in the NB formulation, which can lead to the size increase. 
If porphyrin is quite different from Pluronic L10 (compound 5), the change in diameter would be more pronounced than in 
the presence of a “Pluronic L10-like” porphyrin (compound 7). Thus, we can assume that the role of Pluronic can be well 
represented by the amphiphilic bridge because there is no significant difference in size between compound 7-loaded NB 
compared to unloaded NB. The concentration of NB-7 obtained from the NanoSight was   4.13 × 1011 (± 8.74 × 109) 
particles per mL, while the concentration of NB-5 was 2.98 × 1011 (± 2.59 × 1010) particles per mL. The addition of 
compound 7 seems to lend the system itself to a more stable self-assembly of NBs. 

Echogenicity of loaded NBs was evaluated and compared with unloaded NBs, which have been investigated compre- 
hensively in vitro and in vivo in prior work.30 Data obtained confirm the retained ability of this system to work as an US 
contrast agent after porphyrin derivative incorporation (Figure 4). Images were recovered using an AplioXG SSA-790A clinical 
ultrasound imaging system (Toshiba Medical Imaging Systems, Otawara-Shi, Japan) equipped with a 12 MHz linear array 
transducer using a contrast harmonic imaging protocol. See SI for US set up used to image NB samples in the gel phantom. 
The NB stability under US irradiation, during the US image acquisition, was evaluated for both loaded and unloaded 
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bubbles, by measuring the decay in ultrasound signal intensity      over time. These data suggest that porphyrin destabilizes 
the nanoconstruct reducing its signal decay rate to 25% when it is compared to unloaded NB signal (see SI for all details: the 
half- life of unloaded NB, under this experimental condition, is 20 min, whereas that of loaded ones is 5 min; this reduction 
could be related to the destabilization of the cross-linked network due to the presence of porphyrin molecules in the lipid 
monolayer). The sonodynamic activity was evaluated by a pilot in vitro test on human colon adenocarcinoma, LS 174 
T cells. Cells were incubated with either unloaded NBs (reference control), 0.1 or 2.5 μg/mL of soluble porphyrin (TPPS, 
meso- tetraphenylporphine-4,4′,4″,4‴ tetrasulfonic acid: this porphyr- in shows the same macrocyclic structure, which is 
responsible of sonodynamic effect, of compounds 5 and 7; the only difference is in lateral chains) in the presence of unloaded 
NBs, or with compound 7 or 5-loaded NBs. Cells were then immediately exposed to US irradiation (no cellular uptake 
occurred) and, after 3 days, a proliferation test was performed. This biological analysis is aimed to compare the behavior of 
encapsulated porphyrin with nonencapsulated porphyrin TPPS (details in SI). Figure 5 clearly shows a statistically significant 
reduction in cell viability when cells were treated with NB-7, whereas no reduction was observed with unloaded NB and free, 
soluble TPPS. 
These results could be explained considering the role of NBs as cavitation nuclei16 and the distribution of porphyrin in the 
NB surrounding media. 
When we consider the case of NB-7 and NB-5, porphyrin molecules are included in the lipidic NB shell (with different 
derivative content); hence, porphyrin molecules are likely very close to the cavitation implosion region. In these cases, the 
porphyrin excites more easily, allowing a low number of porphyrin molecules to produce a sufficient amount of ROS37,38 
for cell death. When porphyrin is placed outside of the NB (in the case of TPPS-nb), the collapse of bubbles excites less 
porphyrin molecules (which are away from the cavitation site) causing a consequently lower biological effect. It is interesting 
to note that there is no statistically significant difference in biological activity, upon US irradiation, between NB loaded with 
compound 7 or compound 5. This suggests that it is sufficient to have a very low amount of porphyrin loaded in the NB 
shell (1800 molecules per NB, 6 ng/mL of porphyrin) to obtain a significant effect on cell viability reduction. Porphyrin 
excitation is amplified by the action of gas-filled nanosystems which enhance the acoustic cavitation phenomenon. 

In conclusion, this work describes a new porphyrin-loaded Pluronic NB system. The system’s loading ability is notably 
dependent on the porphyrin structure according to the hydrophilic/lipophilic balance of the NB components. It was found 
that the amphiphilic compound 7 better incorporated into the NB monolayer compared to the more lipophilic compound 
5. Preliminary investigation of the biological activity of porphyrin-loaded NBs on LS 174 T cells show a reduction in cell viability 
of over 30%. This reduction is half of that observed by Callan et al, using MB loaded with 2 orders of magnitude more 
concentrated Rose Bengal.24 The result observed using NB loaded with low amount of compound 7 entails a marked 
reduction of long-lasting skin photosensitivity after treatment. Cells exposed to unloaded NBs and much higher concen- 
trations of free, soluble porphyrin did not show a statistically significant reduction in cell viability. This phenomenon may 
be ascribed to the entire nanoconstruct that acts as a cavitation nucleus under US irradiation and enhance the probability 
of neighboring porphyrin excitation (as in the case of porphyrin loaded NBs). The addition of porphyrin compound 7 into 
the NB shell does not dramatically modify the NB diameter and does not induce any difference in US enhanced contrast 
ability compared to unloaded NBs. The advantage of this engineered nanosystem is its versatility that makes it possible to 
have a simultaneous real-time monitoring and porphyrin activation (by using US with different frequency), in a specific 
tumor area, thereby avoiding ROS production in peripheral regions. The combination of these two features gives this 
nanosystem promise as a theranostic agent for future applications in SDT treatment combined with diagnostic US. To the 
best of our knowledge, this is the first study introducing noncovalently loaded porphyrin-NBs in the SDT anticancer field. 
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Scheme 1. Synthetic Pathway of Compounds 2−5 and 7− 10a 
 

aSynthetic pathway of compounds 2−5: (i) Meso-tetrakis-(4- hydroxyphenyl)-porphyrin (1, commercial available), 1-Bromodode- cane 
in CH2Cl2, DMF, Na2CO3, and 18-crown-6 (catalytic amount). Synthetic pathway of compounds 7−10: (ii) Meso-tetrakis-[4- 
(aminoethoxyethoxyethylaminocarbonyl)-phenyl]-porphyrin (com- pound 6), lauryl chloride in CH3CN, Dioxane and CH3CN, Na2CO3. 

 

 

 



 

Figure 1. Design of porphyrin loaded NB. Porphyrin compound 7 shows a red line indicating amphiphilic chain structure and blue line 
indicating lipophilic chain. For porphyrin compound 5, only blue lines (lipophilic chain) are present. 

 

 
 

 

Figure 2. (A) Fluorescent microscopy of amphiphilic compound 7-NBs (20×, 50 μm scale bar). The picture on the right is an overlay of 
the fluorescent image (shown on the left) and a bright field image to visualize porphyrin incorporation into the lipid bubble. (B) Fluorescent 
microscopy of lipophilic compound 5-NBs (40×, 20 μm scale bar). The picture on the right is an overlay of the fluorescent image (showed 
on the left) and a bright field image to visualize porphyrin incorporation into the lipid bubble. 

 

 



 
 

Figure 3. Diameter (nm) distribution of the porphyrin-loaded NBs obtained by nanoparticle tracking analysis (NanoSight, Malvern 
Instruments): compound 7-NBs (A) and compound 5-NBs (B) trend 

 

 

 

 

Figure 4. Representative ultrasound images of nanobubbles: unloaded NBs (left) and compound 7-loaded NBs (right). Images are shown 
inverted due to transducer orientation. Ultrasound images were acquired with contrast harmonic imaging at 12 MHz and MI of 0.15 
(calculated pressure at the beam focus = 231.54 KPa). 

 

 

 

 

 



 

Figure 5. In vitro test on LS 174 T cell line (human colon adenocarcinoma) US irradiated for 3 min using 20% duty cycle, 3 MHz 
transducer, 1.8 W/cm2 intensity. Studies were carried out under temperature controlled conditions (37 °C). Loaded NB: NB-7, total 
porphyrin content of 17.5 ng/mL; NB-5, total porphyrin content of 

6.0 ng/mL. NB particle concentration was kept constant for all wells. “nb” indicates unloaded nanobubbles. * indicates p < 0.05 as 
determined by a Student’s t test. 
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