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Abstract 

Photodynamic therapy (PDT) is a well-known cancer therapy that utilizes light to excite a photosensitizer and 

generate cytotoxic reactive oxygen species (ROS). The efficacy of PDT primarily depends on the photosensitizer 

and oxygen concentration in the tumor. Hypoxia in solid tumors promotes treatment resistance, resulting in poor 

PDT outcomes. Hence, there is a need to combat hypoxia while delivering sufficient photosensitizer to the tumor 
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for ROS generation. Here we showcase our unique theranostic perfluorocarbon nanodroplets as a triple agent 

carrier for oxygen, photosensitizer, and indocyanine green that enables light triggered spatiotemporal delivery of 

oxygen to the tumors. We evaluated the characteristics of the nanodroplets and validated their ability to deliver 

oxygen via photoacoustic monitoring of blood oxygen saturation and subsequent PDT efficacy in a murine 

subcutaneous tumor model. The imaging results were validated with an oxygen sensing probe, which showed a 

9.1 fold increase in oxygen content inside the tumor, following systemic injection of the nanodroplets. These results 

were also confirmed with immunofluorescence. In vivo studies showed that nanodroplets held higher rates of 

treatment efficacy than a clinically available benzoporphyrin derivative formulation. Histological analysis showed 

higher necrotic area within the tumor with perfluoropentane nanodroplets. Overall, the photoacoustic nanodroplets 

can significantly enhance image-guided PDT and has demonstrated substantial potential as a valid theranostic 

option for patient-specific photodynamic therapy-based treatments. 

 

1. Introduction 

Photodynamic therapy (PDT), a treatment modality that utilizes light energy and photosensitizer (PS) molecules, 

has been employed successfully to treat several malignant tumors such as brain tumors, oral cavity tumors and 

esophageal malignancies [1, 2]. Particularly PDT is sought out for its highly localized effect and excellent 

post-therapy mucosal healing and recently PDT efficacy in treating T1-T2 early-stage oral cancer lesions has been 

demonstrated by us and several other groups [3-6]. It is common for large or late-stage tumors to encompass 

hypoxic regions, where typically the PDT process is ineffective as the generation of cytotoxic reactive oxygen 

species (ROS) requires oxygen to react with the PS molecule. Such a mechanism, referred to as Type-II PDT, is a 

common mode of action for many PS molecules used in the clinic currently; therefore, their efficacy is 

predominantly determined by the oxygen content in the photodynamic action vicinity [2, 7].  

     Several studies have demonstrated poor outcomes using PDT with the Type-II PS molecules in hypoxic 

tumors [8, 9], as with radiation and chemotherapy [9-12]. Increasing tumor oxygenation will improve the therapeutic 

efficacy of PDT while increasing tumor sensitivity for subsequent therapies. Previously, this shift on tumor oxygen 

content was achieved through hyperbaric oxygenation methods in which the inhalation of pure oxygen leads to a 

decrease of hypoxic content within the tumor [13-15]. Unfortunately, inhaling excessive oxygen, i.e., overall 

systemic delivery, can have harmful side effects such as: seizures, progressive myopia, nuclear cataract, 
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pulmonary edema, alveolar hemorrhage [16], interstitial fibrosis, retrolental fibroplasia and hypoglycemia [17, 18]. 

Other methods such as oxygen-carrying nanoparticles or MnO2 nanoparticles have been developed to release 

oxygen inside the tumor, following either a change in pH [19] or reaction with H2O2 [20]. However, shortcomings of 

these nanoparticles include the absence of spatiotemporal triggering during oxygen delivery, lack of imaging 

contrast for real time monitoring, and inclusion of non-clinically approved optical contrast agents during fabrication. 

Few studies have utilized clinically approved ultrasound contrast agents (microbubbles) to deliver oxygen and 

drugs [21-25]. Nonetheless, microbubbles owing to their large size (1-10 µm) do not efficiently extravasate through 

leaky blood vessels to localize in the tumor region resulting in lower efficacy of delivering oxygen to the hypoxic 

regions [26, 27]. The limitation of microbubbles led to the development of nanobubbles and nanodroplets as 

reviewed elsewhere [28]. Both have a size range of 40-200 nm and similar preparation methods. The distinction is 

that nanobubbles have gas cores (gas-liquid colloid) while nanodroplets have liquid cores (liquid-liquid colloid) [24, 

26, 27]. In our study, we used nanodroplets fabricated with perfluorocarbons (PFCs) to deliver oxygen, PS and a 

photoacoustic (PA) contrast agent to the tumors. PFCs are particularly apt for carrying oxygen [29-31] as they have 

high oxygen solubility and carrying capacity [32, 33], are biocompatible organic compounds [34] which are 

metabolically inert, and can be triggered remotely to deliver their contents [35-37]. Additionally, reports have shown 

that the lifetime of singlet oxygen (
1
O2) in perfluorocarbon is longer than in the cellular environment or in water [30]. 

Therefore, the advantage of using PFC nanodroplets for oxygen and PS delivery is that they both will be in the 

same vicinity for photodynamic action to occur, resulting in improved treatment outcomes [38, 39]. 

 In addition to co-delivery of oxygen and PS, another advantage offered by nanodroplets is the ability to 

spatiotemporally trigger the oxygen release while monitoring nanoparticle uptake and oxygenation changes in the 

tumor in real time. To facilitate these properties, we synthesized nanodroplets containing PFC and indocyanine 

green (ICG), an optical diagnostic agent that has peak light absorption in the near infrared (NIR) range. ICG is a 

clinically approved dye in medical diagnostics for measuring cardiac output, hepatic function and ophthalmic 

angiography [40]. Given its high absorption compared to endogenous chromophores such as blood and melanin, 

and its ability to generate heat when excited, ICG has been extensively used as a PA contrast agent for molecular 

imaging [41, 42]. In addition to providing imaging contrast, ICG can also initiate PFC vaporization via laser 

irradiation at 800 nm, a wavelength at which ICG has high optical absorption compared to endogenous 

chromophores. The spatially localized laser irradiation in a particular region of interest initiates PFC vaporization 
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leading to localized drug delivery [43] . Furthermore, the temporal control of drug release can be achieved by 

irradiating the PFC droplets at a time when the uptake of the PFC particles is maximum in the tumor region. 

Previous investigations observed that PFC loaded with ICG can act as a dual contrast agent for both ultrasound 

[34, 44] and PA imaging [34]. Specifically, PA imaging is a hybrid imaging modality wherein the tissue is irradiated 

with nanosecond pulsed laser light [45]. Any absorbers in the light path transiently undergo thermoelastic 

expansion and contraction, generating an acoustic wave. The acoustic wave can be detected by an ultrasound 

transducer which, in turn, displays images of optical absorption within the tissue. PA imaging can provide 

information about the oxygen saturation (StO2) and total hemoglobin content (HbT) without the use of external 

contrast agents [46] since oxygenated and deoxygenated hemoglobin have optical absorption at different 

wavelengths [47]. As a result, PA imaging has been used along with PDT for monitoring the tumor and predicting 

the treatment outcomes [46]. 

 In this study, we constructed nanodroplets specifically to enhance PDT in hypoxic tumors. The nanodroplets 

contain perfluoropentane (PFP) saturated with oxygen, ICG, and benzoporphyrin derivative (BPD) for PA-guided 

PDT (Fig. 1A). The presence of ICG in our nanodroplets enables the laser-triggered spatiotemporal delivery of 

oxygen for PDT while simultaneously providing contrast for PA imaging. The therapeutic aspect of our 

nanodroplets is attributed to BPD, an FDA approved drug for the treatment of subfoveal choroidal 

neovascularization. BPD and ICG do not impact each other's performance when employed in optimal 

concentrations as we recently demonstrated [48]. Our in vitro and in vivo murine tumor model studies prove that 

PDT efficacy can be significantly improved with specific light-based triggering of ICG at its peak absorbance to 

deliver oxygen and the photosensitizer at the right place and at the right time. The novel formulation of PFP 

nanodroplets described here encapsulates FDA approved PDT and imaging components and therefore, has 

tremendous clinical translation potential for oxygenating hypoxic tumors, not only for PDT, but also for other 

therapies such as radiation and chemotherapy whose efficacy can be enhanced in a hypoxic environment. 

2. Material and Methods 

2. 1 Synthesis of PFP nanodroplets 

The PFP nanodroplets (shown in Fig. 1a) were formed using PFP in water emulsion. United States Pharmacopeia 

(USP) Reference Standard grade ICG (MilliporeSigma, Burlington, MA) was solubilized into chloroform using 
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tertbutylammonium iodide (TBAI) (MilliporeSigma, Burlington, MA). A 1 mg/mL aqueous solution of ICG was mixed 

with a solution of 3 mg/mL TBAI in chloroform at a 1:3 volume ratio. After shaking at 100 rpm overnight, the 

chloroform phase containing ICG was extracted. A combination of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-mPEG), 

cholesterol (Avanti Polar Lipids, Alabaster, AL), ICG in chloroform, and benzoporphyrin derivative (MilliporeSigma, 

Burlington, MA) were added to a 100mL round-bottom flask at a molar ratio of 88:2:3:2:5, respectively. After 

rotovaping for 2 hours, the lipid cake was hydrated using water to yield a final lipid concentration of 10 mg/mL. To 

this solution, 0.25 ml of n-perfluoropentane (Exfluor, Round Rock, TX) for every 1 ml of hydrated lipid solution was 

added. The solution was sonicated in a bath sonicator for 10 seconds, followed by 1 minute in an ice bath to 

minimize heating effects. This sonication procedure was repeated until the desired size distribution was achieved. 

Once synthesized, the particles were stored at 4°C for up to 12 weeks before use. Oxygen was encapsulated into 

the PFP nandroplets immediately prior to use. To accomplish this, the PFP nanodroplets were warmed to room 

temperature and oxygenated by gently bubbling the solution with 100% oxygen gas (1 liters/minute for 5 minutes). 

During this process some of the gas is dissolved into the liquid solution and is then captured by the liquid PFP in 

the nanodroplets. Because of liquid PFP's high solubility of oxygen [33], the PFP nanodroplets retain the oxygen 

and do not release until the PFP is vaporized with laser irradiation. 

2. 2 Characterization of PFP nanodroplets 

The size, size distribution, and zeta potential of PFP nanodroplets were characterized using the Dynamic Light 

Scattering (DLS) System (Zetasizer Nano ZS, Malvern Panalytical). UV Visible spectrophotometer (Evolution 300, 

Thermo Fischer Scientific) was used to measure the absorbance spectra of various PFP nanodroplets and quantify 

the concentration of BPD and ICG. 

2. 3 Photoacoustic imaging of PFP nanodroplets 

PA imaging was performed using a Vevo 2100 LAZR Imaging System (VisualSonics, FUJIFILM) equipped with a 

21 MHz LZ-250 ultrasound transducer. PA spectra and stability tests were conducted in a water tank containing 

polypropylene tubes filled with samples. PA spectral imaging was performed from 680 nm to 950 nm. The laser 

was calibrated prior to every experiment. The PFP particles were also imaged using the single wavelength pulsed 

irradiation at 800 nm (fluence of ~30 mJ) and 690 nm (fluence of ~25 mJ). The PA signals from the particles were 
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quantified using Vevo Lab software (FUJIFILM VisualSonics). A region of interest (ROI) (1.45 mm
2
 area) was 

drawn around the top half of the tube, maintaining the same parameters throughout the entirety of the analysis, 

across various solutions. 

2. 4 Singlet oxygen measurements 

Singlet oxygen production was calculated using the commercially available Singlet Oxygen Sensor Green (SOSG) 

kit (Invitrogen). The SOSG was dissolved in methanol and the working solution was prepared in ultrapure water. 

Free BPD, BPD-PFP, ICG-PFP and BPD+ICG-PFP (with different loading ratios of BPD and ICG) nanodroplet 

solutions were diluted to a concentration of 5 µM in phosphate-buffered saline (PBS) supplemented with 10% FBS. 

The SOSG was added to the solutions at a concentration of 5 µM and the solutions were irradiated with a 690 nm 

laser at an irradiance of 150 mW/cm
2
 and a total light dose of 20 J/cm

2
. After irradiation, the SOSG fluorescence 

intensity was recorded using the Spectramax M5 plate reader using 460 nm excitation with a 515 nm cut-off filter 

and emission at 525 nm. For testing the efficiency of oxygen in carrying BPD-PFP nanodroplets to produce singlet 

oxygen in hypoxic conditions, nitrogen gas was flushed through the environment for 5 minutes to reduce the 

oxygen concentration. Following this, the solution was irradiated and SOSG fluorescence was measured. 

2. 5 Cell culture 

Human Squamous Cell Carcinoma (FaDu Cells) were cultured in Eagle’s Minimum Essential Medium 

supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% antibiotics (Penicillin and Streptomycin 1:1 v/v, 

Corning), and maintained at 37
 °
C and 5% CO2. The cells were sub-cultured and used for experiments while they 

were in the exponential growth phase. 

2. 6 Cellular uptake and localization studies 

For cellular uptake, FaDu cells were seeded in a 6 well plate at a density of 1.5 x 10
5
 per well. The following day, 

the cells were incubated with fresh cell culture media containing BPD-PFP and ICG-PFP at concentrations of 250 

nM and 1000 nM, respectively. After 90 minutes of incubation, the media was removed, and cells were washed with 

ice cold PBS twice and lysed using 1% Triton X-100. The cell lysate was centrifuged to remove the precipitate and 

the lysate was used to measure the BPD and ICG fluorescence using the Fluoromax 3 (Horiba) and converted to 

moles of PS based on appropriate standards. Bicinchoninic acid assay was performed to calculate the cellular 
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protein and used to normalize the BPD and ICG concentrations. For subcellular localization studies, FaDu cells 

were cultured overnight on 35 mm glass bottom dishes at a density of 75,000 cells per dish and incubated with free 

PS and nanodroplet formulations for 24 hrs. The cells were either stained with MitoTracker Green (M7514, 

Invitrogen) for 30 mins or LysoTracker Green (DND-26, Invitrogen) for 60 minutes at 37 
°
C. The cells were later 

washed with PBS and stained with Hoechst prior to imaging with EVOS M7000 fluorescence imaging system using 

a 40x objective. Appropriate LED light cubes (Hoechst – DAPI light cube, MitoTracker and LysoTracker – GFP light 

cube, BPD – Qdot 705 light cube, ICG – Invitrogen Cy7 light cube) were used according to the fluorophore 

properties. Colocalization analysis of fluorescence images was performed in MATLAB [49]. The fluorescence 

images were binarized using Otsu threshold method. Within an image, pixels exhibiting both PS and the organelle 

tracker were assigned a value of 1 and summed to obtain the total number of colocalization pixels. The percent 

colocalization was calculated by dividing the total number of colocalization pixels to the total number of pixels that 

had PS fluorescence. 

2. 7 Phototoxicity of the nanodroplets 

To test the toxicity of the nanodroplets, FaDu cells were seeded in 35 mm dish at a density of 1.5 x 10
5
 cells per 

dish. The following day, the cells were washed with PBS and fresh cell culture media containing free BPD and 

BPD-PFP at the concentration of 250 nM, 500nM, 1 µM, 2 µM, 5 µM, 10 µM. After 90 mins of incubation, the media 

was replaced with fresh cell culture media and the cells were incubated for 24 hours. The percentage of viable cells 

was calculated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Thermofisher). The media 

was replaced with fresh cell culture media containing MTT (0.25 mg/mL) and incubated for 60 minutes. After the 

media was removed, formazan crystals formed in the cells were dissolved with DMSO, and absorbance was 

measured at 570 nm. The absorbance was normalized with untreated controls to obtain percent viability. 

For evaluating phototoxicity, FaDu cells were seeded in 35 mm dish at a density of 1.5 x 10
5
 cells per well. 

The following day, the cells were incubated with media containing BPD-PFP, ICG-PFP, BPD+ICG-PFP (with 

different loading ratios of BPD and ICG) and a liposomal formulation of BPD. The BPD concentration was 

maintained at 250 nM and ICG concentration was maintained at 1000 nM. After 90 mins of incubation, the media 

was replaced with fresh cell culture media and PDT was performed with a 690 nm laser at an irradiance of 150 

mW/cm
2
 and a total light dose of 1 and 2.5 J/cm

2
. After PDT, the cells were incubated for 24 hours, prior to 
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assessing cell viability using the MTT assay.  

2. 8 Murine tumor models and in vivo therapy efficacy 

All animal experiments were performed in compliance with the Institutional Animal Care and Use Committee 

(IACUC) of Massachusetts General Hospital (MGH) and Tufts University. Swiss nu/nu mice were raised in aseptic 

conditions in the institution’s animal facility with 12h light and dark cycles, respectively. During the experiment, the 

animals were observed closely. Animals were humanely euthanized if they showed signs of pain/discomfort, their 

tumor reached 20 mm in any one dimension, they experienced loss of 20% body weight from the start of the 

experiment, or if their tumor became ulcerated. 

The FaDu cells were collected by trypsinization, and the cells were suspended in a mixture of Matrigel and 

PBS in 1:1 v/v at a density of 1 million cells per 100 µL and injected subcutaneously into the mice. For determining 

the in vivo efficacy of the PFP, ICG-PFP, Visudyne (liposomal formulation of BPD used in clinics), BPD-PFP, 

BPD+ICG-PFP 1:1 and BPD+ICG-PFP 1:2 (0.5 mg/kg of BPD equivalent) were injected into mice via tail vein. The 

tumor was irradiated with a 690 nm laser at an irradiance of 40 mW/cm
2
 and a total light dose of 100 J/cm

2
 90 

minutes after systemic administration of the nanodroplets. The animals were monitored biweekly for up to 15 days, 

throughout which tumor volume was measured with 3D ultrasound imaging. For investigating the PDT response, 

tumors were treated with BPD+ICG-PFP 1:1 (0.5 mg/kg of BPD equivalent) and 690 nm laser with same irradiance 

and fluence as the previous experiment. Tumors were harvested 24 hours later and embedded in optimal cutting 

temperature (OCT) compound for histological examination. 

2. 9 In vivo tumor oxygenation measurements 

The oxygen sensor of the oxygen monitor system (Oxylite, Oxford Optronix Inc.) was inserted into the tumors using 

a 23-gauge sterile needle. Once the electrode was inserted into the tumor, it was left undisturbed until the pO2 

stabilized. The transducer was positioned to image a plane adjacent to the electrode to avoid any image artifacts. 

After 5 minutes, StO2 PA imaging (750/850 nm; fluence of ~35 mJ) and PA imaging at 800 nm was performed. Then 

BPD+ICG-PFP 1:1 nanodroplets in PBS (1 mg/kg of BPD equivalent) was administered via tail vein injection 

without moving the mice or the transducer. The tumor oxygenation was monitored continuously throughout this 

procedure with both Oxylite and StO2 PA imaging along with PA imaging at 800 nm for ICG contrast in the tumor. In 

a separate experiment, mice bearing FaDu xenografts were administered with PBS or BPD+ICG-PFP 1:1 via tail 
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vein injection. After an interval of 30 minutes, pimonidazole (Hypoxyprobe Inc.) was administered at a dose of 60 

mg/kg and 60 minutes later the mice were euthanized. The tumors were then collected and embedded in OCT for 

histological examination of hypoxic regions.  

2. 10 In vivo fluorescence imaging of nanodroplet biodistribution 

After the tumor oxygenation measurements, mice (under anesthesia) were scanned for ICG’s fluorescence using 

IVIS
®
 Lumina Series III In Vivo imaging system (Perkin Elmer Inc) at different time intervals using 780 nm excitation 

filter and 840 nm emission filter. After the whole-body imaging, at 24 hours post tail vein injection of nanodroplets, 

mice were euthanized, the tumor and other major organs (kidneys, liver, spleen, lungs, and heart) were harvested 

and imaged with the IVIS fluorescence imaging system to quantify ICG fluorescence. Autofluorescence and 

background were subtracted from each organ with data from an untreated mouse. Quantification of the 

fluorescence signal from the region of interest was performed using Living Image software (PerkinElmer). 

2. 11 Histology 

The OCT embedded tumors were cryosectioned to obtain 10 µm thick sections that were stained with hematoxylin 

and eosin (H&E). For immunofluorescence (IF) staining, the cross sections were fixed in 1:1 acetone and methanol 

solution, air dried for 30 minutes, washed with PBS and blocked with SuperBlock blocking buffer (Thermo Scientific) 

for 30 minutes. Primary antibody (R&D Mouse/Rat CD31/PECAM‑1 Polyclonal Goat IgG Cat: AF3628; 1:4 dilution) 

for targeting vasculature and antibody (Hypoxyprobe Red549 Kit HPI Cat: HP7-100; 1:50 dilution) against 

pimonidazole adducts was added to the sections and incubated overnight at 4 °C. Later, primary antibody is 

washed off with PBS and secondary antibody (NorthernLights™ Anti-goat IgG-NL637 Cat: NL002; 1:50 dilution) 

was added to tissue sections and incubated for 2 hours at room temperature. The sections were then washed in 

PBS and the nuclei were counterstained and mounted with DAPI SlowFade Gold Antifade Mountant (Thermo 

Scientific Cat: S36939). The slides were imaged with 20x objective using EVOS M7000 fluorescence imaging 

system. Throughout the acquisition and processing of all H&E and IF images, brightness and contrast levels were 

kept at the same level. 

2. 12 Statistical analysis 

Data analysis was performed using GraphPad Prism 8. The results are reported as mean ± standard error of the 
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mean (S.E.M). The specific statistical tests used on data are mentioned in the figure captions. P value less than 

0.05 is considered statistically significant. 

3. Results and discussion 

3. 1 Synthesis and characterization of PFP nanodroplets 

PFP nanodroplets, regardless of ICG or BPD content, have hydrodynamic diameters of 204.5 nm ± 17.3 nm and a 

polydispersity index of 0.140 ± 0.022 (Data was obtained from 10 independent batches). The representative size 

distribution of the nanodroplets of all variations is shown in Fig. 1b. Although PFP have low boiling point (29 °C), 

the Laplace pressure imposed at the particle boundary makes PFP a superheated liquid at 37 °C. Because of the 

Laplace pressure, PFP remains stable even at physiological temperature [34, 50-52]. Furthermore, the 

nanodroplets (fabricated with either single dye or both ICG and BPD) were stable in PBS for six weeks when 

stored at 4 °C and showed no significant change in their diameter (Fig. 1c). Figures 1d-f display the absorption 

spectra of BPD-PFP (red solid line), ICG-PFP (green solid line) and BPD+ICG-PFP (blue solid line) particles along 

with the absorption spectra of unbound free BPD and ICG (gray solid line) as a control reference. The 

characteristic peaks of BPD and ICG at 690 nm and 800 nm wavelengths were observed in BPD-PFP and 

ICG-PFP graphs, respectively. ICG in PFP shows a bathochromic shift due to the refractive index of the 

phospholipid coating and the close interaction between ICG molecules with PFP. The distinct peaks of BPD and 

ICG were observed in the spectra of BPD+ICG-PFP particles confirming the successful loading of the two dyes 

within our nanodroplets. The red shift of ICG remains which helps to spectrally differentiate BPD from ICG. PA 

signal generation is dependent on optical absorption properties of the tissue. As expected, the PA spectra of the 

nanodroplets are represented by black dots (Fig. 1d-f) that overlap with the absorption spectra. The characteristic 

peaks of BPD and ICG can also be distinguished through PA spectra in BPD +ICG-PFP solution.  

3. 2 Photoacoustic imaging of PFP nanodroplets 

PA images (800 nm wavelength irradiation) of the nanodroplet solution placed in a tube are shown in Fig. 2a. We 

chose 800 nm wavelength irradiation as the nanodroplets have an absorption peak at this wavelength due to the 

presence of ICG. PFP and BPD-PFP (Fig. S1) showed very low PA signal, similar to the PBS control due to lack of 

ICG in the particles. On the other hand, ICG-PFP and BPD+ICG-PFP showed a large PA signal upon laser 
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irradiation. Given that the top of the tube received the laser irradiation (due to reflection mode PA setup of Vevo 

LAZR system), high PA signal can only be observed in the specified top location. Furthermore, upon continuous 

imaging at 800 nm, we observed a gradual exponential decrease in the PA signal intensity. Fig. 2b shows the 

normalized PA signal for ICG-PFP and BPD+ICG-PFP (normalized to time t=0 seconds). This exponential 

decrease in signal is due to the vaporization of PFP droplets achieved by exciting ICG. Previous study by Hannah 

et. al., showed that the liquid to gas phase transition of ICG-PFP when excited with a laser pulse demonstrates with 

an initial increase in PA signal followed by decrease and stabilization of the PA signal [34]. A high frame rate (20 

frames/second) imaging system was utilized to capture the transient increase in PA signal. We were only able to 

capture the exponential decrease of PA signal post laser irradiation due to low frame rate (5 frames/second) of the 

system used in the study. Our results were in agreement with data shown by Hannah et. al. [34].  

Furthermore, ICG in free form (i.e., not encapsulated within PFP nanodroplets), PFP nanodroplets alone, or PFP 

nanodroplets in presence of BPD without ICG do not show this exponential decrease in PA signal at either 690 nm 

or 800 nm (Figs. S1 and S2b). This suggests ICG is crucial to burst open the nanodroplets to trigger the release of 

oxygen. To demonstrate that ICG in the PFP particles is not excited by the 690 nm laser (excitation peak for BPD), 

we repeated the experiment with 690 nm pulsed laser irradiation (Fig. 2c). The photoacoustic images obtained at 

690 nm irradiation are shown in Fig. S2a. The PA signal for the control group, PFP alone, was very low and not 

statistically different from the baseline of PBS. The change in the PA signal at 690 nm wavelength irradiation for 

BPD-PFP, ICG-PFP and BPD+ICG-PFP were very minimal (Fig. S2b). Compared to the ~50% decrease of PA 

signal within 100 seconds of 800 nm pulsed irradiation, ICG-PFP and BPD+ICG-PFP showed less than 15% and 

25% decrease in PA signal respectively, at 690 nm irradiation for the same amount of time. This decrease in PA 

signal is negligible and could be due to some minimal nanodroplet popping events as ICG has low absorption at 

this wavelength.  

3. 3 Generation of singlet oxygen by photoacoustic nanodroplets 

SOSG is a commercially available probe known for its high sensitivity in detecting singlet oxygen species. SOSG 

fluoresces in the presence of singlet oxygen in an aqueous environment. BPD in free form as well as when 

encapsulated in the PFP nanodroplets had similar SOSG fluorescence with no irradiation and in the absence of 

SOSG. Upon irradiation, no significant differences in SOSG fluorescence increase were observed for free BPD and 
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BPD-PFP in normal conditions, due to the abundant availability of oxygen in the environment. In contrast, 

BPD-PFP produced a significantly higher singlet oxygen as opposed to free BPD (Fig. 3a) in hypoxic environment 

(nitrogen bubbled PBS solution). ICG-PFP did not produce any singlet oxygen upon irradiation (Fig. S3).  

Following the successful testing of BPD-PFP nanodroplets, the other nanodroplet variants with different ratio 

of ICG and BPD were tested for singlet oxygen production. The concentration ratio of the two different dyes, 

especially when being integrated in one nanoplatform is very important, as BPD and ICG have an overlapping 

absorption spectra around 690 nm-720 nm wavelength range. In our previous work [48], we showed that BPD’s 

phototoxicity is not impacted by the presence of ICG when the dyes are in their free form (i.e., not encapsulated in 

nanoparticles). Here in Fig. 3b we show that the singlet oxygen production varies based on the BPD:ICG ratio. 

BPD and ICG were loaded into BPD+ICG-PFP nanodroplets with different starting concentrations ranging from 1:1 

molar ratio of BPD:ICG to 1:4. We observed a significant decrease in the production of singlet oxygen when the 

nanodroplets were loaded with four times as much ICG as BPD. No significant differences were observed between 

BPD:ICG ratio of 1:1 or 1:2. This data highlights the importance of optimizing the ratio of dyes when encapsulating 

within a nanoentity, especially those with overlapping absorption spectra meant for PA guided PDT applications. 

3. 4 Cellular uptake of nanodroplets 

We compared the uptake of free PS and nanodroplet formulations in FaDu cells. The nanodroplet incubation time 

was 90 minutes, similar to previous studies with Liposomal BPD formulations [53, 54]. Quantitatively, we observed 

that BPD-PFP and BPD+ICG-PFP showed significantly higher uptake than free BPD (Fig. 4a) while free ICG and 

nanodroplet formulations of ICG had similar cellular uptake (Fig. 4b). BPD (free form) enters the cell via diffusion 

through the cell membrane [55, 56]. In contrast, nanodroplets enter the cells via clathrin- mediated endocytosis, a 

common route for nanoparticles of size greater than 100 nm [57-60]. Given the differences in cellular uptake of 

BPD, we observe an increase in BPD uptake with nanodroplets formulation. On the other hand, ICG in free form 

also localizes in cells through clathrin-mediated endocytic pathway [61, 62]. Hence, we do not observe any 

difference in the cellular uptake of ICG in free or nanodroplets formulations. 

BPD (free form) localizes in mitochondria [63, 64]. To evaluate cellular localization of BPD in nanodroplet 

formulations, we incubated cells with BPD-PFP, stained with MitoTracker, and performed fluorescence imaging 

(Fig. 5a). Free BPD and BPD-PFP showed strong fluorescence signal throughout the cell.  The pseudo-colored 
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yellow fluorescence signal on the merged image (Fig. 5a, column four) represents the colocalization of the 

MitoTracker green signal with the red BPD fluorescence signal, qualitatively indicating the uptake of BPD in the 

mitochondria. To determine the cellular localization of free ICG or its nanodroplets formulation, we stained cells 

incubated with free ICG or ICG-PFP with MitoTracker and LysoTracker and performed fluorescence imaging (Fig. 

5b). Free ICG and ICG-PFP had punctate localization around the nucleus. Colocalization studies with both 

MitoTracker and LysoTracker showed that ICG localizes into both mitochondria and lysosomes at varying degrees 

as has been previously reported by others [65, 66]. Moreover, the quantitative colocalization analysis indicated no 

significant difference (Table. S1) in organelle localization of the dyes in free form or when encapsulated in PFP 

nanodroplets (Fig. S4). 

3. 5 BPD retains its phototoxicity in nanodroplets formulation 

The dark toxicity of BPD-PFP nanodroplets is shown in Fig. S5a. Statistically significant cell death was observed 

with concentrations greater than 1 µM of BPD. Hence, to evaluate the phototoxicity of our nanodroplets we chose 

0.25 µM concentration of BPD. The dark toxicity for all the PFP formulations is provided in Fig. S5b. The 

experiment timeline for the PDT study is provided in Fig. 6a. Empty PFP nanodroplets (Fig. 6b gray bars) had no 

toxicity. ICG-PFP (Fig. 6b green bar) did not cause any significant cell death at both the low or high light dose while 

BPD-PFP and BPD+ICG-PFP produced a dose dependent cell death (Fig. 6b red and dark blue bars respectively). 

Liposomal BPD, prepared similarly to Visudyne (the commercial product used in clinic), was compared to various 

nanodroplet formulations. No statistically significant difference was observed among BPD-PFP, liposomal BPD or 

BPD+ICG-PFP 1:1 group indicating BPD cytotoxic effect was not compromised when encapsulated within the PFP 

nanodroplets. However, there was significant difference in cytotoxic effect when ICG loading was higher in the 

nanodroplet formulation (BPD+ICG-PFP 1:2, Fig. 6b orange bars). The difference in the phototoxicity of 

BPD+ICG-PFP nanodroplets with different loading ratios could be due to the interference of ICG with the 

availability of photons for BPD excitation for photodynamic action. Alternatively, the singlet oxygen species 

generated by BPD post light irradiation could have led to photooxidation of the ICG as has been reported 

previously in solutions and tissue phantoms [48, 66-70] and ultimately reducing the singlet oxygen species 

available for cellular toxicity. 
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3. 6 In vivo tumor oxygenation measurements 

The oxygen delivery ability of the nanodroplets was demonstrated in a murine model with subcutaneous head and 

neck tumor xenografts. The ultrasound images show the subcutaneous tumor (identified by green ROI in Fig. 7) as 

hypoechoic regions underneath the hyperechoic skin. The pre and post nanodroplets injection images were 

obtained at the same cross-section as evident in the ultrasound images. The corresponding oxygen saturation map 

of the tumor is shown in Fig. 7 with blue and red regions corresponding to the hypoxic and oxygenated regions, 

respectively. An overall increase in the oxygenation of the tumor can be observed in the images, as evident from 

the greater abundance of red pseudo colored regions (oxygenated) after the administration of the PFP 

nanodroplets. We performed pixel-wise quantification of the StO2 in the tumor area and displayed the data as 

histogram in Fig. 8a. The histogram after PFP administration shifted towards the right and also increased in total 

pixel count above 60% StO2. The average StO2 in the PFP administered mice had significant increase in the 

overall tumor oxygenation content (Fig. 8b). In contrast, the total hemoglobin levels in the tumor showed no 

significant difference indicating no accumulation of endogenous absorbers during the study (Fig. 8c). 

To further understand the relative increase of oxygen in different regions of the tumor post nanodroplets 

administration, we quantified StO2 in multiple ROIs of area ~ 3.5 mm
2
. The mean StO2 of the tumors prior to 

nanodroplet administration was ~43%. Hence, we grouped the individual ROIs within the tumor based on 

pre-injection average StO2 values. The areas in the tumor whose StO2 was less than 43% in the pre-injection 

showed an increase in the StO2, whereas the highly oxygenated areas (StO2 > 43%) did not show an overall 

increase in the oxygenation (Fig. 8d & e). These results clearly indicate that our PFP nanodroplets are delivering 

oxygen to the hypoxic regions in the tumor. Finally, we validated the results of the StO2 PA imaging with an oxygen 

sensor (Oxylite) placed in the tumor adjacent to the imaging plane. The oxygen sensor directly measures the 

oxygen in the vicinity of the sensor tip and does not reflect the overall tumor oxygenation increase. Overall, a 9.1 (± 

1.8 S.E.M) fold increase in oxygen at the site of the sensor immediately after the administration and irradiation of 

the nanodroplets was observed proving that our nanodroplets supply oxygen to the hypoxic regions of the tumor 

that had an initial pO2 values of < 10 mmHg (Fig. 8f). 

We performed histological examination to demonstrate the PFP nanodroplets ability to deliver oxygen and 

relieve hypoxia in tumors. Figs. 8g-k show the IF images of the control and BPD+ICG-PFP 1:1 treated tumor 
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stained with DAPI for nuclei (blue), CD31 for vasculature (red) and pimonidazole for hypoxic regions (green). In the 

control tumor treated with only PBS (Fig. 8g), we can observe that pimonidazole signal (green) is more prevalent in 

the core of the tumor as expected. The zoomed insets clearly show the hypoxic areas present in regions away from 

the vasculature (Fig. 8h) as well around dysfunctional blood vessels (Fig. 8i). Post injection of the oxygenated 

nanodroplets, we observed a significant decrease in the tumor hypoxia. A representative IF image of a tumor 

injected with PFP droplets is shown in Fig. 8j. Very low pimonidazole signal can be seen here indicating a 

significant reduction in hypoxia. The core of the tumor region (Fig. 8k) had no pimonidazole signal, indicating our 

nanodroplets relieved hypoxia not only in non-functional vascular regions, but also to the core of the tumor. We 

quantified the IF images with a custom written MATLAB algorithm to calculate the pimonidazole positive areas and 

normalized with total tumor area. The quantification confirmed the qualitative observations that PFP nanodroplets 

can significantly reduce the hypoxic regions in the tumor (Fig. 8l). 

In addition to the delivery of oxygen and BPD to the tumor, PFP nanodroplets are also good PA contrast 

agents due to ICG. The accumulation of PFP nanodroplets enhances the tumor contrast in PA imaging at 800 nm 

wavelength [47, 48]. The increase in PA signal post PFP nanodroplets administration can be clearly seen in Fig. S6 

marked by the white arrows. Quantification of the different regions of the tumor showed a significant increase in the 

PA contrast due to ICG after the administration of PFP nanodroplets (Fig. 9a). PFC compounds are also used as 

contrast agents for ultrasonography [71-74]. PFP nanodroplets also increased the ultrasound contrast in the tumor 

as expected. The enhancement of ultrasound contrast is clearly visible in Fig. 7. Furthermore, quantification of the 

ultrasound intensity per total tumor area showed statistically significant increase (25%) post injection of 

nanodroplets (Fig. 9b). 

3. 7 In vivo PDT efficacy of nanodroplets 

Maximum ICG signal in the tumor occurred at 90 minutes post intravenous injection of the nanodroplets. (Fig. 10a). 

Hence, we chose a drug-light interval of 90 minutes for our in vivo PDT efficacy study. We also investigated the 

biodistribution of the nanodroplets 24 hours post intravenous administration. Quantification of ex vivo fluorescence 

images (Figs. 10b & c) showed that the tumor had higher uptake of nanodroplets than all the major excised organs 

except liver. To investigate the PDT efficacy with oxygen enriched nanodroplets, mice were divided into multiple 

treatment groups as shown in Figs. 11a & b. PFP nanodroplets (no BPD or ICG) did not produce any therapeutic 
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response as expected (Fig. 11b, gray line) and no statistically significant difference was observed between this 

group and the no-treatment control group (Fig. 11b, black line). ICG-PFP showed a moderate response to PDT at 

690 nm irradiation (Fig. 11b, green line). Since ICG has a weak absorption at 690 nm, ICG could have been 

minimally excited and produced either a weak photothermal or PDT response at this wavelength [68, 75]. Data for 

ICG-PFP group was shown only up to day 12 as the mice had to be euthanized as per veterinarian recommendation. 

BPD-PFP group (Fig. 11a, red line) had better therapeutic response than the Visudyne (Fig. 11a, cyan line) because 

of its greater singlet oxygen production ability due to the extra oxygen present in the nanodroplets.  

We evaluated the treatment efficacy of nanodroplets fabricated with different loading ratios of BPD and ICG. In 

Fig. 11b, we demonstrate that BPD+ICG-PFP with 1:2 BPD:ICG loading ratio (Fig. 11b, orange line) did not produce 

any therapeutic response as it was not statistically different from the no-treatment control group (Fig.11b, black line). 

This is in agreement with our in vitro data in Fig. 6 where the presence of higher ICG concentration in the 

nanodroplets significantly reduced the therapeutic efficacy of BPD. A possible mechanism could be the 

unavailability of photons for BPD’s photodynamic action as ICG’s molar extinction coefficient (36,483 M
-1

cm
-1

 in 

water [76] and ~35,000 M
-1

cm
-1

 in DMSO [48]) is approximately equal to BPD (34,895 M
-1

cm
-1

 in DMSO [48]) at 687 

nm. Alternatively, the singlet oxygen species generated by BPD post light irradiation could have led to 

photooxidation of the ICG as has been reported previously in solutions and tissue phantoms [48, 66-70] and 

ultimately reduced singlet oxygen species available for cytotoxicity. BPD and ICG concentration in the 

BPD+ICG-PFP 1:1 (Fig. 11b, blue line) was optimized to retain the BPD’s singlet oxygen production and ICG’s PA 

signal response. BPD+ICG-PFP 1:1 (Fig. 11b, blue line) had a response similar to the BPD-PFP (Fig. 11a, red line) 

with no ICG (statistical information regarding the Fig. 11a & b are given in Tables S2 and S3). When incorporating 

multiple theranostic agents in a single carrier, it is important to optimize the loading concentration of different agents 

especially if they have similar optical absorption properties. The in vivo results for the BPD+ICG-PFP nanodroplets 

with different loading concentration complements the in vitro results obtained from our previous study [48]. In 

addition to investigating the efficacy of PFP nandroplets in reducing tumor volume, we examined the acute effects of 

the treatment (24 hours post treatment) in causing necrosis. The H&E image of a representative tumor 

cross-section in the control and BPD+ICG-PFP 1:1 group are shown in Figs. 11c & d. We can qualitatively envisage 

the necrosis imparted in the tumor by the oxygen loaded nanodroplets. The total necrotic area was quantified using 

a custom written MATLAB algorithm [77]. The tumors receiving BPD+ICG-PFP 1:1 with PDT treatment had ~50% 
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necrotic volume and was significantly greater than the control group (Fig. 10e). Overall, here we demonstrated that 

the nanodroplets presented in this study have multiple-theranostic properties, i.e., they enhance tumor ultrasound 

contrast, enhance photoacoustic contrast, and deliver oxygen and photosensitizer for superlative PDT performance 

compared to the clinical formulation Visudyne. 

4. Conclusions 

In this work, we successfully designed a new nanoconstruct, PFP nanodroplets loaded with photosensitizer, which 

can combat hypoxia by delivering oxygen and improve PDT efficacy. Furthermore, these multi-modal agents can 

not only deliver photosensitizer, but they can also be used to increase the contrast for photoacoustic and 

ultrasound imaging. We validated the ability of the nanodroplets to produce photoacoustic contrast, deliver oxygen, 

relieve hypoxia and improve PDT efficacy both in vitro and in vivo. In future studies, with aid of photoacoustic 

contrast provided by our engineered nanodroplets, we will explore the ability of nanodroplets to personalize PDT 

dose based on PS uptake, tumor vasculature and oxygenation content. Customizing PDT dose with these 

surrogate markers has previously shown to improve efficacy [7]. Our nanodroplets can also be used to increase 

oxygen content in other therapeutic strategies such as radiation and chemotherapy. Furthermore, these 

nanodroplets are made entirely from biocompatible and clinically approved materials that could potentially enable 

its transition to the clinic. 
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Electronic Supplementary Material: Supplementary material (further details of the photoacoustic 

characterization, localization and dark toxicity of nanodroplets, biodistribution and photoacoustic contrast 

enhancement of nanodroplets) is available in the online version of this article at http://dx.doi.org/****. 

 

 

Figure captions 

Figure 1: a) Schematic depiction of the photoacoustic nanodroplets used for oxygen enhanced PDT. b) Size 

distribution of the nanodroplets obtained with a DLS system. c) Stability of PFP nanodroplets monitored over 6 

weeks post synthesis. d-f) Normalized UV-Visible absorption spectra of nanodroplets compared to the free dyes 

(solid lines). The photoacoustic spectra of the various formulations of the nanodroplets in PBS shown in black dots. 

Figure 2: a) PA images of the nanodroplets in a tube obtained at 800 nm wavelength irradiation. Scale bar = 1 mm. 

b) Time dependent change in PA signal of ICG-PFP or BPD+ICG-PFP nanodroplets in the tube over time. The data 

are normalized to the PA intensity at time t = 0 seconds. PA at 800 nm excite ICG to vaporize the droplets and 

release oxygen. c) Time dependent change in PA signal produced by BPD-PFP, ICG-PFP and BPD+ICG-PFP 

nanodroplets when irradiated at 690 nm. 

Figure 3: a) Comparison of singlet oxygen production by free BPD and BPD-PFP in normal and hypoxic conditions 

at 0 and 20 J/cm
2
 690 nm light irradiation. Analysis was performed using two-way ANOVA with Tukey’s multiple 

comparison test: ** = p < 0.01 b) Singlet oxygen production of BPD+ICG-PFP with different ratios of BPD:ICG in 

the nanodroplets when irradiated with 690 nm wavelength. Analysis was performed using one-way ANOVA with a 

Tukey’s multiple comparison test: * = p < 0.05, ** = p < 0.01 is performed. The results are expressed as mean ± 

S.E.M and each symbol denotes an experimental repeat. 

Figure 4: Quantification of a) intracellular BPD and b) ICG concentrations with free PS and PFP nanodroplet 

formulations. The results are expressed as mean ± S.E.M and each symbol represents experimental replicate. 

Analysis was performed using one-way ANOVA with a Tukey’s multiple comparison test: * = p < 0.05, **p = < 0.01. 

Figure 5: a) Mitochondrial localization of free dye and nanodroplet formulations. BPD and ICG signals were 

pseudo-colored in red. MitoTracker (Green) was used to stain mitochondria. Scale bar = 20 µm. b) Lysosomal 

localization of free dye and nanodroplet formulations. LysoTracker (Green) was used to stain lysosomes. BPD and 

ICG signals were pseudo-colored in red. Nuclear staining was done with Hoechst (blue) on both the panels. Scale 

bar = 20 µm. 

Figure 6: a) Experiment timeline for phototoxic studies with PFP nanodroplets. b) Dark toxicity of the nanodroplets 
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were subtracted from the light treated groups. BPD efficacy is largely not influenced by the presence of ICG except 

in the case of BPD+ICG-PFP 1:2 formulation. The results are expressed as mean ± S.E.M; Analysis was 

performed with two-way AVOVA with a Tukey’s multiple comparison test: ** = p < 0.01, **** = p < 0.0001. 

Figure 7: The ultrasound and photoacoustic oxygen saturation images of the tumor a) before and b) after injection 

of PFP nanodroplets where blue and red represents the hypoxic and oxygenated regions, respectively. The tumor 

region is identified with a green ROI and had ~ 9.1 (± 1.8 S.E.) fold increase in oxygen pO2 (measured with oxygen 

sensor) and 25% increase in ultrasound contrast. Scale bar = 2 mm. 

Figure 8: PFP nanodroplets enhance tumor oxygenation and reduce hypoxia in the tumors. Measurements 

performed before and after injection of nanodroplets ae shown in red and green color, respectively. a) Increase in 

StO2 histogram of a representative tumor shown in Fig. 7. b) Average StO2 increase in the tumor after oxygen filled 

PFP nanodroplet administration. c) Total hemoglobin levels quantified from StO2 imaging shows no significant 

change in the accumulation of endogenous absorbers. Regional analysis of StO2 shows that PFP nanodroplets 

significantly enhanced oxygen in d) low StO2 areas while e) high StO2 regions maintained similar levels as before 

nandroplet administration. f) Validation of StO2 imaging with oxygen sensor that was placed inside the tumor 

adjacent to the imaging plane. IF image of the tumor cross-section treated with g) control and treated with j) 

BPD+ICG-PFP 1:1 nanodroplets. The insets h, iand k show the tumor core at higher magnification with k) inset 

showing the core at higher magnification. l) Quantification of the hypoxic regions (ratio of pimonidazole positive 

area to total tumor area) from the IF image. The results are expressed as mean ± S.E.M; b, c, f, l – n=3 mice; d & e, 

multiple regions within the 3 tumors. Scale bar = 1 mm for g & j. Scale bar = 100 µm for h, i & k; b-f: paired 

two-tailed t test: * = p < 0.05, **** = p < 0.0001, l: unpaired two-tailed t test: *** = p < 0.001. 

Figure 9: Measurements performed before and after injection of nanodroplets are shown in red and green color, 

respectively. a) PA contrast (800 nm wavelength) in the tumor increased post injection due to accumulation of the 

nanodroplets containing ICG. b) The tumor ultrasound contrast is also enhanced by the nanodroplets. The results 

are expressed as mean ± S.E.M; n = 3 mice; paired two-tailed t test: * = p < 0.05, **** = p < 0.0001. 

Figure 10: a) In vivo pharmacokinetics of nanodroplets. ICG fluorescence in the tumor following the administration 

of BPD+ICG-PFP nanodroplets was monitored at different time points. The results are expressed as mean ± S.E.M 

(n=3). b) Representative fluorescence image of excised organs 24 hours post administration of BPD+ICG-PFP 

nanodroplets. c) Average fluorescence intensity in various excised organs demonstrating the biodistribution of the 

nanodroplets in vivo. The results are expressed as mean ± S.E.M; n=3 mice in each group. 

Figure 11: Change in tumor volume in response to PDT treatment with nanodroplet variants. a) Oxygen enhanced 

BPD-PFP (red line) is significantly efficacious than the clinically used formulation of BPD i.e., Visudyne (cyan line). 

The tumor volume in the no-treatment group are shown in black line. ICG-PFP nanodroplets had minimal 

therapeutic effect. b) The tumor volume of the mice in the PFP only group are shown in gray line. The ratio of 
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BPD:ICG ratio within the nanodroplets is critical to achieve effective therapeutic outcome. BPD:ICG 1:1 formulation 

(blue line) had better efficacy than the BPD:ICG 1:2 formulation (orange line). The H&E image of the tumors in c) 

non-treated group and d) 24 hours post PDT with BPD+ICG-PFP 1:1 nanodroplets group. The insets show the 

tumor core at higher magnification. Scale bar in the inset = 1 mm. e) Quantification of necrotic regions in the 

tumors show higher values in the PDT with BPD+ICG-PFP 1:1 nanodroplets group compared to the control group. 

The results are expressed as mean ± S.E.M; n = 3-4 mice per group ; Two-way ANOVA with Tukey’s multiple 

comparison test: * = p < 0.05. 
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Figures 

 

 

Figure 1: a) Schematic depiction of the photoacoustic nanodroplets used for oxygen enhanced PDT. b) Size 

distribution of the nanodroplets obtained with a DLS system. c) Stability of PFP nanodroplets monitored over 6 

weeks post synthesis. d-f) Normalized UV-Visible absorption spectra of nanodroplets compared to the free dyes 

(solid lines). The photoacoustic spectra of the various formulations of the nanodroplets in PBS shown in black dots. 
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Figure 2: a) PA images of the nanodroplets in a tube obtained at 800 nm wavelength irradiation. Scale bar = 1 mm. 

b) Time dependent change in PA signal of ICG-PFP or BPD+ICG-PFP nanodroplets in the tube over time. The data 

are normalized to the PA intensity at time t = 0 seconds. PA at 800 nm excite ICG to vaporize the droplets and 

release oxygen. c) Time dependent change in PA signal produced by BPD-PFP, ICG-PFP and BPD+ICG-PFP 

nanodroplets when irradiated at 690 nm. 
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Figure 3: a) Comparison of singlet oxygen production by free BPD and BPD-PFP in normal and hypoxic conditions 

at 0 and 20 J/cm
2
 690 nm light irradiation. Analysis was performed using two-way ANOVA with Tukey’s multiple 

comparison test: ** = p < 0.01 b) Singlet oxygen production of BPD+ICG-PFP with different ratios of BPD:ICG in 

the nanodroplets when irradiated with 690 nm wavelength. Analysis was performed using one-way ANOVA with a 

Tukey’s multiple comparison test: * = p < 0.05, ** = p < 0.01 is performed. The results are expressed as mean ± 

S.E.M and each symbol denotes an experimental repeat.  
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Figure 4: Quantification of a) intracellular BPD and b) ICG concentrations with free PS and PFP nanodroplet 

formulations. The results are expressed as mean ± S.E.M and each symbol represents experimental replicate. 

Analysis was performed using one-way ANOVA with a Tukey’s multiple comparison test: * = p < 0.05, **p = < 0.01. 
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Figure 5: a) Mitochondrial localization of free dye and nanodroplet formulations. BPD and ICG signals were 

pseudo-colored in red. MitoTracker (Green) was used to stain mitochondria. Scale bar = 20 µm. b) Lysosomal 

localization of free dye and nanodroplet formulations. LysoTracker (Green) was used to stain lysosomes. BPD and 

ICG signals were pseudo-colored in red. Nuclear staining was done with Hoechst (blue) on both the panels. Scale 

bar = 20 µm. 
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Figure 6: a) Experiment timeline for phototoxic studies with PFP nanodroplets. b) Dark toxicity of the nanodroplets 

were subtracted from the light treated groups. BPD efficacy is largely not influenced by the presence of ICG except 

in the case of BPD+ICG-PFP 1:2 formulation. The results are expressed as mean ± S.E.M; Analysis was 

performed with two-way AVOVA with a Tukey’s multiple comparison test: ** = p < 0.01, **** = p < 0.0001. 
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Figure 7: The ultrasound and photoacoustic oxygen saturation images of the tumor a) before and b) after injection 

of PFP nanodroplets where blue and red represents the hypoxic and oxygenated regions, respectively. The tumor 

region is identified with a green ROI and had ~ 9.1 (± 1.8 S.E.) fold increase in oxygen pO2 (measured with oxygen 

sensor) and 25% increase in ultrasound contrast. Scale bar = 2 mm. 
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Figure 8: PFP nanodroplets enhance tumor oxygenation and reduce hypoxia in the tumors. Measurements 

performed before and after injection of nanodroplets ae shown in red and green color, respectively. a) Increase in 

StO2 histogram of a representative tumor shown in Fig. 7. b) Average StO2 increase in the tumor after oxygen filled 

PFP nanodroplet administration. c) Total hemoglobin levels quantified from StO2 imaging shows no significant 

change in the accumulation of endogenous absorbers. Regional analysis of StO2 shows that PFP nanodroplets 

significantly enhanced oxygen in d) low StO2 areas while e) high StO2 regions maintained similar levels as before 

nandroplet administration. f) Validation of StO2 imaging with oxygen sensor that was placed inside the tumor 

adjacent to the imaging plane. IF image of the tumor cross-section treated with g) control and treated with j) 

BPD+ICG-PFP 1:1 nanodroplets. The insets h, iand k show the tumor core at higher magnification with k) inset 

showing the core at higher magnification. l) Quantification of the hypoxic regions (ratio of pimonidazole positive 

area to total tumor area) from the IF image. The results are expressed as mean ± S.E.M; b, c, f, l – n=3 mice; d & e, 

multiple regions within the 3 tumors. Scale bar = 1 mm for g & j. Scale bar = 100 µm for h, i & k; b-f: paired 

two-tailed t test: * = p < 0.05, **** = p < 0.0001, l: unpaired two-tailed t test: *** = p < 0.001. 
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Figure 9: Measurements performed before and after injection of nanodroplets are shown in red and green color, 

respectively. a) PA contrast (800 nm wavelength) in the tumor increased post injection due to accumulation of the 

nanodroplets containing ICG. b) The tumor ultrasound contrast is also enhanced by the nanodroplets. The results 

are expressed as mean ± S.E.M; n = 3 mice; paired two-tailed t test: * = p < 0.05, **** = p < 0.0001. 
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Figure 10: a) In vivo pharmacokinetics of nanodroplets. ICG fluorescence in the tumor following the 

administration of BPD+ICG-PFP nanodroplets was monitored at different time points. The results are expressed as 

mean ± S.E.M (n=3). b) Representative fluorescence image of excised organs 24 hours post administration of 

BPD+ICG-PFP nanodroplets. c) Average fluorescence intensity in various excised organs demonstrating the 

biodistribution of the nanodroplets in vivo. The results are expressed as mean ± S.E.M; n=3 mice in each group. 
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Figure 11: Change in tumor volume in response to PDT treatment with nanodroplet variants. a) Oxygen enhanced 

BPD-PFP (red line) is significantly efficacious than the clinically used formulation of BPD i.e., Visudyne (cyan line). 

The tumor volume in the no-treatment group are shown in black line. ICG-PFP nanodroplets had minimal 

therapeutic effect. b) The tumor volume of the mice in the PFP only group are shown in gray line. The ratio of 

BPD:ICG ratio within the nanodroplets is critical to achieve effective therapeutic outcome. BPD:ICG 1:1 formulation 

(blue line) had better efficacy than the BPD:ICG 1:2 formulation (orange line). The H&E image of the tumors in c) 

non-treated group and d) 24 hours post PDT with BPD+ICG-PFP 1:1 nanodroplets group. The insets show the 

tumor core at higher magnification. Scale bar in the inset = 1 mm. e) Quantification of necrotic regions in the 

tumors show higher values in the PDT with BPD+ICG-PFP 1:1 nanodroplets group compared to the control group. 

The results are expressed as mean ± S.E.M; n = 3-4 mice per group ; Two-way ANOVA with Tukey’s multiple 

comparison test: * = p < 0.05. 
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