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Abstract: A carrier-free method for delivery of a hydrophobic drug in its pure form, using
nanocrystals (nanosized crystals), is proposed. To demonstrate this technique, nanocrystals of
a hydrophobic photosensitizing anticancer drug, 2-devinyl-2-(1-hexyloxyethyl)pyropheophorbide
(HPPH), have been synthesized using the reprecipitation method. The resulting drug nanocrystals
were monodispersed and stable in aqueous dispersion, without the necessity of an additional
stabilizer (surfactant). As shown by confocal microscopy, these pure drug nanocrystals were
taken up by the cancer cells with high avidity. Though the fluorescence and photodynamic activity
of the drug were substantially quenched in the form of nanocrystals in aqueous suspension,
both these characteristics were recovered under in vitro and in vivo conditions. This recovery of
drug activity and fluorescence is possibly due to the interaction of nanocrystals with serum
albumin, resulting in conversion of the drug nanocrystals into the molecular form. This was
confirmed by demonstrating similar recovery in presence of fetal bovine serum (FBS) or bovine
serum albumin (BSA). Under similar treatment conditions, the HPPH in nanocrystal form or in
1% Tween-80/water formulation showed comparable in vitro and in vivo efficacy.

Keywords:  Nanocrystals; reprecipitation method; photosensitizers; photodynamic therapy; singlet
oxygen; drug delivery

Introduction owing to their “leaky” vasculature. The carriers include oil
Many of the commonly used pharmaceutical agents dispersions (micelles), liposomes, polymeric micelles, hy-
including various drugs are hydrophobic in nature. Therefore, drophilic drug-polymer complexes, ceramic and polymeric
for delivery of these drugs, special formulations are required nNanoparticles, ett:** However many surfactants themselves,
to make their aqueous dispersion, using surfactants or other
nanoparticle-based delivery vehicles. Upon systemic admin- (1) konan, Y. N.; Gurny, R.; Allemann, E. State of the art in the
istration, such drug-doped carriers are preferentially taken delivery of photosensitizers for photodynamic therapyPhoto-
up by tumor tissues by virtue of the “enhanced permeability chem. Photobiol., B: Biol2002 66 (2), 89-106.
and retention effect®;” which is the property of such tissues  (2) Torchilin, V. P. Drug targetingEur. J. Pharm. Sci200Q 11,

to engulf and retain circulating macromolecules and particles ~_ S81-S91. _ _ _
(3) Honzak, L.; Sentjurc, M.; Swartz, H. Mn vivo EPR of topical

delivery of a hydrophilic substance encapsulated in multilamellar

*To whom correspondence should be addressed. Mailing ad- liposomes applied to the skin of hairless and normal mice.
dress: 458, NSC, Department of Chemistry, SUNY at Buffalo, Controlled Releas€00Q 66 (2—3), 221-228.
Buffalo, NY 14260. E-mail: pnprasad@acsu.buffalo.edu. (4) Sobolev, A. S.; Rozenkranz, A. A.; Gilyazova, D. G. Approaches
Phone: (716) 645 6800 x2098. Fax: (716) 645 6945. to targeted intracellular delivery of photosensitizers in order to
TSUNY at Buffalo. enhance their efficacy and cell specificiBiofizika2004 49 (2),
*Roswell Park Cancer Institute. 351-379.
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or in some cases the byproducts produced during preparatiorof a hydrophobic drug for photodynamic therapy and
of these surfactant-based drug dispersions, tend to increaseompared its efficacy with the conventional surfactant-based
the systemic toxicity of the drug formulation. Therefore, there formulation.

is increasing interest in the development of novel drug  Photodynamic therapy (PDT) is a promising new modality
formulation and delivery methods, without the addition of for the treatment of a variety of cancers as well as some
any external agents such as surfactants or other carrierdermatological and ophthalmic diseas®s?4 The main
vehicles. One method proposed for dispersion of hydrophobic advantage of PDT over conventional cancer chemotherapy
compound in water is the “reprecipitation methd#™? is the capability to localize the treatment, by using selective
Though the nanocrystal formation of hydrophobic com- Jight exposure to the tumor sit&® Typical PDT treatment
pounds has been well studi€t!’ there has been no report involves systemic administration of a photosensitizer drug,
of using this technique for drug delivery. To demonstrate followed by localized light exposure at the tumor site, using
this concept, we have prepared the nanocrystal formulationyisible or near-infrared (NIR) light. After being excited with

(5) Lukyanov, A. N.; Torchilin, V. P. Micelles from lipid derivatives
of water-soluble polymers as delivery systems for poorly soluble
drugs.Adv. Drug Delivery Rev. 2004 56 (9), 1273-1289.

(6) Reddy, L. H. Drug delivery to tumours: recent strategigs.
Pharm. Pharmacol2005 57 (10), 1231+-1242.

(7) Maeda, H.; Greish, K.; Fang, J. The EPR effect and polymeric
drugs: A paradigm shift for cancer chemotherapy in the 21st
century.Adv. Polym. Sci2006 193 103-121.

(8) Woodburn, K.; Chang, C. K.; Lee, S. W.; Henderson, B.; Kessel,
D. Biodistribution and Pdt Efficacy of a Ketochlorin Photosen-
sitizer as a Function of the Delivery Vehicléhotochem.
Photobiol.1994 60 (2), 154-159.

(9) Kessel, D.; Woodburn, K. Biodistribution of Photosensitizing
Agents.Int. J. Biochem1993 25 (10), 13771383.

(10) Chowdhary, R. K.; Sharif, I.; Chansarkar, N.; Dolphin, D.; Ratkay,
L.; Delaney, S.; Meadows, H. Correlation of photosensitizer
delivery to lipoproteins and efficacy in tumor and arthritis mouse
models; comparison of lipid-based and Pluronic P123 formula-
tions.J. Pharm. Pharm. ScR003 6 (2), 198-204.

(11) Chowdhary, R. K.; Shariff, I.; Dolphin, D. Drug release charac-
teristics of lipid based benzoporphyrin derivativé. Pharm.
Pharm. Sci2003 6 (1), 13-19.

(12) Chowdhary, R. K.; Chansarkar, N.; Sharif, |.; Hioka, N.; Dolphin,
D. Formulation of benzoporphyrin derivatives in pluronics.
Photochem. PhotobioR003 77 (3), 299-303.

(13) Dolphin, D. 1993 Syntex-Award Lecture-Photomedicine and
Photodynamic Therapgan. J. Chem1994 72 (4), 1005-1013.

(14) Roy, l.; Ohulchanskyy, T. Y.; Pudavar, H. E.; Bergey, E. J.;
Oseroff, A. R.; Morgan, J.; Dougherty, T. J.; Prasad, P. N.

Ceramic-based nanoparticles entrapping water-insoluble photo-

sensitizing anticancer drugs: A novel drug-carrier system for
photodynamic therapyl. Am. Chem. So2003 125(26), 7866~
7865.

(15) Ji, X. H.; Fu, H. B.; Xie, R. M.; Xiao, D. B.; Yao, J. N. Perylene
nanoparticles prepared by reprecipitation mett@hin. J. Chem.
2002 20 (2), 123-126.

(16) Ji, X. H.; Fu, H. B.; Cao, Y. A.; Xie, R. M.; Zhang, X. T.; Yao,

J. N. Preparation and characteristics of perylene nanocrystals.

Gaodeng Xuexiao Huaxue Xueb2001, 22 (8), 1394-1396.

(17) Fu, H. B.; Wang, Y. Q.; Yao, J. N. Characterization of the optical
size-dependence of pyrazolines nanocryst@lsem. Phys. Lett.
200Q 322(5), 327332.

(18) Kasai, H.; Nalwa, H. S.; Okada, S.; Oikawa, H.; Nakanishi, H.

Fabrication and spectroscopic characterization of organic nano-

crystals.Handb. Nanostruct. Mater. Nanotechna00qQ 5, 433—
473.

(19) Baba, K.; Kasai, H.; Okada, S.; Oikawa, H.; Nakanishi, H.
Fabrication of organic nanocrystals using microwave irradiation
and their optical propertie©pt. Mater.2003 21 (1—3), 591—
594.
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light, these photosensitizer molecules can transfer their
excited-state energy to molecular oxygen in the surroundings,
forming reactive oxygen species (ROS) such as singlet
oxygen {O,). These locally generated ROS are responsible
for the destruction of various cellular compartments resulting
in irreversible damage of tumor celg>30 Since this
destruction process requires a combination of three essential
components (photosensitizer, light, and oxygen), PDT can
be used to selectively destroy diseased tissues such as tumors,
with relatively minimal collateral damageé.

The major drawback for successful preclinical and clinical
PDT is the poor water solubility of photosensitizing (PS)

(20) Prasad, P. Nintroduction to Biophotonicsi1st ed.; Wiley-
Interscience: New York, 2003.

(21) Levy, J. G.; Obochi, M. New applications in photodynamic
therapy-Introduction.Photochem. Photobiol 996 64 (5), 737
739.

(22) Fukuda, H.; Casas, A.; Batlle, A. Use of ALA and ALA derivatives
for optimizing ALA-based photodynamic therapy: A review of
our experiencel. Erviron. Pathol., Toxicol. Oncol2006 25 (1—

2), 127-143.

(23) Pierre, M. B. R.; Ricci, E.; Tedesco, A. C.; Bentley, M. V. L. B.
Oleic acid as optimizer of the skin delivery of 5-aminolevulinic
acid in photodynamic therapypharm. Res2006 23 (2), 360~
366.

(24) Sharma, S.; Dube, A.; Bose, B.; Gupta, P. K. Pharmacokinetics
and phototoxicity of purpurin-18 in human colon carcinoma cells
using liposomes as delivery vehicl€sancer Chemother. Phar-
macol.2006 57 (4), 500-506.

(25) Hasan, T.; Moor, A. C. E.; Ortel, B. Photodynamic Therapy of
Cancer. InCancer Medicingbth ed.; B. C. Decker Inc.: Hamilton,
2000.

(26) Dougherty, T. J. An update on photodynamic therapy applications.
J. Clin. Laser Med. Surg2002 20 (1), 3—7.

(27) Dougherty, T. J. Photodynamic Therapy (Pdt) of Malignant-
Tumors. CRCCrit. Rev. Oncol./Hematol1984 2 (2), 83-116.

(28) Dougherty, T. J.; Marcus, S. L. Photodynamic Therdpyr. J.
Cancer1992 28A (10), 1734-1742.

(29) MacDonald, I. J.; Morgan, J.; Bellnier, D. A.; Paszkiewicz, G.
M.; Whitaker, J. E.; Litchfield, D. J.; Dougherty, T. J. Subcellular
localization patterns and their relationship to photodynamic activity
of pyropheophorbide-a derivativeBhotochem. Photobiol999
70 (5), 789-797.

(30) Peng, T. I.; Chang, C. J.; Jou, S. B.; Yang, C. M.; Jou, M. J.
Photosensitizer targeting: Mitochondrion-targeted photosensitizer
enhances mitochondrial reactive oxygen species and mitochondrial
calcium-mediated apoptosi®@pt. Quantum Electron2005 37
(13-15), 1377-1384.
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drugs, which makes their stable formulation for systemic underin wuitro and in vizo conditions. The recovery of
administration highly challengint®* To overcome this  fluorescence and photodynamic activity inside cells was
difficulty, different strategies have evolved to enable a stable verified by confocal microscopy and cellular phototoxicity
dispersion of these drugs into aqueous systems, often byassay. This recovery of drug activity and fluorescence is
means of a delivery vehicf8.These delivery vehicles often  attributed to the interaction of nanocrystals with blood serum
unfavorably affect the inherent tumor-avid pharmacokinetics or other intracellular components (e.g., serum albumin),
of the PS drugs, resulting in the possibility of sub-therapeutic resulting in conversion of the drug nanocrystals into the
dosage at the tumor site. Also, allergic reactions emanatingmolecular form. This was confirmed by showing a similar
from the carrier vehicles as well as their sustained in vivo recovery in the presence of fetal bovine serum (FBS) or

persistence results in short-term as well as long-term tox-

icities, which may override the successful outcome of PBT.
Therefore, the ideal formulation for safe and efficient PDT
should involve the minimal number of additional ingredients
apart from the PS drug.

Here we report a new method for the delivery of water-
insoluble PS drugs without the incorporation of any ad-

bovine serum albumin (BSA). Efficacy of the nanocrystal
formulation in vitro as well as in vivo was found to be

comparable with that of the same drug formulated in the
conventional delivery vehicle, Tween-80.

Experimental Section
Materials. Surfactant Tween-80 was purchased from

ditional stabilizing agents such as surfactants or other delivery a|grich, USA. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
vehicles. This new drug formulation method is based on the nyjtetrazolium bromide] and bovine serum albumin (BSA)
reprecipitation methotf,”** whereby, upon injection of the  are products of Sigma, USA. Dimethy! sulfoxide (DMSO)
drug dissolved in a miscible solvent like DMSO into water, and isopropanol are products of Fisher Chemicals, USA. The
the drug molecules self-assemble as pure nanosized crystalphotosensitizer, 2-[1-hexyloxyethyl]-2-devinyl pyropheophor-
and remain stably dispersed in water. For demonstrating thispide-a (HPPH), was prepared by following the methodology
method, we have synthesized nanocrystals of the PS 2'deViTeported by Pandey et #.Cell culture products, unless
nyl-2-(1-hexyloxyethyl)pyropheophorbide (HPPH) by the mentioned otherwise, were purchased from GIBCO. The
reprecipitation method. HPPH is an effective PS whichis in R|F-1 cell line was obtained from the PDT Center, Roswell
phase I/ll clinical trials at Roswell Park Cancer Institute, park Cancer Institute, Buffalo. Cells were cultured according
Buffalo, NY.3*7% The resulting nanocrystals are monodis- to instructions supplied by the vendoN,N'-Dimethyl
persed, with diameter-100 nm. Though the fluorescence formamide (DMF) was purchased from Fisher Chemicals,

and photodynamic activity of the drug nanocrystals were ysa. All the above chemicals were used without any further
substantially quenched in aqueous media, both recoveredpyrification.

Synthesis and Characterization of Drug Nanocrystals.
(31) Taillefer, J.; Jones, M. C.: Brasseur, N.; Van Lier, J. E.; Leroux, 1h€ rEpreCipitaﬂoln method for the preparation Qf nanocrys-
J. C. Preparation and characterization of pH-responsive polymeric tals of hydrophobic dyes as well as the crystalline structure
micelles for the delivery of photosensitizing anticancer drdgs.  of the resulting nanoparticles had been extensively studied
Pharm. Sci200Q 89 (1), 52-62. _ _ by the Nakanishi group?19:394%A similar approach was used
(32) srasagb& NNanophotonicslst ed.; Wiley-Interscience: New i this case to prepare organic nanocrystals of the hydro-
ork, ) . .
(33) Pandey, R. K.; Sumlin, A. B.; Potter, W. R.; Bellnier, D. A, phOb.IC P.DT drug, HPP.H.' For thls’ 20 of 3 mM HPPH
Henderson, B. W.; Constantine, S.; Aoudia, M.; Rodgers, M. A. solution in DMSO was injected into 10 mL of water at room
J.; Smith, K. M.; Dougherty, T. J. Structure and photosensitizing t€mperature, with controlled stirring. The samples were
dialyzed overnight to remove DMSO. Transmission electron

efficacy among alkyl ether analogues of chlorophyll-a derivatives.
Photochem. Photobioll991, 53, 194-205. microscopy (TEM) was employed to determine the morphol-

(34) Bellnier, D. A.; Henderson, B. W.; Pandey, R. K.; Potter, W. R.; ogy and size of the aqueous dispersion of nanocrystals, using
Dougherty, T. J. Mur_lne Pha_rr_nacoklnetlcs and Antitumor Effl(_:acy a JEOL JEM 2020 electron microscope, operating at an
of the Photodynamic Sensitizer 2-[1-Hexyloxyethyl]-2-Devinyl
Pyropheophorbide-AJ. Photochem. Photobiol., B: Biol993
20 (1), 55-61. (38) Bellnier, D. A.; Greco, W. R.; Nava, H.; Loewen, G. M.; Oseroff,

(35) Pandey, R. K.; Zheng, G.; Lee, D. A.; Dougherty, T. J.; Smith, A. R.; Dougherty, T. J. Mild skin photosensitivity in cancer
K. M. Comparativein vivo sensitizing efficacy of porphyrin and patients following injection of Photochlor (2-[1-hexyloxyethyl]-
chlorin dimers joined with ester, ether, carbon-carbon or amide 2-devinyl pyropheophorbide-a; HPPH) for photodynamic therapy.
bonds.J. Mol. Recognit1996 9 (2), 118-122. Cancer Chemother. Pharmacd006 57 (1), 40-45.

(36) Lobel, J.; MacDonald, 1. J.; Ciesielski, M. J.; Barone, T.; Potter, (39) Kasai, H.; Nalwa, H. S.; Oikawa, H.; Okada, S.; Matsuda, H.;
W. R.; Pollina, J.; Plunkett, R. J.; Fenstermaker, R. A.; Dougherty, Minami, N.; Kakuta, A.; Ono, K.; Mukoh, A.; Nakanishi, H. A
T. J. 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-alpha (HPPH) novel preparation method of organic microcrystdjsn. J. Appl.
in a nude rat glioma model: Implications for photodynamic Phys., Part 2: Lett1992 31 (8A), L1132-L1134.
therapy.Lasers Surg. Med2001, 29 (5), 397405. (40) Oikawa, H.; Mitsui, T.; Onodera, T.; Kasai, H.; Nakanishi, H.;

(37) Anderson, T. M.; Dougherty, T. J.; Tan, D. F.; Sumlin, A,; Sekiguchi, T. Crystal size dependence of fluorescence spectra from

Schlossin, J. M.; Kanter, P. M. Photodynamic therapy for sarcoma
pulmonary metastases: A preclinical toxicity studynticancer
Res.2003 23 (5A), 3713-3718.

perylene nanocrystals evaluated by scanning near-field optical
microspectroscopydpn. J. Appl. Phys., Part 2: LetR003 42
(2A), L111-1L113.
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accelerating voltage of 200 kV. Dynamic light scattering resuspended in the corresponding suitable media at a
(Brookhaven 90PLUS with ZetaPALS option) was used to concentration of around 7.% 10° /mL. Sixty microliters of
determine the size distribution as well as thpotential of this suspension was transferred to each 35 mm culture plate,
the nanocrystals. Electron diffraction and X-ray diffraction and 2 mL of the corresponding full medium was added. For
techniques were used to confirm the crystalline nature of confocal microscopy, glass bottom petri dishes (MatTek
the prepared nanocrystals. corporation) were used in place of standard petri dishes.
Optical Spectroscopy. UV —visible absorption spectra  These plates were then placed in an incubator &CG3With
were acquired using a Shimadzu UV-3101 PC spectropho-5% CQ (VWR Scientific, model 2400). After 36 h of
tometer, in a quartz cuvette with 1 cm path length. incubation, the cells (about 60% confluency) were rinsed with
Fluorescence spectra were recorded on a Shimadzu RFPBS, and 2 mL of the corresponding fresh media was added
5301PC spectrofluorimeter. Generation of singlet oxygen to the plates. Finally, 16.6L of 60 «M HPPH nanocrystal
(*0,) was detected by its phosphorescence emission peak asuspension (final concentration of Q34 in cell culture
1270 nm*t44 Time-resolved detection of tH®, emissior® media) was added and mixed properly. Plates were returned
was used to distinguish singlet oxygen emission, which is to the incubator (37C, 5% CQ) for the required incubation
known to have extremely low yield in wat# A SPEX period. HPPH/Tween-80 micelles (16:B) of the same drug
270M spectrometer (Jobin Yvon) equipped with a Hamamat- concentration was used as control, and separate culture plates
su IR-PMT coupled to an Infinium oscilloscope (Hewlett- were treated and incubated for the same time period as in
Packard) was used for recording singlet oxygen phospho-the case of nanocrystals. After each specific time interval
rescence decay. The monochromator was tuned to 1270 nmof incubation, the plates were taken out and rinsed several
The second harmonic (532 nm) from a nanosecond pulsedtimes with sterile PBS and 2 mL of fresh serum-free
Nd:YAG laser (Lotis Tll, Belarus) operating at 20 Hz was medium was added. The plates were incubated for another
used as the excitation source. The sample solution in a quartZL0 min at 37°C and were directly imaged under a confocal
cuvette was placed directly in front of the entrance slit of microscope.
the spectrometer, and the emission signal was collected at Confocal Microscopy.Confocal imaging was performed
90 relative to the exciting laser beam. Additional long-pass using a laser scanning confocal microscope (TCS-SP2-AOBS
filters (a 950LP filter and a 538AELP filter, both from from Leica), which was attached to an inverted microscope.
Omega Optical) were used to attenuate the scattered lightAn oil immersion objective lens (Leica, Fluor-63X, NA 1.4)
and fluorescence. was used for cell imaging. For confocal imaging, a 405 nm
diode laser (PicoQuant Germany) was used as the excitation
. . . . source with spectrally tunable emission filter set at 650
In Vitro Studies with Tumor Cells: 720 nm. An additional band-pass filter (HQ650/100 from
Nanoparticle Uptake, Imaging, and Viability Chroma) was also used to cut off any excitation leakage.
Assay Cells untreated with the drug were used as control to confirm
the absence of any significant autofluorescence under the

in alpha-minimum essential mediun-MEM) with 10% imaging conditions. We have also obtained intracellular

fetal bovine serum (FBS). To study the uptake and imaging spectra under the imaging conditions, using the spectral
of HPPH nanocrystals, the cells were trypsinized and detection available on the Leica microscope. A comparison
’ of the fluorescence spectra from drug treated cells with the

fluorescence spectra of HPPH in solution allows us to
" . . confirm the origin of fluorescence seen in the fluorescence
photosensitized production of singlet oxygdnAm. Chem. Soc.

2001 123(6), 1215-1221. image channel.
(42) Ohulchanskyy, T. Y.; Donnelly, D. J.; Detty, M. R.; Prasad, P.  In Vitro PDT. The RIF-1 tumor cells were grown as
N. Heteroatom substitution induced changes in excited-state described in the previous section. These cells were plated in
photophysics and singlet oxygen generation in chalcogenoxan- 96-well plates at a density of & 10° cells/well in complete
thyllum dyeS: Effect of sulfur and selenium SubstltutIQhSPhys medla’ as a means to determlne PDT ef-flcacy The next day,
Chem. B2004 108 (25), 8668-8672. _ the photosensitizer was added at variable concentrations
(43) Dedic, R.; Molnar, A.; Korinek, M.; Svoboda, A.; Psencik, J.; (0.25-8 uM). After the 24 h incubation in the dark at 37
Hala, J. Spectroscopic study of singlet oxygen photogeneration M) . .
in meso-tetra-sulphonatophenyl-porphinLumin.2004 108(1— C, the cells were replaced with fresh mgdla a_nd exposed to
4), 117-119. light at a dose rate of 3.2 mW/énat various light doses
(44) Korinek, M.; Dedic, R.; Svoboda, A.; Hala, J. Luminescence study (0.125-8.0 J). The dye laser (375; Spectra Physics, Mt.
of singlet oxygen production by meso-tetraphenylporphihe.  View, CA) excited by an argon ion laser (171 laser; Spectra-
Fluorescenc004 14 (1), 71-74. - o Physics, Mt. View, CA) was tuned to emit the drug-activating
(45) Salokhiddinov, K. I.; Byteva, I. M.; Dzagezov, B. M. Lifetime oy elangth, 665 nm. Uniform illumination was accomplished
of singlet oxygen luminescence in solution under pulsed laser sing a 60Qum diameter quartz ootical fiber fitted with a
excitation.Opt. Spectrosc. (USSRP79 47, 881-886. using a 60Qum diameter quartz optical fiber fitted wi
(46) Losev, A. P.: Byteva, I. M.; Gurinovich, G. P. Singlet Oxygen draded |ndex. refraction lens. F9IIOW|ng illumination, the
Luminescence Quantum Yields in Organic-Solvents and Water. plates were incubated at 37C in the dark for 48 h.

Chem. Phys. Lettl988 143 (2), 127-129. Appropriate control experiments using identical light doses

Cell Culture. The RIF-1 tumor cell line was maintained

(41) Frederiksen, P. K.; Jorgensen, M.; Ogilby, P. R. Two-photon
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without any photosensitizer were also performed. After this,
the plates were evaluated for cell viability using the MTT
assay, as described below.

Cell Viability Assay. Cell viability was measured using
the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium-
bromide (MTT) assay? 10 uL of a 4.0 mg/mL solution of
MTT reagent dissolved in PBS (Sigma Chemical Co., St.
Louis, MO) was added to each well. Afteretd h incubation
with the MTT reagent, the media were removed and 100
uL of dimethyl sulfoxide was added to solubilize the
formazan crystals. The PDT efficacy was measured by
reading the 96-well plate on a microtiter plate reader (Miles F/9Uré 1. Structure of the HPPH.
Inc., Titertek Multiscan Plus MK Il) at an absorbance of (a)
560 nm, with higher absorbance indicating higher cell
survival. The results were plotted as percent survival
compared with the corresponding control experiment results
(cells were not incubated with drug, but exposed to light).
Each data point represents the mean from a typical experi-
ment with four replicate wells.

CzHs

(B)

Evaluation of in Vivo Photosensitizing %ggg 200.000 6dca
Efficacy '

Thein vivo efficacy of HPPH nanocrystals was compared Figure 2. (A) TEM picture of HPPH nanocrystals. (B) Electron
with HPPH in 1% Tween-80/water solution under similar diffraction from HPPH nanocrystals.

treatment condition® In brief: C3H mice (10 mice/group) 0.60 -

. . . RO ot IR HPPH-Nanocrystals Absorption 7700
were injected subcutaneously in the axilla witkk 30° RIF-1 0554 - - -- HPPH Tween80 micelles Absorption
cells in 40uL of completea-MEM. The injected animals —— HPPH-Nanocrystal Emission - 600

; 050 ' —— HPPH-Tween80 Emission
developed RIF-1 tumors, and the tumors were permitted to

=)
grow until they were 45 mm in diameter before treatment i I ". S0 <
was begun. The day before PDT light treatment, the mice g *°71 /1 2
were injected intravenously with HPPH in 1% Tween-80/ § °%7 ,/ ! 0 £
water or HPPH nanocrystals at a dose of @molkg. g 030/ 1 00 §
Photosensitizers were injected iv (tail vein) in approximately < o254 ' @
0.2 mL volumes. 24 h postinjection, mice bearing transplant- g2 ! 20 &
able tumors were restrained without anesthesia in Plexiglas ;5] ‘;

) \

holders, designed to expose to light only the tumor and a . 1 1 100

2—4 mm angular margin of skin. For mice bearing spontane- 1 LA
ous tumors at unpredictable sites, light exposure was flexibly ~ *® 1 T e ettt —or
adjusted to accommodate exposure of these sites. The mice ~ 30 400 45 500 550 600 650 700 750
were treated with a laser light (665 nm, 135 Jcitb mw/ Wavelength (nm)

cr¥) for 30 min. ] ] Figure 3. Absorption and emission spectra of HPPH nano-
Following treatment, the tumor dimensions (orthogonal ¢rystals (4 M) in comparison with Tween-80 micellar formu-

diameters) were measured by caliper every other d_ay for jation at the same molar concentration in water.
tumor growth/regrowth assays. The tumor volurg,is

calculated with the formul® = (Iw%2), werel is the longest
(47) Zenkevich, E.; Sagun, E.: Knyukshto, V.; Shulga, A.: Mironov, axis of the tumor andv is the axis perpendicular 1o Mice
A.; Efremova, O.; Bonnett, R.; Songca, S. P.; Kassem, M. were euthanized for ethical considerations when tumors
Photophysical and photochemical properties of potential porphyrin reached the volume of 400 ninOn the other hand, mice

and chlorin photosensitizers for PDT. Photochem. Photobiol.,  were considered cured if there was no palpable tumor by
B: Biol. 1996 33 (2), 171-180. day 60.

(48) Li, G.; Graham, A.; Chen, Y.; Dobhal, M. P.; Morgan, J.; Zheng,
G.; Kozyrev, A.; Oseroff, A.; Dougherty, T. J.; Pandey, R. K.
Synthesis, Comparative Photosensitizing Efficacy, Human Serum Results and Discussions
Albumin (Site 1) Binding Ability, and Intracellular Localization . . .
Characteristics of Novel Benzobacteriochlorins Derived from vic- HPPH (Photochlor) is a chlorin-based molecule (Figure

Dihydroxybacteriochlorins]. Med. Chem2003 46 (25), 5349 1),2% which is reported to have an enhanced PDT efficacy
5359. compared to Photofrin (the only photosensitizer currently
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= = Incell culture medium \ 70000 m HPPH NCs in cell culture medium with FBS
In cell culture medium with 0.8% BSA ]l A HPPH NCs in cell culture medium with 0.8% (wt/vol) BSA
6000 —

150

- = = In cell culture medium with 10% FBS
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Figure 4. (A) Fluorescence signal from HPPH nanocrystals (4 uM) in pure cell culture medium (MEMa) and MEMa with added

FBS or BSA after 6 h of incubation at room temperature. (B) Time-dependent fluorescence signal recovery from HPPH nanocrystals

(4 uM) in pure MEMoa. and MEMa. with added FBS (10% v/v) or BSA (0.8% wi/v).

approved by FDA for clinical PDF}4° with reduced skin
phototoxicity. HPPH is a hydrophobic compound, and its
long wavelength absorption falls at 665 nm. Therefore,
compared to Photofrimfa« 630 nm) it should have deeper
tissue penetration. Due to its hydrophobic nature, a conven-
tional formulation of HPPH in water involves the use of
surfactants such as Tween28@r the use of other carrier
vehicles such as silica-based nanoparti¢tes.

A TEM image of the nanocrystals of the drug HPPH
prepared by reprecipitation method is shown in Figure 2A. W
The particles are nearly spherical, having uniform size 8 %3
distribution, with an average diameter of 110 nm. Dynamic
light scattering measurements (DLS) also showed reasonably :J
good monodispersity with size ranging from 100 to 120 nm 1 g g s s
(data not shown). The electron diffraction data obtained from
these nanocrystals showed that a significant portion of the Time (us)
formed HPPH nanoparticles were crystalline in nature (Figure
2B). X-ray diffraction data also showed crystallinity of the Figure 5. Singlet oxygen phosphorescence decay monitored
prepared nanocrystals. The averafypotentials of these  at 1270 nm: (1) HPPH nanocrystals in MEMa cell culture
nanocrystals were found to be arouret0 mV. These media and (2) HPPH nanocrystals incubated with MEMa. and
reasonably high negative surface charges, presumably derive@-8% BSA for 24 h. The inset figure shows the corresponding
from the deprotonation of the carboxylic end groups, fluorescence recovery. Concentration of HPPH was 45 uM.
provided excellent stability for the water dispersion. The
water dispersion of HPPH nanocrystals was found to be
stable for more than 3 months.

The UV—visible absorption and the fluorescence emission
spectra of HPPH formulated as nanocrystals are significantly
different from those of HPPH dissolved in 1% Tween-80
micelles (Figure 3). This includes suppression of the Soret
band and broadening of the long-wave Q-band in the
absorption spectra (Figure 3) as well as almost complete
quenching of the HPPH emission (Figure 4A). A similar

ty), a.u.
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1
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&0 &0 00 70 70
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decrease in fluorescence intensity is well-known as an
aggregation effect for fluorescent molecfesnd has been
reported for chlorins structurally related to HPPHA
decrease in the fluorescence yield in this case correlates with
a decrease in the singlet oxygen generation efficiency and
is due to the low solubility of the compounds and corre-
sponding aggregation effects.

However, fluorescence of HPPH nanocrystals was found
to recover (Figure 4) in a time-dependent manner uirder
vitro conditions, in the presence of 10% fetal bovine serum
(FBS). Typical cell culture media also contain a similar

(49) Bellnier, D. A.; Greco, W. R.; Loewen, G. M.; Nava, H.; Oseroff,
A. R.; Pandey, R. K.; Tsuchida, T.; Dougherty, T. J. Population
Pharmacokinetics of the Photodynamic Therapy Agent 2-[1- (50) Yuzhakov, V. |. Aggregation of Dye Molecules and Its Effect on
Hexyloxyethyl]-2-devinyl Pyropheophorbide-a in Cancer Patients. Spectral-Luminescent Properties of Solutiodsp. Khim.1992
Cancer Res2003 63 (8), 1806-1813. 61(6), 1114-1141.
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Figure 6. Confocal fluorescence images of RIF-1 cells imaged after 4 h, 24 h, and 48 h of treatment with HPPH nanocrystals
(A) and Tween-80 micellar formulation (B). Drug concentration was maintained at 0.5 uM. Cells were incubated in medium
containing 10% of FBS.

Figure 7. Confocal fluorescence images of RIF-1 cells incubated with (A) Tween-80 micellar formulation and (B) HPPH
nanocrystals, imaged after 2 h of incubation in serum-free media.

concentration of either FBS or horse serum. This recovery of human blood also have similar constituents, and we can
of fluorescence was attributed to the presence of bovine safely assume that, undiervivo conditions, similar conver-
serum albumin (BSA) and other lipoproteins in the serum, sion of the drug nanocrystals can occur. Figure 4A shows
and the drug HPPH seems to have reasonably good solubilitythe emission spectra of the nanocrystal formulation after 6
in them. Therefore nanocrystals are converted into its h of incubation with 10% FBS or 0.8% (wt/vol) BSA. The
molecular form in presence of the serum components, whichtime course of the fluorescence recovery in the presence of
in turn brings the fluorescence recovery. Serum componentsBSA and FBS is shown in Figure 4B.
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Along with fluorescence quenching, the singlet oxygen 100 ey o . .
generation also was initially quenched for this nanocrystal 80 | *‘-‘
formulation and was found to recover along with the s g\ —#— Control
fluorescence emission upon incubation with BSA or FBS. g 601 '\‘ — W= HPPH
To check the recovery of singlet oxygen generation, we have 3 40 - . - - & - -HPPH
monitored the decay of spectral signal at 1270 nm, using = 20 | \:.__‘ nanocrystal
nanosecond pulsed excitation at 532 nm. Figure 5 shows the S e
decay curves at 1270 nm for HPPH nanocrystals incubated 0 ' U
for 24 h in MEMa and in MEMo with 0.8% BSA. As seen 0 ! 2 s N
in the figure, the HPPH nanocrystals incubated in MEM Light Dose, Jicm

with 0.8% BSA manifest decay in the microsecond range, Figure 8. Comparative in vitro photosensitizing efficacy of
in contrast to nanocrystals in MEM Decay in the micro-  HPPH formulated in 1% Tween-80/5% dextrose and HPPH
second range at 1270 nm unambiguously originates from thenanocrystals/water in RIF-1 cells at equimolar concentrations
singlet oxygen phosphorescence, which appears as a resul0.5 uM). Control: Cells were exposed to light without
of interaction of the nanocrystals with BSA. Appearance of photosensitizer.

the singlet oxygen generation is accompanied by the recovery

. . . . . 5 1m‘ b i .
in the HPPH fluorescence, as shown in the inset in Figure H &—q ¥
5 2 6—1 H
: & 75+ q;-__

In Vitro Fluorescence Confocal Imaging of Nanocrys- g S =6
tals Uptake. To determine if HPPH nanocrystals were taken S 50 AT R L L -v
up by tumor cells, we used confocal fluorescence imaging. 2 :gggth

initi z 254 :
Though the fluorescence of nanocrystals was initially 3 E———
quenched, after cellular uptake the fluorescence recovered £
F3 n.
Lo L J L

in a similar fashion as shown in the case of BSA or FBS o0 10 20 30 40 50 6o
containing medium. Though, at a shorter time interval, the Days After Treatment

HPPH in the Tween-80 formulation showed a higher

fluorescence signal, characterizing cellular uptake, after a
longer time of incubation (48 h), both showed comparable
cellular up'take. This indicates that' Iong'-ter'm pellular uptake exposed to a laser light (665 nm, 135 J/cm?) at 24 h after
of HPPH in nanocrystal formulations is similar to that of injection. Drug dose: 0.4 xmol/kg. Control: The mice were
HPPH in the Tween-80 micellar formulation. Figure 6 shows  jpiected with HPPH nanocrystals, without any light exposure.
the confocal images of HPPH uptake in RIF-1 cells after 4

h, 24 h, and 48 h of incubation. In Vi »o Photosensitizing Efficacy.Thein vivo efficacy
To elucidate whether the nanocrystal formulation needs of HpPH (1% Tween-80) and the HPPH nanocrystals was
serum proteins as shuttles to deliver the HPPH into the cells, o\ 51uated in C3H mice bearing RIF-1 subcutaneous tumors,

or can be directly taken up by cells, we have also incubated 4 the results are summarized in Figure 9. The PDT efficacy
f:ellsbwnhdnar_ur)]cg;t;l'lj ‘_N't_T_OUt FBSSO"_‘ med|(;1_m fo_th h. ?:?;!lg was estimated as the number of mice with minimal or no
Incubate dW't t Im Aween- n F”_‘e 1a V7V't tﬁUt tumor regrowth after 60 days posttreatment. At day 60, 5
Were used as control. AS Seen In Fgure 7, Nere Was, . ot 19 mice treated with HPPH nanocrystals survived
significant uptake of HPPH nanocrystals in serum-free media_ | . . : . ;

i while 6 out of 10 mice survived in the case of mice treated
as well. This means that HPPH can be converted from . . . .

. with HPPH (1% Tween-80). In the survived mice population
nanocrystal to molecular form not only as a result of inter- isual toxicit b d. On the other hand. all th
action with serum proteins but also during interaction with no visual toxicity was observed. ©n the other hand, afl the

mice in the control group (received no light exposure after

cellular membrane or intracellular components. However, ) )
even if an exact mechanism of HPPH nanocrystal uptake treatment with HPPH nanocrystals) had to be euthanized by

and conversion into functional molecular form is not clearly 92y 8. Though there was a small difference in the survival
understood, one could see that robust cellular uptake offate (without tumor for more than 60 days) between
HPPH did occur when the nanocrystal formulation was used. hanocrystals and Tween-80 formulation (5/10 on nanocrystal
In Vitro Photosensitizing Efficacy.As shown in Figure administration while 6/10 on administration of Tween-80
8, the HPPH in the nanocrystal formulation manifested a formulation), the difference was statistically insignificant.
similar light dose response to the conventional Tween-80 On the other hand, between 10 and 30 days post PDT
micellar formulation, demonstrating that the efficacy of the treatment, mice treated with HPPH nanocrystal formulation
drugin vitro is not affected in this surfactant-free formula- showed slower tumor regrowth in comparison with those
tion. This data is an additional confirmation of the fact that treated with HPPH/Tween-80 formulation. This data dem-
not only is the cellular uptake of HPPH as nanocrystals or onstrates that the HPPH nanocrystal formulationihasvo
in Tween-80 micelles similar but so also is their efficiency PDT efficacy comparable to that of the conventional HPPH/
of singlet oxygen generatioin vitro. Tween-80 formulation, under similar treatment conditions.
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Figure 9. Comparison of in vivo photosensitizing efficacy of
HPPH nanocrystals and Tween-80 micellar formulation in C3H
mice (10 mice/group) bearing RIF-1 tumors. The tumors were
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Conclusions increase the efficacy of the nanocrystals by tuning their size,
In summary, surfactant-free pure drug nanocrystals of a effecting long-termin vivo circulation and accumulation in
water-insoluble photosensitizing anticancer drug HPPH havethe tumor tissue. Potentially this method of drug formulation
been formulated in aqueous media. These nanocrystals arean be applied not only for PDT drugs but also for delivery

uniform in size distribution with an average diameter of 110 of other therapeutic drugs including imaging agents.

nm and surface charge-potential) of —40 mV. Such
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