
Significant advances have been made improving the

diagnosis and treatment of cancer. Still, the main current

treatment options, i.e. surgical treatment, chemotherapy,

and radiation therapy often suffer from severe adverse side

effects and/or are not effective for all patients. However,

the last two decades have brought enormous progress in

development of alternative therapeutic approaches,

including photodynamic therapy (PDT) that combines

three essential components: photosensitizer (PS), light,

and oxygen to generate cytotoxic singlet oxygen [1-3].

Destruction of tumor tissue results from direct photoin-

duced cytotoxic effect in the cells, indirect vascular shut-

down of the blood vessels surrounding the diseased tissue,

and by invoking an immune response [4-6].

PDT is minimally invasive, can selectively destroy

malignant tissues, and due to low toxicity of used PS it is
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Abstract—We report the synthesis and characterization of a new sulfur-containing derivative of bacteriochlorophyll a. The

latter was isolated from biomass of the nonsulfur purple bacterium Rhodobacter capsulatus strain B10. The developed pho-

tosensitizer is N-aminobacteriopurpurinimide with an exocyclic amino group acylated with a lipoic acid moiety, which is a

biogenic substance that acts as a cofactor of the pyruvate dehydrogenase and α-ketoglutarate dehydrogenase complexes in

the body. The disulfide moiety of lipoic acid confers the compound aurophilicity, thus allowing its conjugation with gold

nanoparticles (NP-Au) via S–Au bonds. The shape and the size of the resulting nanoconjugate with immobilized photo-

sensitizer (PS–Au) were assessed by dynamic light scattering and transmission electron microscopy. The conjugated

nanoparticles are spherical with hydrodynamic diameter of 100-110 nm. The PS–Au conjugate absorbs light at 824 nm and

emits strong fluorescence at 830 nm, which allowed in vivo study of its dynamic biodistribution in rats bearing sarcoma M-

1. Compared to the free photosensitizer, PS loaded on the gold nanoparticles (PS–Au) showed extended circulation time in

the blood and enhanced tumor uptake due to nonspecific passive targeting when the drug accumulates in tumor sites

through the leaky tumor neovasculature and does not return to the circulation.
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a relatively benign procedure with minimal local and sys-

temic side effects.

However, the technique has its limitations, i.e. PDT

efficacy strongly depends on the depth of penetration of

light into tissue. Another limitation is a relatively low

selectivity of accumulation of PS in the tumor tissue

characteristic of classical photosensitizers in clinical PDT

[7, 8].

The photosensitizers most commonly employed for

therapeutic applications and those explored in preclinical

and clinical studies belong to different families (por-

phyrins and their metallocomplexes, chlorins, benzopor-

phyrins, phthalocyanines, etc.). Of particular interest is a

group of naturally occurring chlorophylls and their deriv-

atives having strong light absorption in the red and near

IR spectral region as their therapeutic absorption window

between about 660-800 nm enables ablation of tumors

that cannot be accessed with PS absorbing at shorter

wavelengths. Light of such wavelength penetrates into tis-

sue to the depth of more than 20 mm, allowing treatment

of deep-seated and pigmented tumors [9, 10].

The choice of natural pigments to be used for syn-

thesis of new PS is influenced by several factors, includ-

ing their natural occurrence, strong long-wavelength

absorption, convenient substitution on side-chain func-

tional groups, and structural similarity with endogenous

porphyrins, which is thought to ensure low toxicity of PS

and its rapid elimination from the body.

Unfortunately, due to high hydrophobicity, low

chemical and photostability, limited tumor uptake of

chlorins and bacteriochlorins, efforts are currently under-

way to modify them further in a way to enhance their

photophysical properties, reach higher solubility in aque-

ous medium and polar solvents, and improve tumor affin-

ity [11-15].

Use of gold nanoparticles (NP-Au) functionalized

with PS is a promising approach to improve PDT drug

delivery. Gold nanoparticles and gold nanoparticle conju-

gates possess a unique combination of properties. Gold

nanoparticles are well known for chemical inertness and

have minimal toxicity. They exhibit excellent optical and

electronic properties, and their size can be tuned with

characteristically large surface-to-volume ratios. The

gold nanoparticle surface is one of the most stable and

easily functionalized platforms for molecular conjuga-

tion.

Importantly, NP-Au can show increased binding

affinity and targeting selectivity when functionalized with

targeting groups, as well as tumor-selective uptake due to

their size. They selectively accumulate in the tumor site

through a passive targeting process due to the inherent

leaky tumor neovasculature, which enhances the perme-

ability and retention of the nano-sized particles [16-18],

either through active targeting to tumor sites promoted by

conjugating receptor-specific moieties onto the nanopar-

ticle surface to afford vector delivery of the photosensitiz-

er into the cell by receptor-mediated endocytosis or via

specific receptors on cell membranes. Depending on the

form, size, and functionalization, gold nanoparticles can

be endocytosed or they attach to the outer leaflet of the

membrane [19-21].

Recent reports have shown successful use of gold

nanoparticles as a highly efficient drug vector for

chemotherapy [22, 23] and PDT drug delivery [24-26].

However, combining photodynamic therapy with another

therapeutic modality is still encouraged for cancer thera-

py because injection dose of the photosensitizer can be

reduced to avoid potential side effects. Thus, the applica-

tion potential of PDT can benefit from the combination

with other therapeutic modalities such as radiation thera-

py [27, 28] and local hyperthermia treatment [29-31].

It is believed that combination gold nanoparticle-

aided PDT and radiation therapy is can considerably

improve the therapeutic effect using lower light and drug

doses, also enabling effective treatment of radioresistant

tumors. On irradiation with monoenergetic 100-keV X-

rays, sensitized gold nanoparticles release photoelectrons.

The range of these electrons is very short relative to pho-

tons, and a pronounced energy is deposited in cells con-

taining gold nanoparticles or in direct proximity to gold

atoms, producing a significantly increased apoptotic and

dose-enhancing effects versus the radiation alone.

Another promising strategy for cancer treatment is

the combination of gold nanoparticle-aided PDT and

laser-induced photothermal treatment of tumors. Gold

nanoparticles exhibit a remarkable visible absorption

peak, which is related to the collective oscillation of con-

duction electrons inside the nanoparticles, known as

localized surface plasmon resonance. The wavelength of

light that excites resonance is absorbed and scattered by

the nanostructure. Strong light absorption at the resonant

wavelength enables gold nanostructures to generate a suf-

ficient amount of heat by converting incident light into

heat efficiently. This gold nanostructure-mediated pho-

tothermal heating can be further utilized to kill malignant

cells, which is called photothermal therapy. By changing

the shape and the dimension of the gold nanoparticles,

the resonance wavelength can be tuned to obtain particles

with controlled optical properties of nanoparticle-based

agents that can generate heat efficiently by near IR light

are more favorable for localized photothermal therapy.

Irradiation of a tumor by laser radiation with appro-

priate absorption wavelength of gold nanoparticles can

cause local tumor hyperthermia. Selective accumulation

of NP-Au in a tumor generates a strong temperature gra-

dient between tumor and surrounding tissue, thus localiz-

ing damage to malignant cells.

Here we report the synthesis of an aurophylic bacte-

riochlorophyll a (BChl a) based photosensitizer that was

covalently conjugated to NP-Au, its spectroscopic and

photophysical characterization, and evaluation of PDT

activity.
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MATERIALS AND METHODS

The commercially available reagents, i.e. hydrazine

hydrate solution (Merck, Germany), α-lipoic acid

(Sigma-Aldrich, USA), Cremophor ELP (BASF,

Germany), as well as domestic products were used as

received. All solvents were purified and prepared using

standard procedures. Bacteriopurpurin was derived from

BChl a by the procedure developed at the Moscow State

University of Fine Chemical Technologies, Department

of Chemistry and Technology of Biologically Active

Compounds [32].

TLC was performed on plates pre-coated with

Kieselgel 60 F254 silica gel (Merck) using methylene chlo-

ride as a solvent. NMR spectra were recorded with a

Bruker DPX-300 (Germany) instrument at 300 MHz.

MALDI mass spectra were acquired on a Bruker Ultraflex

TOF/TOF mass spectrometer (Germany) using 2,5-

dihydroxybenzoic acid (DHB) as the MALDI matrix.

UV-Vis absorption spectra were measured with an

Ultrospec 2100 Pro (GE Healthcare, USA) spectropho-

tometer using standard 10 mm quartz cuvettes. All spec-

troscopic analyses were performed at 25°C. Centrifuga-

tion was performed with an Elmi Skyline CM50 cen-

trifuge (ELMI, Latvia). Nanoparticle size characteriza-

tion was performed using dynamic light scattering (DLS)

on a ZetasizerNanoZS system (Malvern Instruments

Ltd., UK) at backscattering angle θ = 173° with a He-Ne

laser (633 nm, 5 mV). Transmission electron microscopy

(TEM) images were acquired on a JEOLJEM-2100F/Cs/

GIF field-emission transmission electron microscope

(200 kV, 0.8 Å). An IVIS Spectrum-CT system was used

for in vivo fluorescence imaging of rats.

N-Aminobacteriopurpurinimide with attached lipoic

acid moiety (PS) 4. A solution of N-aminobacteriopur-

purinimide 3 (30 mg, 0.048 mmol) in methylene chloride

(5 ml) was supplemented with α-lipoic acid (20 mg,

0.096 mmol) and N-carboethoxy-2-ethoxy-1,2-dihydro-

quinoline (12 mg, 0.048 mmol). The reaction mixture was

stirred at room temperature for 36 h. The course of the

reaction was followed using TLC and spectrophotometry.

Then the reaction mixture was diluted with 150 ml dis-

tilled water and extracted with methylene chloride to full

decolorization of the organic layer (3 × 30 ml). The com-

bined extracts were dried over anhydrous sodium sulfate

and concentrated with a rotary evaporator. The residue

was chromatographed on silica eluting with

CH2Cl2–CH3OH (50 : 1 v/v).

Yield of PS 4 was 65%. 1H NMR (300 MHz, CDCl3,

50°C) δ, ppm: 9.10 (s, 10-H), 8.75 (s, 5-H), 8.50 (s, 20-H),

5.25 (m, 17-H), 4.33 (m, 18-H, 7-H), 4.1 (m, 8-H), 3.68

(s, 12-CH3), 3.60 (d, J = 5.1 Hz, 4H, -CHCH2S-), 3.55 (s,

175-CH3), 3.50 (s, 2-CH3), 3.40-3.60 (1H, -CH2CHS–S),

3.18 (s, 32-CH3), 3.05-3.12 (2H, -CH2S–S-), 2.75 (m, 81-

CH2), 2.42-2.50 (4H, -S–SCHCH2CH2CH2-, -S–

SCHCH2-), 2.4 (m, 172-CH2), 2.30 (t, J = 6.7 Hz, 2H,

-CH2C(O)), 2.1 (m, 171-CH2), 1.85 (d, J = 7 Hz, 7-

CH3), 1.71-1.93 (2H, -CH2CH2CH2C(O)), 1.70 (d, J =

8 Hz, 18-CH3), 1.60-1.68 (2H, -CH2CH2C(O)), 1.12 (t,

J = 7 Hz, 82-CH3), –0.25 (s, NH), –0.5 (s, NH).

MALDI, m/z: 799 (M+).

UV-VIS (H2O/Cremophor 4%) λmax, nm: 365, 415

(Soret), 551 and 824 (relative intensity 1 : 0.68 : 0.39 : 0.92).

Preparation of aqueous micellar dispersion of N-

aminobacteriopurpurinimide bearing lipoic acid moiety

(PS) 4. A solution of PS 4 (10 mg) in methylene chloride

(3 ml) was added periodically in 0.5 ml portions at 8-

10 min intervals to 4% Cremophor in deionized water

(10 ml). Methylene chloride was then removed by evapo-

ration under argon in a thermostat-controlled water bath

at 40°C. The resulting aqueous emulsion containing PS 4

was sterilized by filtration through a 0.4 µm Millipore

(USA) filters with subsequent correction of the filtrate

concentration by dilution with deionized water.

Immobilization of PS 4 methyl ether on gold nanopar-

ticles (NP-Au). A solution of PS 4 was added to aqueous

solution of NP-Au (1 mg PS 4 per 10 ml of solution of

NP-Au) with vigorous stirring. The reaction mixture was

allowed to stir for 24 h, then the resulting solution was

centrifuged at 15g for 30 min, supernatant containing

unreacted PS 4 was decanted, and precipitate containing

PS 4 conjugated to gold nanoparticles (PS–Au) 5 was re-

dispersed in 4% aqueous Cremophor.

Measurement of loading ratio of gold nanoparticles.

The amount of immobilized PS was determined from the

difference between the concentration of its initial solution

and the concentration of supernatant decanted after cen-

trifugation of PS–Au. Concentrations of free PS in the

initial solution and PS conjugated to gold nanoparticles

were calculated based on measured intensities of the

long-wavelength band Q2 in the electronic absorption

spectrum before and after immobilization and the molar

extinction coefficient of N-aminobacteriopurpurinimide

bearing lipoic acid moiety. PS loading is characterized by

the PS/NP-Au ratio.

Preparation of tumor-bearing laboratory animals.

Tumor implanted in rat was used as donor tissue 14 days

post implantation. Carrier rats were anesthetized with

chloroform, then the tumor was excised and the capsule

and necrotic tissue were removed. Donor tumor was

minced in Hanks’ solution into small pieces ((0.15-

0.25)·10–3 cm3) and inserted subcutaneously in the left

hind leg of recipient rats. The recipient rats were treated

starting on day 10-14 post transplantation after the

tumors reached sufficient size.

Dynamics of in vivo PS and PS–Au accumulation in

tumor. Dynamics of PS and PS–Au accumulation in

tumor was assessed by local fluorescence spectroscopy

with a Lesa-6 (Biospec, Russia) spectrometric system.

Fluorescence was excited by 633 nm radiation from He-

Ne laser (2 mW). Laser energy density delivered to the tis-

sue surface per pulse was less than 1 J/cm2, which is far
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Synthesis of N-aminobacteriopurpurinimide-based photosensitizer conjugated to gold nanoparticles (PS–Au, 5)

Scheme

Rhodobacter

capsulatus

Lipoic acid
EEDQ, CH2Cl2

48 h

NP-Au
24 h

Fig. 1. Electronic absorption spectrum of micellar aqueous-

Cremophor dispersion of the photosensitizer, PS (1), gold

nanoparticles, NP-Au (2), and micellar aqueous-Cremophor dis-

persion of the photosensitizer conjugated to gold nanoparticles,

PS–Au (3).
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Fig. 2. Fluorescence emission spectrum of micellar aqueous-

Cremophor dispersion of the photosensitizer conjugated to gold

nanoparticles, PS–Au (540 nm excitation).
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beyond the dose capable of inducing irreversible tissue

damage unwelcome for diagnostic tests. Before treat-

ment, the tumor region on the rat leg was depilated, also

depilated was a small area (visually undamaged tissue) of

the other hind limb.

Fluorescence was measured using right-angle illumi-

nation and collection geometry, using illumination with

single-fiber quartz probes with a tip of the distal end in

direct tissue surface contact. The acquisition time for flu-

orescence measurements (exposure time) was in the range

Fig. 3. Size distribution (calculated from DLS measurement) of unloaded gold nanoparticles (a) and gold nanoparticles with immobilized

photosensitizer, PS–Au (b).
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of 1-2 sec. The fluorescence emission spectra per site

acquired from the tissue of tumor center and periphery

and from visually undamaged tissue were evaluated in

terms of line shape and intensity (signal amplitude). Then

normalized fluorescence (NF) was determined as S2/S1,

the ratio of areas under curves in fluorescence spectrum

and backscatter spectrum, respectively. Selectivity of the

PS accumulation in tumor compared to healthy tissue was

estimated from the fluorescence contrast (FC) index – a

ratio of S2/S1 value (averaged in animals’ group) for tumor

to the averaged S2/S1 value for healthy tissue. The output

power of the optic fiber was measured with a spherical

dosimeter. PDT treatment was performed using a Latus

(Poluprovodnikovye Pribory, Russia) laser system.

Fig. 5. Accumulation kinetics of free and loaded on NP-Au photosensitizer (PS 4 (a) and PS–Au 5 (b), respectively) in tumor (rat sarcoma M-

1) based on measured normalized fluorescence in tumor tissue over 5 sec to 48 h post-injection period (injection dose 2.5 mg/kg). Each value

is the mean of three independent experiments; * p < 0.05 (95% confidence).
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Irradiance was determined as output power of a fiber-

optic probe per illumination area: Ps = P/S, where Ps is

irradiance (W/cm2), P is output power of the optic fiber

(W), and S is illumination area (cm2). Illumination area

was adjusted to incorporate, apart from the tumor site,

the surrounding (peripheral) undamaged tissue (focused

spot size 3-5 mm). The exposure time was found from the

preset energy density required to be delivered to tumor

and the calculated irradiance: T = E/Ps, where T is the

exposure time (sec), E is the energy density (J/cm2), and

Ps is irradiance (W/cm2).

In vivo fluorescence imaging of laboratory animals.

Rats were anesthetized with inhalation of 2% isoflurane

(Abbott, USA) in a mixture with air. The tested PS was

administered intraperitoneally, 2.5 mg/kg. Fluorescence

images were obtained using the IVIS Spectrum-CT

(PerkinElmer, USA) optical imaging system at Pirogov

Russian National Research Medical University, Depart-

ment of Medical Nanobiotechnology. Fluorescence

emission spectra were measured at 710 and 745 nm exci-

tation over 780, 800, 820, and 840 nm emission wave-

lengths. To discriminate autofluorescence background

Fig. 6. Fluorescence contrast ratios of PS 4 (a) and PS–Au 5 (b) in tumor tissue (rat sarcoma M-1) over 5 sec to 24 h post-injection period

(injection dose 2.5 mg/kg).
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from the fluorescent signals of the fluorophore, we used

LivingImage 4.4 (PerkinElmer, USA) software for decon-

voluting absorption and scattering of the tissue from the

measured fluorescence emission spectra. Fluorescence

intensity was measured in photons/cm2·sec.

Statistics. The data were analyzed by nonparametric

statistics. Analysis of variance with non-parametric

Mann–Whitney U-test was carried out using 95% confi-

dence interval for difference between means in the

Statistica 6.0 package. This test was chosen as suitable for

dealing with non-normal distributions.

RESULTS AND DISCUSSION

As a base for PDT photosensitizer, we used parent N-

aminobacteriopurpurinimide, which is highly stable, has

peak absorbance at 830 nm, and as was shown in in vivo

experiments on animal models, exhibits high PDT activity

[33]. N-Aminobacteriopurpurinimide was synthesized by

reacting bacteriopurpurin 2 with hydrazine hydrate in pyri-

dine according to a known procedure [34]. Bacteriopur-

purin was derived via allomerization of BChl a 1 accumu-

lated in purple nonsulfur bacterium Rhodobacter capsulatus

strain B10 grown under chemoheterotrophic conditions

following a procedure described in the literature [35-38].

The yield of BChl a was 10-14 mg/g dry weight biomass.

Acylation of N-aminobacteriopurpurinimide 3 with

lipoic acid in the presence of condensing agent EEDQ

(N-carboethoxy-2-ethoxy-1,2-dihydroquinoline) afford-

ed sulfur-containing product 4, which was further co-

valently immobilized on gold nanoparticles through the

S–Au bond to give nanostructured conjugate 5 (Scheme).

Since bacteriopurpurinimide with the attached

lipoic acid moiety 4 is hydrophobic, it was solubilized in

Cremophor ELP, which is an optimal and widely used

agent effective at homogenization of poorly water-soluble

porphyrin photosensitizers [39].

Photosensitizer 4 was conjugated to gold nanoparti-

cles by stirring its micellar aqueous-Cremophor disper-

sion with the aqueous solution of NP-Au for 1 day fol-

lowed by centrifugation and resuspending of the formed

PS–Au precipitate in 4% aqueous Cremophor, which

allowed separation of gold nanoparticles loaded with

photosensitizer (PS–Au, 5) with 22% yield correspon-

ding to the molar loading ratio of gold nanoparticles (PS

4 loading) as high as 80 PS/PS–Au.

Presence of Q1 (550 nm) and Q2 (824 nm) bands in

the electronic absorption spectrum of the dispersion con-

firmed conjugation of the photosensitizer to gold

nanoparticles, and monomeric form of immobilized PS 4

is suggested by the characteristic pattern on the spectrum.

The signal from NP-Au appears as a shoulder at 520 nm

(Fig. 1, spectrum of unloaded NP-Au, dashed line).

Fluorescence of the loaded photosensitizer was used

to probe the accumulation of the prepared conjugate PS−

Au 5 in the tumor. Irradiation at the wavelength of the Q1

band excites strong fluorescence at 830 nm due to N-

aminobacteriopurpurinimide (Fig. 2), which allowed the

assessment of PS and nanoparticles biodistribution.

Gold nanoparticles were synthesized by reducing

chloroauric acid with sodium citrate according to the

Turkevich method [40]. The procedure yields water-solu-

ble gold nanoparticles capped with a layer of negatively

charged citrate ions adsorbed on their surface [41]. The

NP-Au and PS–Au 5 nanoparticles were characte-

rized by dynamic light scattering (DLS) (Fig. 3) and trans-

mission electron microscopy (TEM) (Fig. 4) techniques.

As follows from the DLS measurements, the hydro-

dynamic size of the gold nanoparticles loaded with PS is

Fig. 7. Normalized fluorescence of photosensitizers PS 4 and PS–Au 5 in the tumor, surrounding tissue, and in liver and kidney at their maximum

tumor uptake time points (injection dose 2.5 mg/kg). Each value is the mean of three independent experiments; * p < 0.05 (95% confidence).
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Fig. 8. Fluorescence imaging of rats bearing sarcoma M-1: in vivo images of rats at 15 min, 1.5, 3, and 24 h post injection with PS 4 (a), and

rats treated with the immobilized photosensitizer PS–Au 5 (b); ex vivo images of kidney and liver at maximum tumor uptake time points for

PS 4 and PS–Au 5 (c).
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considerably greater than that of the unloaded gold

nanoparticles: 10-12 nm for NP-Au vs. 100-110 nm for

PS–Au. TEM images (Fig. 4) show some NP aggregates

formed after PS immobilization.

The TEM method was used to determine the size

and the morphology of the metal core, but this method

cannot correctly estimate the size of the organic coating

on the surface of the nanoparticles. Thus, the versatile

and conventional method of analysis of nano-hybrid

materials based on metal nanoparticles, therapeutic

agents, and the polymeric stabilizers is the DLS tech-

nique. The value of the hydrodynamic radius of the gold

nanoparticles obtained by this method indicates the mod-

ification of its surface with the organic ligand (lipoic acid)

carrying the photodynamic agent and with the Cremo-

phor, which is a stabilizer. Increase of the nanoparticle

size is also related to its partial aggregation.

Evaluation of in vivo kinetics and biodistribution of free

photosensitizer 4 and photosensitizer conjugated to gold

nanoparticles 5 in rats implanted with sarcoma M-1.

Kinetics and biodistribution of free and immobilized PS

were evaluated in in vivo studies on ordinary rats obtained

from the vivarium of the Medical Radiological Scientific

Center (Obninsk) of the Ministry of Health of Russian

Federation and kept under standard conditions. The assess-

ment of PS accumulation in the tumor (rat sarcoma M-1)

and the surrounding tissue was based on its fluorescence. PS

uptake in tissues was estimated from the normalized fluo-

rescence (NF) values. Fluorescence was measured using the

local fluorescence spectroscopy (LFS) technique.

As seen from Fig. 5, the conjugation to gold nanopar-

ticles drastically changes the accumulation kinetics of PS

in tumor and undamaged tissue. Whereas the maximum

tumor uptake of free photosensitizer 4 was achieved at a

relatively early time point after administration (210 min;

Fig. 5a), the immobilized PS was steadily accumulated

during 1 day, reaching its maximum at 24 h (Fig. 5b).

Analysis of the fluorescence contrast (FC) calculated

as the ratio of NF in tumor to NF in skin and muscle

(Fig. 6, a and b) demonstrated high affinity toward tumor

(M-1 sarcoma) for both free photosensitizer 4 and gold

nanoparticles loaded with PS (PS–Au 5). However, the

maximum tumor versus skin fluorescent contrast ratios for

PS 4 and PS–Au 5 differ and are reached at different post-

injection time points: for PS 4, FC is 2.1 ± 0.3 arb. units at

3.5 h after administration (Fig. 6a), and for PS–Au 5, FC

is 3.2 ± 0.5 arb. units at 24 h (Fig. 6b). After achieving max-

imum values, normalized fluorescence (NF) of PS 4 and

PS–Au 5 in the tumor decreases in similar manner (not

shown in Fig. 6). At 72 h post injection, NF in the tumor

tissue is decreased by 96-97% from the maximum value.

Maximum fluorescence in skin and muscle for compounds

4 and 5 was found at 15 min after administration of PS, and

at 72 h post injection, fluorescence is undetectable.

We assessed biodistribution of the free PS 4 and

PS–Au 5 in liver and kidney at their maximum tumor

uptake time points (210 min for PS 4 and 24 h for PS–Au

5; Fig. 7). Liver and kidney actively accumulated PS

(Fig. 8); expectedly, the tumor-to-tissue fluorescence

contrast differs for PS 4 and PS–Au 5, with the higher

affinity to tumor tissue observed in the photosensitiz-

er–gold nanoparticle conjugate.

In this work, tumor visualization was based on fluo-

rescence of PS 4 (Fig. 8a) and its gold nanoparticle con-

jugate PS–Au 5 in rats bearing M-1 sarcoma (Fig. 8b). As

seen from Fig. 8, the dynamics of tumor fluorescence

intensity over the 24 h period assessed from fluorescence

imaging data agrees with the dynamic behavior of local

concentration of PS based on the normalized fluores-

cence measurement (local fluorescence spectroscopy

data obtained with a LESA-6 laser-induced fluorescence

spectroscopic system for in vivo cancer detection

(Biospec, Russia)).

Thus, a combination of fluorescence imaging with in

vivo local fluorescence spectroscopy was used to demon-

strate that the conjugation of the bacteriopurpurinimide-

based photosensitizer to gold nanoparticles enhances cir-

culation time of PS in the blood and its tumor uptake due

to extravasation of nanoparticles loaded with PS from the

circulatory system.
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