
Surfactant-Stripped Pheophytin Micelles for Multimodal Tumor
Imaging and Photodynamic Therapy
Dana Moukheiber,† Upendra Chitgupi,† Kevin A. Carter,† Dandan Luo,† Boyang Sun,† Shreya Goel,‡

Carolina A. Ferreira,‡ Jonathan W. Engle,‡ Depeng Wang,† Jumin Geng,† Yumiao Zhang,† Jun Xia,†

Weibo Cai,‡ and Jonathan F. Lovell*,†

†Department of Biomedical Engineering, University at Buffalo, State University of New York, Buffalo, New York 14260, United
States
‡Department of Radiology, University of Wisconsin-Madison, Madison, Wisconsin 53705, United States

*S Supporting Information

ABSTRACT: Porphyrin-based nanomaterials can inherently integrate multiple contrast
imaging functionalities with phototherapeutic capabilities. We dispersed pheophytin
(Pheo) into Pluronic F127 and carried out low-temperature surfactant-stripping to
remove the bulk surfactant. Surfactant-stripped Pheo (ss-Pheo) micelles exhibited a
similar size, but higher near-infrared fluorescence, compared to two other nanomaterials
also with high porphyrin density (surfactant-stripped chlorophyll micelles and
porphysomes). Singlet oxygen generation, which was higher for ss-Pheo, enabled
photodynamic therapy (PDT). ss-Pheo provided contrast for photoacoustic and
fluorescence imaging, and following seamless labeling with 64Cu, was used for positron
emission tomography. ss-Pheo had a long blood circulation and favorable accumulation in
an orthotopic murine mammary tumor model. Trimodal tumor imaging was demonstrated, and PDT resulted in delayed tumor
growth.
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■ INTRODUCTION

Photodynamic therapy (PDT) is a clinical ablative modality for
treating disease, including cancer, that is based on photo-
sensitizer interaction with targeted delivery of light.1−3

Photosensitizer irradiation induces generation of singlet
oxygen and reactive oxygen species to induce an acute stress
reaction leading cellular apoptosis and necrosis.4 Since
photosensitizers passively accumulate in tumors, and because
they typically possess inherent fluorescence, they are used for a
wide range of tumor optical imaging applications.5,6 For
example, fluorescence imaging of brain tumors has been carried
out using Photofrin as a photosensitizer for PDT in brain
tumor patients.7 In addition to localizing tumor sites,
photosensitizer fluorescence imaging can be used for PDT
dosimetry.8 Beyond fluorescence imaging, small molecule
photosensitizers can be modified with imaging moieties with
an additional potential for nuclear or magnetic resonance
imaging.9−11

Nanomaterials are well-suited to integrate numerous
imaging and therapeutic agents into single particles.12−14

Photosensitizers can be loaded into nanoparticles.15 A broad
variety of nanomaterials have been explored for concurrent
imaging and phototherapy, based on diverse compounds
including, for example, carbon dots,16 lanthanides,17−21

graphene oxide,22,23 gold,24,25 iron oxide,26 silica,27 micelles,28

calcium fluoride,29 albumin,30 semiconducting polymers,31−35

and bismuth and tungsten nanoparticles.36,37 Several other

nanoparticles have been developed with promising photo-
sensitizing capabilities, including some based on semiconduct-
ing polymers and BODIPY derivatives.38−41 Other approaches
have been used to optimize phototherapy and multimodal
imaging, including biodegradable and pH-sensitive chelated
iron nanoparticles and ultrasmall magnetic ternary nano-
particles.42−44 A wide variety of imaging modalities have been
used to image photosensitizers beyond fluorescence optical
imaging. Photoacoustic imaging (PAI) is a hybrid optical
ultrasonic imaging technique that can image photosensitizers at
substantially greater depths than fluorescence optical imag-
ing.45,46

Most photosensitizers used in clinical studies are related to
the porphyrins, which have an innate theranostic charac-
ter.47−49 Numerous nanoparticulate formulations of porphyrins
have been developed.50 Porphyrin-phospholipid conjugates
have been demonstrated to self-assemble into nanoscale
vesicles known as porphysomes with a highly dense porphyrin
bilayer with promise for imaging and phototherapy.51,52

Another approach toward a high-density porphyrin nano-
particle is to dissolve hydrophobic porphyrins into a surfactant
with a temperature-sensitive critical micelle concentration
(CMC) and then strip away all free and loose surfactant at low
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temperatures, leaving behind concentrated, surfactant-stripped
(ss) micelles.53,54 The surfactant-stripping approach has the
advantages of minimizing the solubilizing excipient (which
could reduce surfactant-related side effects), as well providing
an extremely high concentration of cargo. Demetalated
chlorophyll (Chlr), pheophytin (Pheo), is highly hydrophobic
and has been examined in surfactant-stripped micelle form for
intestine imaging.55 Here, we examine surfactant-stripped Pheo
(ss-Pheo) as a unique nanoparticulate agent capable of
multimodal contrast imaging and photodynamic therapy.

■ EXPERIMENTAL SECTION
Generation of Pheophytin. Chlorophyll-a was extracted from

chlorella (10 g) by first stirring the biomass in 300 mL of 90% ethanol
for 3 h. The solution was then centrifuged at 3400 rpm, and the
supernatant was filtered. Then, 48 mL of dioxane was added to 300
mL of chlorophyll-a containing ethanol. A total of 48 mL of water was
added to 348 mL of the solution. The solution was kept at −20°C
overnight. The precipitate was then filtered and washed with water.
Chlorophyll-a was dissolved in 10 mL of 1 N HCl and 100 mL of
ethanol, and then the mixture was stirred for 3 h to remove Mg2+ from
the chlorophyll-a macrocycle. Pheophytin (Pheo) was precipitated by
storing it at −20 °C for 3 h; then it was centrifuged, collected, and
dried in a desiccator.
Preparation of Surfactant-Stripped (ss) Micelles. To prepare

ss-Pheo, 10 mg of Pheo was dissolved in 50 mL of dichloromethane
(DCM), and then was added dropwise to a 250 mL solution of 10%
(w/v) Pluronic F127, with stirring overnight. For a large batch
preparation, the washing procedure was conducted using a membrane
(Sartorius Vivaflow, 1501008VS) connected to a peristalsis pump
(Masterflex L/S). The tubes and membranes were submerged in ice.
The solution was washed with 500 mL of water (5 washes, 100 mL
each). Centrifugation was conducted with 100 kDa MWCO
centrifugal filters to further concentrate ss-Pheo. The centrifugation
speed was 3400g, and the temperature was set to 1 °C. To make
smaller batches, the sample was centrifuged at a speed of 3000g and at
1 °C for 30 min using centrifugal filtration tubes with a 100 kDa
MWCO membrane. The solution was then concentrated as required
using centrifugal filtration. The loading efficacy of ss-Pheo was 100%,
as evidenced by no observable loss of Pheo during any point of the
formulation or stripping process. The loading capacity of ss-Pheo,
considering the entrapped Pheo divided by the total mass including
Pluronic, was 26%.
To prepare ss-Chlr, 10 mg of Chlr was dissolved in 50 DCM, and

then added dropwise in 250 mL 10% (w/v) Pluronic F127 with
stirring overnight. The surfactant-stripping procedure was conducted
in the same manner as ss-Pheo.
To determine the surfactant-stripping efficacy, a small scale

washing procedure was conducted to make 10 mL of ss-Pheo. Pheo
(0.4 g) was dissolved in 2 mL of DCM, and the mixture was added to
10 mL of 10% F127; then DCM evaporated. ss-Pheo was washed with
a low-temperature centrifugal filtration 4 times. After each wash, 1 mL
of each filtrate was collected until about 200 μL of the sample was
retained in the 100 kDa MWCO centrifugal filters. The sample was
then adjusted to 200 μL with water. Then, 0.3 g of cobalt nitrate
hexahydrate and 1.2 g of ammonium thiocyanate were dissolved in 3
mL of water to make cobalt thiocyanate. To measure the absorbance
of F127 at 623 nm in the sample and filtrate, 200 μL of ethyl acetate,
80 μL of ethanol, and 100 μL of cobalt thiocyanate solution were
added to 200 μL of filtrate and sample. The solution was vortexed for
10 s and centrifuged for 5 min at 10 000 rcf in 1.5 mL centrifuge
tubes. The solution was washed with ethyl acetate, and the
supernatant was removed about 3 times or more as needed until
the supernatant was colorless. One mL of acetone was added to
dissolve the blue pellet. Absorbance was then measured using Lambda
35 UV−vis or a Lamda XLS spectrophotometer (PerkinElmer). The
absorbance of F127 in the retentates and filtrates was measured at 623

nm. The absorbance of the dye in the retentates and filtrates was
measured at 670 nm for quantification.

Preparation of Porphysomes. Lipids were dissolved in ethanol
to form a stock solution with the following formulation, [Pyro-
phospholipid/PEG/cholesterol] with a molar ratio of [55:5:40]. At 60
°C, 800 μL of phosphate buffered saline (PBS) was added to 200 μL
of ethanol. The liposome solution was extruded 20 times through a
hand-held extruder. Gel filtration chromatography was used to collect
the liposomal fractions.

Nanoparticle Characterization. Absorbance was measured with
a Lambda 35 UV−Vis or a Lambda XLS spectrophotometer
(PerkinElmer) using cuvettes with a 1 cm path length. The particle
size and polydispersity index for each sample were obtained by
dynamic light scattering in phosphate buffered saline (PBS). These
measurements were determined by a Nano ZS 90 Zetasizer (Malvern
Instruments). Transmission electron microscopy was performed using
a JEM-2010 electron microscope with 1% uranyl acetate for negative
staining.

For fluorescence emission spectra, the absorbance of each sample
was adjusted to 0.05, and the emission spectra was recorded at 410
nm excitation wavelength using a Photon Technology International
(PTI) fluorimeter. The relative quantum yield was calculated by
integrating the area under the curve for the fluorescence spectra
between 650 and 800 nm. For ss-Pheo, ss-Pheo was dissolved in
CHCl3 and ss-Pheo was mixed with 0.1% Triton X-100, respectively.
The excitation wavelength was set at 410 nm, and the emission was
scanned in range from 500 to 800 nm.

For singlet oxygen determination, Singlet Oxygen Sensor Green
(SOSG; Life Technologies no. S-36002) was used to determine
singlet oxygen production following light irradiation, and 0.6 μM
SOSG was used. The samples were normalized at an absorbance of
0.5 at 665 nm, and 2 μL of SOSG stock solution was added to 3 mL
of each sample. The solution was irradiated for 5 min in a 3 mL
cuvette with stirring.

For the absolute quantum yield, an equal absorbance based on
UV−vis spectra was used at the excitation wavelength in a
fluorescence emission scan in a PTI instrument. The buffer
background was subtracted from each fluorescence reading obtained
from the emission scan. The area under the curve (AUC) was
determined. The quantum yield of Pheo in methanol was used as a
standard. The quantum yield for the sample was multiplied by the
AUC of the sample in water divided by the AUC of the sample in
methanol to obtain the quantum yield of Pheo in water.

Comparison of Surfactant-Stripping to Other Pheo For-
mulations. For ethanol dilution and solvent exchange formulations,
15 mg/mL Pheo in ethanol (close to its maximum solubility) was
added to 10% (w/v) surfactant solutions including Tween 80,
Cremophor EL, Pluronic F127, or Pluronic F68 so that the ethanol
formed 20% of the final volume. The solutions were then placed in
dialysis tubing and dialyzed against 0.5 L of PBS. The buffer was
changed two times after dialysis proceeded for at least 4 h. For solvent
evaporation formulations, 30 mg/mL Pheo in DCM was prepared.
Pheo (100 μL) solution was added dropwise to 1 mL of 10% w/v
surfactant solutions. The solutions were left to stir and evaporate
overnight. For liposomal Pheo formulations, dry lipid powders (94.1
mg of DPPC and 5.9 mg of Pheo) were mixed in 5 mL of PBS
solution and then were sonicated at 60 °C for 1 h. Concentrated
liposomes were prepared by freeze-drying the liposomes and
resuspending in just 60% of the original volume. Aggregated
liposomes were removed by centrifugation. The absorbance of the
solutions was assessed with a UV−vis spectrometer at 665 nm.

Photothermal and Photostability Properties. Different
concentrations of ss-Pheo from 0 to 2 mg/mL were used. A 665
nm laser was used to irradiate the samples. Thermal imaging was
conducted to monitor the temperature increase over 3 min.
Photobleaching of 1 μg/mL ss-Pheo was tested in water under
various 665 nm laser fluence rates from 0 to 300 mW/cm2 for 5 min.
An emission scan was then obtained using a PTI fluorometer with an
excitation wavelength of 410 nm.
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Hemolysis. Blood was obtained in citrate solution from adult
human volunteers following informed consent. Protocols were
approved by the University at Buffalo Health Science Institutional
Review Board. The erythrocyte suspension was prepared by
centrifugation at 420g for 10 min. Isotonic PBS was added to the
suspension, and it was further centrifuged at 3000g for 10 min. The
supernatant was removed, and the washing procedure was repeated to
thoroughly remove undamaged ethrocytes. Pheophytin surfactant
solutions were prepared by adding 0.2 mg of Pheo (dissolved in 1 mL
of DCM) in 5 mL of 10% (w/v) Tween-80 or F127 solutions.
Following solvent evaporation, Pheo was diluted with PBS to achieve
the desired Pheo concentrations. A total of 5 μL of Pheo was
incubated with 15 μL of RBC at 37 °C for 1 h, followed by
centrifugation at 2000g for 5 min. The absorbance of supernatant at
each concentration was measured using spectrophotometry at the max
absorbance wavelength of 540 nm. Hemolysis percentages were
d e t e rm i n e d u s i n g a n a b s o r b a n c e r e a d i n g w h e r e

=[ − − ] ×% hemolysis sample negative/positive negative 100%.
PBS was used as a negative control, and red blood cells with TX-100
were used as a positive control.
In Vitro Imaging. Fluorescence imaging was measured using an

IVIS Lumina II system. An excitation of 675 nm was used with an
ICG emission filter. Samples were normalized at an absorbance of 0.5
at 675 nm. The fluorescence was measured by stacking 1 mm slices of
ham over the sample tubes placed 1 cm apart. Fluorescence counts of
the three samples were measured using the ROI tool in the IVIS
software and background signal was corrected for.
For photoacoustic (PA) imaging, 1.5 mm inner diameter silicon

tubes were used. Three pieces of tubes were filled with three different
samples, respectively, and then were imaged one by one. Tubes
without any chicken breast tissue at the top were first measured. After
that, PA imaging was conducted when 11 mm chicken breast tissue
was placed on top of tubes. Pieces of chicken breast tissues were
supported by the agar phantom (2 cm in thickness) placed at the
bottom of tubes.
The excitation light for PA imaging was provided by a Nd/YAG

laser, which output was routed to tube phantoms in free space. Using
ground glass as a diffuser, the laser beam was uniformly distributed
roundly on the phantom surface with a 2 cm diameter. The maximum
light intensity at the phantom surface was around 12 mJ/cm2, which is
far below the American National Standards Institute (ANSI) safety
limit (20 mJ/cm2). The PA signal of tubes was acquired by a 128-
element clinical liner transducer array (ATL/Philips L7−4) with a 5
MHz central frequency. The received PA signals were amplified (by
54 dB) and digitized by a 128-channel ultrasound data acquisition
(DAQ) system (Vantage, Verasonics) with a 20 MHz sampling rate.
The raw channel data was reconstructed using the universal back-
projection algorithm (Xu and Wang 2005) and was displayed in real-
time during experiments.56

Cell Culture and PDT.Murine mammary cancer cells (4T1) were
cultured in RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% streptomycin/penicillin. Cells were cultured in
25 cm2

flasks maintained at 37 °C and 5% CO2. Photodynamic
therapy experiments were performed in a 96-well plate. Cells were
seeded at a density of 104 cells per well and allowed to adhere for 24
h. ss-Pheo was added to wells containing serum containing media and
incubated for 4 h. Media was removed and cells were washed with
PBS and fresh media was added. Cells were exposed to a laser using a
665 nm custom-built LED box at various fluences. A constant fluence
rate of 29.8 mW/cm2 was used to irradiate cells. Efficacy of PDT in
vitro was evaluated by a cell viability assay. Cells were allowed to grow
for 24 h after laser treatment. At this point, media was removed and
the cells were washed with PBS to remove traces of media. Then, 100
μL of PBS containing 50 μg mL−1 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) and 30 μg mL−1

N-methyl dibenzopyrazine methyl sulfate (PMS) were added to each
well and incubated for 2 h. The tetrazolium dye, XTT, is colorless but
when reduced to formazan product it becomes brightly orange. The
reduction is improved by the addition of the activation reagent PMS.
The absorbance of the plate was read at 450 nm, and the absorbance

at 630 nm was used as a background. Cell viability was calculated as a
ratio of viability of treated cells to untreated cells. All experiments
were carried out in triplicates, and error bars indicated the standard
deviation from the mean value.

To test cell death mechanisms, cells were seeded in a 24-well plate
with a starting cell density of 50 000 cells per well. Cells were
incubated at 37 °C and 5% CO2 for 24 h. Pheo was added at 0.02 mg
mL−1 in media, and the mixture was incubated for 4 h. After the
incubation period was complete, the medium containing micelles was
removed and the cells were washed with PBS twice. Then, fresh
medium containing FBS was added. Cells were treated with a 665 nm
laser for 9 min at 18.67 mW cm−2 to deliver a fluence of 10 J/cm2.
After laser treatment, cells were placed in the incubator for 24 h and
samples were analyzed using flow cytometry. The medium was
removed, and the cells were incubated with 0.5 mL of trypsin for 4
min. After the cells were cleaved, 0.7 mL of medium containing FBS
was added. Cells were collected in individual vials and were
centrifuged at 500 rpm for 5 min. Supernatant was removed, and
0.5 mL of 0.1% bovine serum albumin was added. Samples were
centrifuged at 500 rcf for 5 min, and 0.4 mL of supernatant was
removed. Cells were treated with the Biolegend Annexin-PI kit
according to the manufacturer’s recommendations. Flow cytometry
was carried out using a BDFortessa instrument. Samples were
vortexed immediately before analysis. Data was analyzed using FloJo
software.

Pharmacokinetics and Biodistribution. Animal experiments
were carried out in compliance with the Institutional Care and Use
Committee guidelines at the University at Buffalo. Female BALB/c
mice (18−20 g) were used, and 200 μL containing 25 “optical
density” (OD) ss-Pheo samples were injected via the tail vein. One
OD represents an absorbance at 670 nm of ss-Pheo if dissolved in a 1
mL solution and measured in a 1 cm path length cuvette. Twenty-five
OD corresponds to approximately 500 μg of ss-Pheo. Blood samples
were collected at different time intervals. The collection time points
that were used were 0.5, 1, 2, 4, 8, 24, and 48 h. The samples were
then centrifuged at 2000g for 15 min. After that, 10 μL of serum was
added to 990 μL of extraction buffer. Then it was vortexed and kept in
cold storage at −20 °C for at least 2 h. The solution was then
centrifuged at 10 000g for 15 min. Then, 200 μL of supernatant was
used to read the fluorescence. A standard curve was used to quantify
the drug amount. Noncompartmental analysis with PK solver was
used to determine the half-life of ss-Pheo.

For tumor biodistribution studies, 2 × 104 4T1 cells in 50 μL of
RPMI 1640 medium (without serum) were injected subcutaneously at
the base of the nipple into the fourth abdominal fat pad of 4−8 week
old female BALB/mice. Tumor growth was measured over time using
digital calipers. Mice were treated when the tumor size reached 6−8
mm. Then, 200 μL containing 25 OD at 670 nm of ss-Pheo (500 μg)
was injected via the tail vein of BALB/c mice bearing orthotopic 4T1
tumors. BALB/c mice with no tumors were used as a control. Organs
and tissue (about 100 mg) were weighed, and 450 μL of nuclear lysis
buffer [0.25 mol/L sucrose, 5 mmol/L Tris-HCl, 1 mmol/L MgSO4,
1 mmol/L CaCl2 (pH 7.6)] was added to the tissue ready for
desiccation in a Bullet Blender homogenizer. Ss-Pheo was extracted
using 0.075 N HCL 90% isopropanol and left overnight. After
centrifugation the next day, the supernatant was diluted using
extraction buffer and measured using a fluorescence plate reader.
Concentrations were determined from a standard curve obtained from
ss-Pheo in extraction buffer.

64Cu Radiolabeling. Copper-64 (64Cu, t1/2 = 12.7 h) was
produced in an on-site cyclotron (GE PETrace) at the University of
Wisconsin-Madison, via 64Ni (p,n) 64Cu reaction as reported earlier.
For radiolabeling, 37 MBq of 64CuCl2 was diluted in 300 μL of 0.1 M
sodium acetate buffer, (pH ∼ 5.5) and added to 300 OD ss-Pheo. The
mixture was incubated at 37 °C for 60 min with constant shaking,
followed by purification on an Amicon Ultra-4 centrifugal filter unit
(Millipore) using PBS. Final radiolabeling yields were determined
with thin-layer chromatography (TLC), using silica gel-backed iTLC
plates, with 50 mM EDTA solution as the running buffer.
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For radiolabeling, 18.5 MBq of 64CuCl2 was diluted in 300 μL of
0.1 M sodium acetate buffer, (pH of 5.5) and added to 150 μL of 25
OD ss-Pheo. The mixture was incubated at 37 °C for 60 min with
constant shaking, followed by the purification by an Amicon Ultra-4
centrifugal filter unit (Millipore) using PBS. To assess the serum
stability of 64Cu radiolabeled Pheo ss-InFroMs, ss-InFroMs was
incubated with fetal bovine serum 60% (400 μL of nanoparticles in
PBS added to 600 μL of FBS) at 37 °C with constant agitation (500
rpm). At different time points, as shown in the figure, 100 μL aliquots
were taken and centrifuged using the Centrisart ultrafiltration
(300 000 MWCO) system, and the radioactivity in the filtrate and
retentate were measured using a γ counter and decayed back to day 0
for further calculations.
PET Imaging. For PET imaging, animal studies were carried out in

accordance with the University of Wisconsin-Madison Institutional
Animal Care and Use Committee. For tumor PET imaging studies, 1
× 106 4T1 murine breast cancer cells suspended in 30 μL of PBS were
injected in the fourth mammary pad of 5−6 week old female BALB/c
mice (Envigo, IN). Tumor sizes were monitored regularly, and mice
were used when the tumors reached ∼7 mm in diameter, typically 7−
10 days post-inoculation. Twenty-five OD of 64Cu-labeled Pheo
nanoparticles was injected intravenously in 4T1 tumor-bearing mice
via the tail vein (n = 3). Static positron emission tomography (PET)
images were acquired at different time points postinjection (p.i.) on
an Inveon microPET/microCT rodent model scanner (Siemens
Medical Solutions USA, Inc.). All PET images were reconstructed

using a maximum a posteriori algorithm, without attenuation or
scatter correction, and analyzed with Inveon Research Workplace
software after decay correction. All data are presented as a percentage
injected dose per gram (%ID/g). Mice were euthanized after the final
PET scans at 72 h postinjection, and ex vivo biodistribution studies
were performed, to validate the in vivo results. Blood, tumor, and
major organs were collected and wet-weighed, and radioactivity in
each tissue was measured on a WIZARD2 γ counter (PerkinElmer)
and presented as %ID/g.

In Vivo Optical Imaging. Fluorescence imaging was conducted
24 h after injection of 200 μL of 25 OD ss-Pheo in the mice (500 μg
ss-Pheo). Mice were anesthetized using isoflurane. Fluorescence was
then measured at 640 nm excitation and Cy 5.5 emission for the
control and treated mice using an IVIS imaging system. PAT scans
were conducted 24 h after injection of 200 μL of 25 OD ss-Pheo (500
μg) in the mice. During experiments, tumor-bearing mice were placed
underneath a water tank with a window at the bottom. A 690 nm
pulse laser light was provided by a Nd/YAG pumped optical
parametric oscillator (OPO) laser (SLIII-10, Continuum) with a 10
Hz pulse repetition rate and 10 ns pulse duration. The light was
routed to the tumor surface through a bifurcated fiber bundle with
one circular input and two linear outputs (∼60% coupling efficiency).
The light intensity on the tumor surface was around 13 mJ/cm2,
which is below the American National Standards Institute (ANSI)
safety limitation at 690 nm (20 mJ/cm2). The PA signal of tumor was
acquired by a 128-element clinical liner transducer array (ATL/

Figure 1. Structure and representation of high-density porphyrin nanoparticles. (A) Pyro-lipid self-assembles to form porphysome nanovesicles
with a porphyrin bilayer. (B) Chlorophyll (Chlr) or pheophytin (Pheo) can be formed into surfactant-stripped micelles with Pluronic F127 triblock
copolymers. (C) Retention of Pheo and F127 during the surfactant-stripping process to generate ss-Pheo. Data show mean ± standard deviation
for n = 3.

Figure 2. Characterization of porphyrin nanomaterials. (A) Hydrodynamic diameter and (B) polydispersity index of ss-Pheo, ss-Chlr, and Porphs
as determined by dynamic light scattering. (C) Q-band normalized absorption spectra in water. (D) Fluorescence emission spectra when
nanoparticles were adjusted to have an absorbance of 0.05 at the excitation wavelength. Spectra are normalized to ss-Pheo emission maximum. (E)
Relative fluorescence quantum yield. (F) Singlet Oxygen Sensor Green (SOSG) indicator dye signal increases as ss-Pheo, ss-Chlr, or porphysomes
were irradiated at 665 nm (when adjusted to have an equal absorbance at 665 of 0.05). (G) Initial rate of SOSG increase during the first 5 s of
irradiation. Values show mean ± standard deviation for n = 3.
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Philips L7−4) with a 5 MHz central frequency. The transducer was
scanned over a 4 cm distance with a 0.1 mm step size image of the
whole tumor. The received PA signals were amplified (by 54 dB) and
digitized by a 128-channel ultrasound data acquisition (DAQ) system
(Vantage, Verasonics) with a 20 MHz sampling rate. The raw channel
data was reconstructed using the universal back-projection algorithm
and was displayed in real-time during experiments.
PDT Efficacy Study. Four week old mice were procured from the

Charles River laboratory. Animal experiments were performed in
accordance with the University at Buffalo Institutional Animal Care
and Use Committee. 4T1 cells (2 × 104) were subcutaneously
injected into mice. Mice were randomly divided into four groups with
5 mice in each group. When the tumor size reached 5−7 mm, mice
were intravenously injected with either ss-Pheo or PBS via the tail
vein. Twenty-four h postinjection, two groups (laser alone, ss-Pheo
+laser) were treated with a laser. For the laser treatment, mice were
anesthetized with isoflurane and tumors were irradiated with a 665
nm laser at 150 mW cm−2 for 33 min, delivering a total energy of 300
J cm−2. The tumor temperature was monitored using a thermal
camera. Pheophytin alone and untreated groups did not receive any
laser treatment.

■ RESULTS AND DISCUSSION
We examined 3 types of high-density porphyrin nanoparticles.
Porphysomes (Porphs) were formed from pyro-lipid (sn-1-
palmitoyl sn-2-pyropheophorbide phosphtatidylcholine) (Fig-
ure 1A). Pyro-lipid comprised the major component of the
bilayer (55 mol %). We also prepared two types of surfactant-
stripped micelles from either chlorophyll (Chlr) or pheophytin
(Pheo), using Pluronic F127 to disperse the molecules prior to
surfactant-stripping using a low-temperature cross-flow mem-
brane filtration process (Figure 1B). Pheo or Chlr was first
dissolved in dichloromethane (DCM) and then added
dropwise to a F127 solution, with stirring overnight to
evaporate the DCM. This allows the hydrophobic dye to be
incorporated in the hydrophobic poly(propylene oxide) cores
of Pluronic F127 micelles. Taking advantage of temperature-
sensitive micellization of F127, excess and free F127 were
dissociated into F127 unimers at a low temperature (4 °C) and
then “stripped” away by membrane filtration, leaving behind
purified and concentrated ss-Pheo. As shown in Figure 1C,
during the surfactant-stripping process, Pheo was fully retained
in ss-micelles, whereas all free and loose F127 were effectively
removed, with four low-temperature washing steps, generating
a colloidal suspension with a high porphyrin density.
The diameter and polydispersity of the 3 types of

nanoparticles (Porphs, ss-Pheo, and ss-Chlr) were measured

(Figure 2A,B). The hydrodynamic size distribution is shown in
Figure S1. Overall, the size of the three types of nanoparticles
was similar. ss-Pheo had the greatest polydispersity of about
0.3 and the smallest diameter of about 80 nm. Transmission
electron microscopy revealed a spherical morphology for ss-
Pheo. (Figure S2).
The porphyrin component of all three types of nanoparticles

is chlorophyll-derived, and the aqueous absorption spectra
were similar between the different formulations, with a Q-band
peak around 670 nm (Figure 2C). ss-Chlr, ss-Pheo, and Porphs
had Q-band absorption maxima at 665, 672, and 677 nm,
respectively.
Although the absorption properties of the different

porphyrin nanoparticles were similar, stark contrasts were
encountered in the emission properties. ss-Pheo showed the
brightest fluorescence emission compared to porphysomes and
ss-Chlr, with an emission peak at 690 nm (Figure 2D) and the
greatest relative quantum yield (Figure 2E). The mechanism
for the higher fluorescence quantum yield of ss-Pheo may
potentially relate to a more hydrophobic local environment of
pheophytin, as is it more hydrophobic than Chlr, or porphyrin-
phospholipid. These results are consistent with the initial
report of ss-Pheo, where it was suggested that stacking
differences within the micelle may contribute to the enhanced
relative brightness.55 Further work is required to better
elucidate the photophysical structure−function properties.
Despite the higher fluorescence of ss-Pheo compared to
other high-density porphyrin structures, the absolute fluo-
rescence quantum yield was low and was calculated to be just
3% of the yield of Pheo dissolved in methanol, which has been
reported as 0.14 (Figure S3).57

It is known that the quenched porphyrin fluorescence
quantum yield correlates with quenching of the singlet oxygen
yield.58 The reporter dye Singlet Oxygen Sensor Green59 was
used to assess singlet oxygen generation of the nanoparticles in
an aqueous solution under irradiation with a 665 nm laser
diode. ss-Pheo induced a rapid increase in SOSG signal,
indicating the generation of singlet oxygen, whereas ss-Chlr
and porphysomes had a substantially slower rate of SOSG
activation (Figure 2F). Figure 2G shows the SOSG activation
in the initial 5 s of porphyrin nanoparticle irradiation, in which
strongly enhanced singlet oxygen generation by ss-Pheo was
observed.
One of the unique features of surfactant-stripped micelles is

that since the bulk solubilizing surfactant can be removed, the

Figure 3. Surfactant-stripping enables concentrated micelle dispersions. (A) Absorbance of concentrated ss-Pheo compared to conventional
formulation methods. (B) Hemolysis of Pheo samples at indicated concentrations following incubation with human red blood cells for 1 h at 37 °C.
Values show mean ± standard deviation for n = 3.
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cargo-loaded micelles can be further concentrated to very high
levels. Figure 3A shows that the surfactant-stripped approach
can produce concentrated Pheo micelle dispersions with a
much higher Q-band (i.e., around 665 nm) absorption
compared to conventional formulation techniques for hydro-
phobic cargo. Those formulations, such as liposomes, or Pheo-
ethanol (at a maximum Pheo concentration) mixing followed
by dialysis or Pheo-DCM mixing followed by solvent
evaporation are not readily concentrated, so the overall
absorption was much lower. A high concentration of Pheo
may be useful for various applications, such as photoacoustic
and photothermal contrast. ss-Pheo showed a photothermal
contrast and generated heat in a concentration-dependent
fashion upon irradiation with a 665 nm, 0.4 W/cm2 laser
(Figure S4).
As shown in Figure 3B, when Pheo was dissolved in Tween-

80 and incubated with human erythrocytes, hemoloysis was
observed. Interestingly, with the exact same formulation but
using Pluronic F127 instead of Tween-08, minimal hemolysis
was induced. As expected, after surfactant-stripping, no
hemolysis was observed.
Next, optical imaging was carried out in tissue phantoms.

For fluorescence imaging, increasing layers of thin ham slices
were layered above the porphyrin nanoparticle samples. As
shown in Figure 4A, only ss-Pheo was readily detected with

fluorescence imaging (to a depth of approximately half a
centimeter). Photoacoustic contrast imaging produced differ-
ent results (Figure 4B). All three types of porphyrin
nanomaterials could be detected in tissue to a depth of 1 cm
when the samples were adjusted to have an equal NIR
absorption of 0.5.
Together, these data show that ss-Pheo has similar physical

properties to ss-Chlr and porphysomes as well as a similar
optical absorption. However, ss-Pheo exhibits a higher
fluorescence and singlet oxygen yield, features which are
appealing for PDT and imaging applications. Thus, for all
subsequent studies, ss-Pheo was chosen for further inves-
tigation.
In vitro PDT was assessed by examining the cell viability

with the XTT assay following treatment (Figure 5A). ss-Pheo
was incubated with murine mammary 4T1 cancer cells for 4 h,
then the medium was replaced, and cells were treated with a
665 nm LED box. With no laser irradiation or with treatment
but no laser irradiated, the cell viability was found to be
unaffected. With both laser- and ss-Pheo-treated cells, the cell
viability of 4T1 cancer cells was found to decrease. When 0.05
mg/mL of ss-Pheo was used, the cell viability started to

decrease due to the PDT effect. When irradiated with 10 J/cm2

and 20 J/cm2, the cell viability was found to be 80% and 35%,
respectively. Further work is required to elucidate the
mechanism of uptake; however, it is possible that the
photosensitizer in ss-Pheo micelles underwent exchange with
cell medium components that were uptaken by cells, and/or
that ss-Pheo itself was uptaken by cells, and/or that the
photosensitizers were able to directly transport to cellular
membranes. Thus, ss-Pheo is able to serve as a photosensitizer
to kill cancer cells in vitro with 665 nm light application. Cell
killing was further assessed through staining of the apoptosis
marker Annexin V and the cell permeability marker propidium
iodide (PI) (Figure 5B). Unlike control cells or cells incubated
with ss-Pheo without laser treatment, cells treated with 0.02
mg/mL ss-Pheo at 10 J/cm2

fluence were stained by Annexin
V and PI. A total of 34% of cells was classified in late apoptosis
(Annexin V+, PI+), 34% of cells were in early apoptosis
(Annexin V+; PI−), and 8% of cells were considered nectrotic
(Annexin V−; PI+). This is consistent with the XTT assay data,
which shows that Pheo ss-InFroMs + laser-treated cells induce
a greater cell death.
To assess the photostability of ss-Pheo, 1 μg/mL was

irradiated under 665 nm laser irradiation for 5 min. With
increasing fluence rates, photobleaching became more
prominent (Figure S5). At the highest fluence rate (300
mW/cm2), approximately 30% photobleaching was observed.
Next, we investigated the in vivo behavior of ss-Pheo. Even

though ss-Pheo exhibited a strong fluorescence compared to
ss-Chlr or porphysomes, it was still self-quenched relative to its
brightness in organic solvents. We found that with the addition
of the detergent (0.1% Triton X-100, TX100), the fluorescence
of ss-Pheo increased to a point similar to dissolving ss-Pheo in
organic solvent such as chloroform, so this approach was used
for analytical measurements (Figure S6).
Following intravenous administration of ss-Pheo, serum was

sampled periodically and the blood concentration was
estimated with a fluorometric assay. ss-Pheo had relatively
long blood circulation of 14.2 h, as determined by non-
compartmental analysis (Figure 6). The relatively long
circulation could be in part due to the polyethylene oxide
(PEO) blocks of the F127 triblock copolymer, which are
known to confer stealth properties to nanoparticles.60

The uptake of ss-Pheo was next assessed in mice bearing
orthotopic 4T1 tumors, 24 h following intravenous injection.
As shown in Figure 7A, Pheo accumulated to a relatively high
degree in tumor tissue, based on the fluorescence signal in
extracted from homogenized tissues. Most of the Pheo was
distributed in the liver. These biodistribution findings were
confirmed in a separate independent experiment using 64Cu-
radiolabeled ss-Pheo, with similar distribution patterns with
the ss-micelles principally distributed in the liver, tumor,
spleen, and then kidney, in a decreasing order (Figure 7B).
The chelation stability of the radioisotope in 64Cu ss-Pheo was
tested in fetal bovine serum before administration in living
animals showing over 60% of chelated 64Cu retention in the
nanoparticle after 48 h (Figure S7). The strong uptake of ss-
Pheo in the liver is typical for many long-circulating
intravenously administered nanoparticles, based on uptake by
the reticuloendothelial system.61 On the other hand,
accumulation of ss-Pheo in the tumor may be attributed to
the enhanced permeability and retention effect in tumor
vasculature.

Figure 4. In vitro imaging of porphyrin nanoparticles using
fluorescence and PAT. (A) Signal intensity in fluorescence counts
for three photosensitizers as a function of tissue depth. (B) PAT
signal intensity against tissue depth.

ACS Applied Bio Materials Article

DOI: 10.1021/acsabm.8b00703
ACS Appl. Bio Mater. 2019, 2, 544−554

549

http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00703/suppl_file/mt8b00703_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00703/suppl_file/mt8b00703_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00703/suppl_file/mt8b00703_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00703/suppl_file/mt8b00703_si_001.pdf
http://dx.doi.org/10.1021/acsabm.8b00703


Trimodal imaging was used to monitor the accumulation of
ss-Pheo in the tumor and other organs. In all cases, 0.5 mg of
ss-Pheo was injected per mouse. This dose produces a NIR
absorption of 25 if dissolved in 1 mL of water and measured
with a standard 1 cm path length cuvette. 64Cu labeling was
carried out by simply incubating preformed ss-Pheo with the

radioisotope in aqueous solution, due to the high affinity of
copper ions with porphyrins. A 60% labeling yield was
observed. Figure 8A shows the PET scan of mice bearing
4T1 tumors. The corresponding %ID/g for each correspond-
ing time for the liver, heart, muscle, and tumor, respectively,
calculated on imaging data is shown in Figure S8. A strong
signal was present in the liver, and by the later time points, the
tumor was clearly visualized. These results are consistent with
the biodistribution study, which showed that ss-Pheo was
taken up mostly in the liver and tumor (Figure 7). Given the
optical properties of ss-Pheo, fluorescence imaging was
intrinsically possible, something that is not always possible
for photoacoustic materials, as a high chromophore density
that is desirable for photoacoustic contrast can lead to
fluorescence self-quenching. Figure 8B,C shows the fluores-
cence imaging and photoacoustic imaging of mice using ss-
Pheo as a contrast agent with the control left untreated. Unlike
PET imaging, which is a whole-body imaging modality,
fluorescence and photoacoustic imaging only revealed the ss-

Figure 5. Cell death induced by PDT with ss-Pheo. (A) Cells were incubated with ss-Pheo at indicated concentrations for 4 h and then subjected
to light treatment with a 665 nm LED box. Cell viability was assessed 24 h after laser treatment using the XTT assay. (B) Following the indicated
treatment, 4T1 cells were stained with Annexin V and PI and subjected to flow cytometry. Values show mean ± standard deviation for n = 3.

Figure 6. Pheo concentration in serum in mice following intravenous
administration of ss-Pheo (500 μg Pheo dose). Data shows mean ±
standard deviation for n = 3 mice.

Figure 7. Biodistribution of ss-Pheo and 64Cu-labeled ss-Pheo (500 μg Pheo) 24 h after intravenous administration in mice bearing orthotopic 4T1
tumors. (A) Pheo concentration in tumor and different organs as assess by fluorometric analysis of tissue homogenates. (B) 64Cu-labeled ss-Pheo
(%ID/g) in tumor and different components of the body including cells, tissues, and organs. Data shows mean ± standard deviation for n = 3 mice.
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Pheo contrast signal originating in the tumor. In the case of
fluorescence imaging, the technique images superficial contrast
so that the signal in the deeper liver may be obscured.
Furthermore, the abdominal hair of the mice may have
interfered with liver detection. In the case of photoacoustic
imaging, we were specifically focusing the transducer on the
tumor, so that signal in the liver would not be detected.
Given the favorable tumor accumulation, ss-Pheo was next

assessed for photodynamic therapy. Following intravenous
administration of 500 μg of ss-Pheo, orthotopic 4T1 tumors
were treated with 300 J/cm2 of 665 nm light using a laser
diode (33 min of laser treatment with a 150 mW cm−2

fluence
rate). Under these irradiation conditions, a mild tumor
temperature rise occurred over the first 3 min, but stabilized
thereafter with minimal tumor heating with a tumor surface
temperature that did not surpass 40 °C or rise more than 5 °C
overall (Figure S9). As shown in Figure 9A, this treatment was
able to significantly delay tumor growth compared to ss-Pheo

treatment without a laser, and compared to laser treatment
alone. Although the tumor growth inhibition delay was
apparent, tumors started to grow back after approximately
1−2 weeks. To improve these results, it might be possible to
use repeated PDT treatments in the future. The trend is
consistent with the tumor doubling time, which shows an
increase in delay tumor doubling time with ss-Pheo and laser
treatment (Figure 9B). There was some short-term weight loss
observed in the PDT-treated group; however, this was short-
lived and mice fully recovered (Figure 9C). Further studies are
required to characterize the toxicity and clearance of ss-Pheo.
However, we note that Pheo is demetalated Chlr, which is
consumed in human diets in abundance. The absorption and
metabolism of Chlr have been studied previously.62,63

■ CONCLUSION

Surfactant-stripped micelles represent a relatively new delivery
vehicle with a high cargo to excipient ratio. Compared to two

Figure 8. Trimodal imaging of ss-Pheo in vivo in mice bearing orthotopic 4T1 tumors. ss-Pheo (500 μg) was injected intravenously per mouse. (A)
64Cu-labeled ss-Pheo PET scan at indicated time points. The tumor location is indicated by the white circle. (B) NIR fluorescence imaging in
tumor-bearing mice either injected with ss-Pheo or untreated. (C) PAT imaging with control and treated mice. Representative images for n = 3
mice per group.

Figure 9. Tumor growth inhibition by ss-Pheo via PDT. Mice were intravenously administered 500 μg of ss-Pheo and 24 h later were treated with
300 J/cm2 (150 mW/cm2

fluence rate) with a 665 nm laser diode. (A) Tumor volume for mice bearing a 4T1 tumor following indicated
treatments. The asterisk shows there was a significant difference between ss-Pheo+laser compared to other groups based on one-way ANOVA (p <
0.5). (B) Tumor doubling delay was found for each treatment condition including Pheo alone, laser alone, and Pheo+laser. (C) Body weight in
treated groups. Data show mean ± standard deviation for n = 5 mice per group.
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other high-density porphyrin nanoparticles, ss-Pheo exhibited
advantageous properties for optical imaging and photodynamic
therapy. ss-Pheo was used for trimodal imaging with PET,
PAT, and fluorescence imaging in vivo in a murine mammary
tumor model. ss-Pheo had long circulation in mice and
favorable tumor accumulation. ss-Pheo could be used as a
photosensitizer. Further exploration of ss-Pheo for imaging and
PDT applications is warranted.
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