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ABSTRACT

Photodynamic therapy (PDT) is based on the cytotoxicity of
photosensitizers in the presence of light. Increased selectivity
and effectivity of the treatment is expected if a specific
uptake of the photosensitizers into the target cells, often
tumor cells, can be achieved. An attractive transporter for
that purpose is the folic acid receptor a (FRa), which is over-
expressed on the surface of many tumor cells and mediates
an endocytotic uptake. Here, we describe the synthesis and
photobiological characterization of polar b-carboline deriva-
tives as photosensitizers covalently linked to folate-tagged
albumin as the carrier system. The particles were taken up
by KB (human carcinoma) cells within <90 min and then co-
localized with a lysosomal marker. FRa antibodies prevented
the uptake and also the corresponding conjugate without
folate was not taken up. Accordingly, a folate-albumin-b-
carbolinium conjugate proved to be phototoxic, while the cor-
responding albumin–b-carbolinium conjugates without FA
were nontoxic, both with and without irradiation. An excess
of free folate as competitor for the FRa-mediated uptake
completely inhibited the photocytotoxicity. Interestingly, the
albumin conjugates are devoid of photodynamic activity
under cell-free conditions, as shown for DNA as a target.
Thus, phototoxicity requires cellular uptake and lysosomal
degradation of the conjugates. In conclusion, albumin–folate
conjugates appear to be promising vehicles for a tumor cell
targeted PDT.

INTRODUCTION
In photodynamic therapy (PDT), the cytotoxicity of singlet oxy-
gen and free radicals generated from intracellular photosensitizers
is exploited to selectively kill cells in irradiated tissues (1,2). At
present, PDT is successfully applied for the treatment of various
types of cancer (e.g. skin, bladder and esophagus), actinic kerato-
sis and macular degeneration (3–7). Drugs suitable for PDT have
to fulfil a number of photophysical prerequisites such as high
absorption coefficients at long wavelengths and high triplet quan-
tum yields. Moreover, they have to be nontoxic in the dark and
exhibit favorable pharmacokinetic characteristics with respect to
the distribution in the body, metabolism and excretion.

The systemic use of photosensitizers can cause side effects in
noncancerous tissues such as a severe sensitization of the skin
and eyes to light. Therefore, an important goal for the improve-
ment of PDT is the combination of photosensitizers with delivery
systems that allow an accumulation of the drugs in the target
cells (mostly tumor cells) prior to the irradiation with light (8–
10). This would constitute a second selectivity filter in addition
to that one obtained by local irradiation. For cytostatic drugs,
various types of delivery systems have already been established
and some have been approved for medication in humans (11).
Thus, antibodies recognizing tumor-specific antigens on the sur-
face of cells can serve as vehicles for an endocytotic uptake of
small toxic drugs that have been covalently linked to the anti-
body, a principle that is now successfully applied in breast can-
cer therapy (12). Another group of delivery systems make use of
the fact that many tumor cells overexpress the high-affinity folate
receptor FRa (KD <1 nM), which acts by receptor-mediated endo-
cytosis (13–15). FRa specifically recognize folic acid (FA) even
when covalently bound to a macromolecule or nanoparticle. The
FA, together with the attached payload, is delivered to endo-
somes or lysosomes. (16) A FRa-mediated uptake was shown
for direct (low-molecular weight) conjugates between FA and
photosensitizers (17,18) and has been demonstrated for photosen-
sitizers and other drugs covalently or noncovalently attached to
many different kinds of macromolecular vehicles such as lipo-
somes, nanotubes, graphene or proteins (reviewed in (19)).

The targeting of proteins and nanoparticles to tumor tissue is
further increased by the enhanced permeability and retention
(EPR) effect (20). It results from the fact that blood vessels in
tumor tissues are strongly fenestrated and often lack a smooth
muscle layer. Moreover, the lymphatic drainage is reduced at
these sites. Hence, molecules bigger than 40 kDa often accumu-
late in tumor tissue, but not in healthy tissue. Albumin has been
recognized as a favorable drug-targeting vehicle because it is
well tolerated and exhibits a strong EPR effect, which may be
partly mediated by the glycoprotein gp60 (21,22). Thus, an albu-
min-conjugated taxane derivative was approved for use in meta-
static breast cancer (23).

To test whether the FRa-mediated uptake can be exploited for
a tumor-targeted PDT, we covalently coupled a photosensitizer
to bovine serum albumin (BSA) and subsequently linked the
conjugate to FA. Here, we show that covalent conjugates of
albumin with polar b-carboline derivatives as photosensitizers
and attached FA residues as targeting moieties are subject to a
FRa-mediated uptake into tumor cells. In consequence, the

*Corresponding authors’ emails: fcabrerizo@intech.gov.ar (Franco M. Cabrerizo);
epe@uni-mainz.de (Bernd Epe)
© 2016 The American Society of Photobiology

611



albumin-b-carbolinium-FA particles proved to be cytotoxic in the
presence of light, while albumin-b-carbolinium conjugates with-
out FA were nontoxic, both with and without irradiation.

MATERIALS AND METHODS

Cells, antibodies and other materials. KB cells (assumed to be HeLa cell
derivatives) were obtained from the Leibniz-Institute DSMZ,
Braunschweig, Germany (ACC 136). HaCaT cells, which are
immortalized human keratinocytes, were obtained from N.E. Fusenig
(DKFZ, Heidelberg, Germany). Cells were cultured in high-glucose
Dulbecco0s modified Eagle0s medium (Gibco, Darmstadt, Germany)
containing the normal concentration of FA (9 lM), supplemented with 10%
fetal calf serum (FCS), 1% penicillin/streptomycin, and 1% glutamine. FA
(>99%), superoxide dismutase (SOD), catalase, N-hydroxy-succinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid (EDC) and N-
cyclohexyl-N’-(2-morpholinoethyl)carbodiimide methyl-p-toluenesulfonate
(CMC) were obtained from Sigma–Aldrich. Albumin fraction V ≥ 98%
(BSA) was from Carl Roth GmbH und Co KG (Karlsruhe, Germany).
WST-1 reagent was purchased from Roche Applied Science (Mannheim,
Germany). DNA from bacteriophage PM2 was prepared according to the
method of Salditt et al. (24). Formamidopyrimidine-DNA glycosylase
(Fpg) was partially purified from inducible overproducing Escherichia coli
strains (JM105 carrying the plasmid pFPG239) (25). The mounting
medium ProLong© Gold antifade reagent, LysoTracker© Red,
MitoTracker© Deep Red and NucRed© 647 nm were obtained from life
technologies (Darmstadt, Germany).

Synthesis of 2-(2-carboxyethyl)-b-carbolinium cations (cnHo and
cHa). To a stirred air-equilibrated solution of b-carboline (100 mg,
0.6 mmol) and 3-iodopropionic acid (1200 mg, 6 mmol) in methanol
(50 mL), a solution of sodium hydroxide (240 mg, 6 mmol) in methanol
(50 mL) was added dropwise to neutralize the former solution. The
reaction was stirred in the absence of light at room temperature until
TLC indicated that the reaction was complete. The reaction mixture was
then evaporated in a rotary evaporator to give a pale yellow solid
residue. Products were isolated by flash column chromatography
(200–400 mesh 60 �A and ethyl acetate–methanol mixtures as eluent)
to give as white solids. 1H- and 13C-NMR spectra were recorded in
dimethylsulfoxide-d6 at 500 MHz (see Supporting Information). All the
solvents used were analytical grade and were freshly distilled and
dried before using. Norharmane (nHo) and harmine (Ha), sodium
hydroxide and 3-iodopropionic acid were purchased from Sigma-Aldrich.

Synthesis of albumin-b-carbolinium and albumin-b-carbolinium–folate
conjugates. Albumin (10 mg mL�1 equivalent to 150 lM) was stirred
with 1.5 mM of the b-carboline in the presence of 5 mM EDC and 5 mM

NHS at room temperature for 24 h in water. The reaction mixture was
dialysed (>30 kDa) against PBS, repeatedly concentrated and
resuspended in water by means of Centriprep© centrifugation (NMWL
>30 kDa) and lyophilized. Half of the product subsequently was
redissolved in water and coupled to folate following the protocol of
Fischer et al. (26). After purification as described for the albumin-b-
carbolinium, the product was stored after lyophilization. Purity was
checked by photometric and fluorimetric monitoring of the Centriprep©
filtrate.

UV-MALDI-TOF MS. Samples were measured on a Shimadzu Axima
CFR MALDI-TOF MS with a pulsed nitrogen laser (k = 337 nm,
3 ns). The used matrix was sinapinic acid. 5 lL of sample solution
(c = 1 g L�1) was mixed with 25 lL of matrix solution
(c = 10 g L�1). The solvent was acetonitrile/0.1% trifluoroacetic acid in
a ratio of 1:1.

Analysis of damage induced in cell-free PM2 DNA. PM2 DNA
(10 000 bp) was irradiated at a concentration of 10 lg mL�1 in the
presence of different concentrations of b-carbolines or its albumin
conjugates in phosphate buffer (5 mM KH2PO4, 50 mM NaCl, pH 7.4) on
ice in 96-well plates for 20 min with a Philips HPW 125-W mercury
lamp emitting at 365 nm, placed at a distance of 10 cm, equivalent to
30 kJ m�2. The subsequent quantification of DNA modifications induced
in cell-free DNA was carried out by means of a relaxation assay (27,28).
In brief, an aliquot of 0.2 lg DNA in 20 lL BE1 buffer (20 mM Tris–
HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA) was incubated for 30 min at
37°C with 10 lL of BE1 buffer (for the determination of directly
produced single-strand breaks [SSB]) or 10 lL of Fpg protein

(3 lg mL�1) in BE1 buffer. Under the incubation conditions, the latter
enzyme converts all substrate DNA modifications into SSB. The
reactions were terminated by addition of 10 lL of 1% sodium dodecyl
sulphate and the DNA was applied to an agarose electrophoresis gel.
Fluorescence scanning of the relaxed and supercoiled forms of the DNA
after staining with ethidium bromide allowed us to calculate the number
of SSBs or — if an incubation with a repair enzyme Fpg protein
preceded the gel electrophoresis — the number of SSBs plus Fpg-
sensitive modifications. The number of Fpg-sensitive sites was obtained
by subtraction of the number of SSBs.

To test for the involvement of superoxide anion radicals (O2
•�) and

hydrogen peroxide (H2O2) in the DNA damage generation, the PM2
DNA together with different b-carboline concentrations was irradiated
with either catalase (315 U mL�1) or SOD (200 lg mL�1) or both. To
test for the participation of singlet oxygen, the irradiation was done in
buffer-containing D2O instead of H2O and the pD was adjusted according
to Srere et al. (29).

Analysis of cell viability. KB cells were plated in 96-well plates (7000
per well). After 24 h, they were incubated for 90 min with different
amounts of b-carboline or the corresponding BSA-conjugates. Afterwards
cells were washed with PBS and irradiated from the top of the cell
culture dish without plastic cover for 20 min with a Philips HPW 125-W
mercury lamp emitting at 365 nm, placed at a distance of 10 cm,
equivalent to 30 kJ m�2. After irradiation and washing with PBS (and,
in some cases, an incubation under culture conditions for 24 h), 100 lL
of culture medium with 10 lL WST-1 reagent was added to every well.
The tetrazolium dye in the WST-1 reagent gets reduced to a formazan
by mitochondrial enzymes and color changes from red to yellow in the
presence of vital cells. The increase of the absorption at 450 nm
measured directly after addition of the reagent and exactly 2 h later is an
indicator of the metabolic activity and therefore viability of the cells.
The relative viability was calculated as the ratio of the increase in
absorption in treated cells and control cells (not exposed to b-carbolinium
derivatives).

Fluorescence microscopy. KB cells were plated on cover slips
(18 mm, Nr. 1.5) in 12-well-plates (100 000 per well). After 24 h, cells
were incubated for various times with 20 lM albumin-b-carboline
conjugates in PBS or – in some experiments with extended incubation
times (≥90 min) – in a culture medium. Afterwards cells were washed
with PBS and fixed with ice-cold paraformaldehyde (PFA, 4%). Thirty
minutes prior to fixation, LysoTracker© Red (50 nM) or MitoTracker©
DeepRed (100 nM) or two drops of NucRed© 647 nm were added to
each well for staining. The cover slips were put on mounting medium on
object slides and analyzed with a TCS SP5 confocal fluorescence
microscope, using excitations at 405 nm for b-carboline, 560 nm for
LysoTracker© Red, and 633 nm for MitoTracker© DeepRed and
NucRed© 647 nm. Images were taken and processed with Leica
Application Suite X software and Image J©.

Statistical analysis. An analysis of variance (ANOVA) was carried out
to calculate the statistical significance of the results (P values).
Significance levels are indicated by asterisks (* for P < 0.05; *** for
P < 0.005).

RESULTS

Synthesis and photophysical characterization of free b-
carbolinium cations and their conjugates

Two novel b-carbolinium derivatives, namely 2-(2-carboxyethyl)-
norharmanium (cnHo) and 2-(2-carboxyethyl)-harminium (cHa)
cations were selected as photosensitizers to study the FRa-
mediated uptake and the resulting phototoxicity in KB carcinoma
cells, which previously have been shown to strongly express
FRa under our culture conditions (30). The absorption spectra
and main photophysical parameters of the two compounds are
shown in Figure S1a and Table 1 respectively.

cnHo shows a higher fluorescence quantum yield (ФF) and
longer fluorescence lifetime (sF) than cHa. Moreover, the lowest
energy absorption band of cnHo shows a bathochromic shift
(~50 nm) with respect to cHa (Figure S1a). This makes cnHo
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suitable for the microscopic analysis of the cellular uptake and
the subcellular distribution. On the other hand, cHa has a higher
quantum yield of excited triplet states and, in consequence, sin-
glet oxygen production (ФD) than cnHo, allowing an efficient
photochemical reactivity (photosensitized damage generation).
Therefore, in the following studies cnHo was used as a chro-
mophore for fluorescence-based experiments, while cHa was cho-
sen for cytotoxicity studies. As quaternary ammonium ions, both
compounds are highly polar, which minimizes diffusion-mediated
cellular uptake of the free photosensitizers.

Both b-carbolinium derivatives were covalently linked to
albumin by carbodiimide coupling to yield cnHo-Alb and cHa-
Alb respectively. Analysis by UV-MALDI-TOF MS revealed
that under the experimental conditions used each albumin mole-
cule bound one or two cnHo and cHa residues. The albumin
conjugates were subsequently coupled with an excess of FA to
yield cnHo-Alb-FA and cHa-Alb-FA respectively. Thereby,
about 7–10 folate residues were attached to the b-carbolinium–
albumin conjugates according to photometric measurements and
UV-MALDI-TOF MS analysis (Fig. 1). An analysis by protein
gel electrophoresis (Figure S2) confirms the covalent nature of
the labeling.

Extent and mechanism of damage generation by b-
carbolinium cations and their conjugates

To judge and compare the potency of the b-carbolinium deriva-
tives as photosensitizers and to analyze the mechanism(s) under-
lying their photoreactivity, we carried out experiments with
cell-free DNA as a target. The numbers of SSB and DNA modi-
fications sensitive to Fpg protein generated by the compounds
under irradiation in the presence of supercoiled PM2 DNA was
quantified by means of a relaxation assay, as described previ-
ously (27,28). Fpg protein is a repair glycosylase that recognizes
both oxidized purines such as 8-oxoG and sites of base loss (AP
sites) (31). The results shown in Fig. 2 indicate that both cnHo
and cHa give rise to a concentration-dependent formation of both
SSB and Fpg-sensitive modifications in the DNA, while no
DNA damage is generated by the b-carbolines without irradiation
or by the irradiation alone (data not shown). The Fpg-sensitive
sites prevail over SSB by a factor of 7.3 for cnHo and 2.1 for
cHa. Such a preponderance of base modifications is characteristic
for many photosensitizers damaging via Type-I and Type-II reac-
tion (see below) (32). The cHa is approx. 30-fold more potent as
damaging agent than cnHo in the case of the Fpg-sensitive sites
and 100-fold in the case of the SSB, as calculated from the linear
slopes of the concentration-dependent data in Fig. 2. Note that
the latter comparison is allowed because the two b-carbolinium
derivatives have quite similar total absorption of the incident

light used in the above-mentioned experiments (see Figure S1b
and c). The much higher photodynamic activity of cHa in com-
parison to cnHo is in accordance with previous results for the
parental b-carbolines (not substituted at the pyridinic nitrogen of
the main b-carboline ring) (33). The higher potency of cHa is
not fully explained by its higher singlet oxygen quantum yield
(Table 1), but might indicate a more favorable redox potential of
the photoexcited cHa. Very similar ratios were observed previ-
ously also with respect to the relative induction of the two types
of DNA modification that were quantified (33). The absolute
extent of DNA damage is increased by the quaternization of the
nitrogen atom by a factor of 2 in the case of cnHo and a factor
of 12 in the case of cHa.

Mechanistically, photosensitized damage can be generated in
a direct reaction of the excited state of the photosensitizer with
the substrate, most often by one-electron abstraction (the so-
called Type-I reaction) or indirectly via reactive oxygen species
(ROS) (the so-called Type-II reaction) (34). In the latter case,
an energy or electron transfer reaction with molecular oxygen
generates singlet oxygen (1O2) or superoxide anions (O2

•�)
respectively, which then give rise to damage formation in sec-
ondary reactions. In order to test for ROS as intermediates in
the DNA damage generation by cHa, the irradiations were car-
ried out in the presence of catalase, SOD or in D2O as solvent.
The results (Fig. 3) exclude a significant involvement of hydro-
gen peroxide, superoxide and singlet oxygen in the generation
of SSB. The observed two-fold increase of the yield of Fpg-
sensitive modifications in D2O as solvent indicates that singlet
oxygen (at least partially) contributes to the generation of this
type of lesion, which is consistent with the fact that singlet
oxygen selectively generates guanine modifications and only
few SSB (32).

When the albumin conjugate of cHa (cHa-Alb) was analyzed
for DNA damage generation under the same conditions as the
free cHa, virtually no damage was detected (Fig. 2). This indi-
cates that either the albumin-bound photosensitizer has no access
to the target DNA to allow a direct reaction or the excited chro-
mophore immediately reacts with the albumin as the preferential
substrate. In support of this conclusion, the photoreactivity with
DNA can be partly restored by incubation of the conjugate with
proteinase K (data not shown).

FRa-mediated uptake of albumin conjugates into KB cells

After the photodynamic activity of the b-carbolinium compounds
was established, we studied the time-dependent uptake of the
albumin conjugates into KB cells by confocal fluorescence
microscopy. The experiments were carried with the conjugates of
cnHo, namely cnHo-Alb-FA and cnHo-Alb because of the supe-
rior fluorescence yield of this chromophore. The results (Fig. 4a)
indicate that cnHo-Alb-FA, but not cnHo-Alb (lacking the folate
residues) is increasingly taken up within an incubation period of
90 min. As shown in Fig. 4b, the b-carboline fluorescence co-
localizes in the cells at least partly with that of LysoTracker©.
No co-localization is observed with MitoTracker© DeepRed and
with NucRed© 647 nm, indicating that the photosensitizer does
not significantly accumulate in the mitochondria or in the
nucleus of the target cells (Figures S3 and S4 respectively). The
presence of free FA (1 mM) in the medium during the incubation
with cnHo-Alb-FA strongly inhibits the cellular uptake of cnHo
(Fig. 4c). This is an indication that the uptake of the cnHo-Alb-

Table 1. Main photophysical parameters determined upon one-photon
excitation of 2-(2-carboxyethyl)-b-carbolinium cations in pH 7.4 air-equi-
librated aqueous solution.

kmax
Abs

[nm]
kmax

Flu

[nm] φF* sF [ns]† φD
‡

cnHo 374 485 0.58 � 0.02 21.9 � 0.1 0.05 � 0.02
cHa 326 425 0.42 � 0.02 6.8 � 0.1 0.14 � 0.02

*Fluorescence quantum yield.
†

Fluorescence lifetime.
‡

Singlet oxygen
quantum yield (φD), determined in air-equilibrated D2O solutions.
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FA conjugate is indeed receptor mediated. The transport by FRa
is further confirmed by the observation that the uptake of cnHo-
Alb-FA is also prevented by pre-incubation of the KB cells with
an anti-FRa-IgG (Figure S5).

The uptake of cnHo-Alb-FA and cnHo-Alb was also com-
pared for longer incubation periods (≥90 min) in culture med-
ium. The results (shown in Figure S4) show no significantly
better uptake of cnHo-Alb-FA after 6 h compared to that after
90 min. After 24 h, but not after 6 h, the pictures indicate some
– apparently FR-a-independent – uptake of cnHo-Alb. The data
suggest that very long incubation times might reduce the selec-
tivity for FR-a-positive cells.

As a control cell line previously demonstrated to express only
few or no FRa (30), we used immortalized human keratinocytes
(HaCaT cells). No significant uptake of cnHo-Alb-FA was

observed in these cells (Figure S6), in support of the assumption
that the observed uptake by KB cells is mediated by FRa.

Phototoxicity of b-carbolinium conjugates in KB cells

The phototoxicities of free cHa and its two conjugates (cHa-Alb
and cHa-Alb-FA) were analyzed by a viability assay measuring
the metabolic activity via intracellular formazan formation from
a tetrazolium salt (WST-1). The results (Fig. 5) indicate the
absence of phototoxicity for cHa and cHa-Alb, even after long
pre-incubation time up the highest concentrations applied
(20 lM). In contrast, the conjugate endowed with folate residues
(cHa-Alb-FA) proved moderately, but significantly, phototoxicity
already at 5 lM. The phototoxicity did not increase further at
concentrations >10 lM and did not exceed a level of 20% dead

(a)

(b)
x ~9 x ~7

cnHo

cnHo-Alb

cnHo-Alb-FA

cHa

cHa-Alb

cHa-Alb-FA
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66748

71047

66599

67181

69741

Alb

cHa-Alb

cHa-Alb-FA

Alb

cnHo-Alb

cnHo-Alb-FA

Figure 1. (a) Structures and synthesis of the albumin conjugates used in this study. (b) UV-MALDI-TOF mass spectra of the albumin conjugates and
albumin.
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cells, possibly because the receptor-mediated uptake of the conju-
gate is saturated under these conditions. For all the compounds, no
cytotoxicity was observed in the dark (Figure S7). The irradiation
alone was not associated with any cytotoxicity (data not shown).

To test whether cytotoxicity develops only slowly after irradi-
ation, e.g. due to a delayed induction of apoptosis, the metabolic
activity was also quantified 24 h after irradiation. The cytotoxici-
ties measured with the WST-1 assay after that time were very
similar to those obtained directly after irradiation (Figure S8).
Most probably, all cells prone to die are already detected as
metabolically inactive by the WST assay shortly after irradiation,
i.e. the succinate dehydrogenase inhibition (determined in the
WST assay) is mostly likely an early event in the induction of
cell death.

To verify the relevance of FRa in the phototoxicity of cHa-
Alb-FA, the pre-incubation was carried out in the presence of a

high excess of free FA as competitor for the receptor. The subse-
quent irradiation was carried out in the absence of cHa-Alb-FA
and free FA, as in the other cases. The results (Fig. 6) indicate a
complete inhibition of the phototoxicity induced by cHa-Alb-FA.
The influence of FA calculated by multiple regression analysis is
highly significant (P = 0.004). It has to be concluded that the
observed phototoxicity is completely dependent on a receptor-
mediated uptake of the photosensitizer–albumin conjugates.

As an additional control, we determined the phototoxicity of
cHa and its albumin conjugates in HaCaT cells, lacking FRa
(see above). In these cells, the compounds were devoid of mea-
surable phototoxic effects (Figure S9).

DISCUSSION
The results show – to the best of our knowledge for the first time
– that photosensitizers covalently linked to folate-tagged albumin
can be used for a selective killing of cells expressing the folate
receptor FRa. In this delivery system, three selectivity filters are
combined for a preferential killing of malignant target cells in a
tumorous tissue. Firstly, as characteristic for PDT, only irradiated
cells are affected, provided that the photosensitizer is nontoxic in
the dark. Secondly, albumin as a carrier efficiently accumulates
in tumor tissues because of its very good EPR effect. Thirdly,
folate receptors of the type FRa are often strongly expressed in
tumor cells, but not in nonproliferating cells, in particular nor-
mally not on the basolateral membrane surface of epithelial
blood vessel cells.

It is difficult to quantitatively transfer the (only weak) photo-
toxicity observed in this study to in vivo situations of PDT since
the extent of cell killing depends directly on the intensity of the
light source, its emission wavelength and the irradiation times.
From the viewpoint of PDT, the b-carbolinium derivatives used
in this study should (only) be regarded as model compounds for

0.0

0.2

0.4

0.6

0.8

1.0

0 2 4 6 8 10

Le
si

on
s/

10
kb

p

cHa [µM]

SSB cHa
Fpg cHa
SSB cHa-Alb
Fpg cHa-Alb

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200 250 300

Le
si

on
s/

10
kb

p

cnHo [µM]

SSB cnHo

Fpg cnHo

Figure 2. Numbers of DNA modifications generated by photoexcited
cnHo (upper panel), cHa and cHa-Alb (lower panel) under cell free con-
ditions. PM2 DNA in phosphate buffer was exposed to increasing con-
centrations of the compound plus UVA (365 nm; 30 kJ m�2). The
numbers of SSB and of modifications sensitive to Fpg were determined
in a relaxation assay. Data are means of three independent experiments
(�SD).

0

50

100

150

200

250

300

SSB Fpg

Le
si

on
s 

[%
]

Catalase
SOD
Cat/SOD
D2O

***

***

Figure 3. Influences of catalase, SOD and D2O on the generation of
SSBs and Fpg-sensitive modifications in DNA by cHa under irradiation
with UVA (365 nm; 30 kJ m�2). The concentrations of cHa were 20 lM
for SSB and 5, 10 and 20 lM for Fpg-sensitive lesions respectively. The
number of modifications observed in phosphate buffer with cHa alone
was normalized to 100%. Numbers of lesions significantly different from
those in the control incubations (100%) are indicated by asterisks. Data
are means of 3 (for SSB) or 6 (for Fpg-sensitive sites) independent
experiments �SD.

Photochemistry and Photobiology, 2016, 92 615



highly hydrophilic photosensitizers with suitable photophysical
parameters and a free carboxyl moiety suitable for coupling to
albumin by the carbodiimide technique. For an application in

regular PDT, photosensitizers with absorption at longer wave-
lengths are required to obtain photodynamic effects in deeper
layers of a target tissue. On the other hand, high hydrophilicity
is required to avoid noncovalent interactions with albumin,
which in the case of porphyrins have been shown to be difficult
to reverse (data not shown). Suitable chromophores with high tri-
plet yields and strong absorption at wavelengths >650 nm such
as aza-BODIPY dyes are available (1,35) and could be deriva-
tized in future studies in the way described (carboxyl moiety for
carbodiimide coupling and cationic character to increase
hydrophilicity). Interestingly, the b-carbolines used in this study
could be useful in two-photon photodynamic therapy (TP-PDT)
(36,37) since they have non-negligible two photon cross section
values (at ~ 600–750 nm) (38,39).

It is interesting to note that covalent binding of the b-carboli-
nium cations to albumin completely inhibits their photodynamic
activity, at least for DNA as a target (Fig. 3). Quenching effects
of excited (triplet or singlet) states by albumin have previously
been observed, e.g. for hematoporphyrin conjugates (40) and for
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cHa-Alb-FA for 90 min and subsequent irradiation for 20 min with UVA
(365 nm; 30 kJ m�2) in PBS alone. The amount of formazan produced
in a subsequent incubation (2 h) with WST-1 reagent was determined
photometrically. The relative cell viability was calculated from the ratio
of formazan produced in the treated cells and control cells that were irra-
diated in the absence of any photosensitizer. Data are means of 3 (for 5
and 10 lM) or 6 (for 0 and 20 lM) independent experiments �SD. Sig-
nificant differences (P < 0.05) at a given concentration between cHa-
Alb-FA-treated and cHa-Alb-treated cells are indicated by an asterisk.
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zinc phthalocyanine, a type-II photosensitizer which noncova-
lently associates with the protein (41). From a therapeutic view-
point, the internal quenching is advantageous, since it is
expected to enhance the selectivity of the conjugates under PDT
conditions because phototoxicity only results after cellular uptake
and (lysosomal) degradation of the protein. Recently, this princi-
ple has been successfully applied in a mouse model of peritoneal
carcinomas, using a conjugate of an anti-EGFP monoclonal anti-
body with the benzoporphyrin derivative (BPD) as the tumor-tar-
geting photosensitizer (42). The observed co-localization of
cnHo with a lysosomal marker after cellular uptake (Fig. 2b) is
in accordance with the assumption that the photodynamic effect

follows lysosomal degradation of the conjugate, as would be
characteristic for a clathrin-dependent endocytosis, although a
CLIC-GEEC-mediated uptake would be more characteristic for
glycosyl phosphatidyl-anchored receptors such as FRa (16).
There are indications, however, that multivalent folate conjugates
(particles with several folates attached) indeed traffic mostly to
lysosomes (19,43). A model proposed for the FAa-mediated
uptake and subsequent phototoxicity of cHa-Alb-FA is shown in
Fig. 7.

Covalent binding of photosensitizers to unsubstituted albumin
(without folate residues) has already been shown to improve the
accumulation of the photosensitizer in the tumor tissue of tumor-
bearing mice (44), most probably as a result of the EPR effect of
albumin. Similarly, improved tumor-specific biodistribution and
photodynamic activities in vivo were also observed when glu-
taraldehyde-crosslinked albumin nanoparticles were noncova-
lently loaded with various photosensitizers (45,46). In these
cases, a re-distribution of the photosensitizers to the target cells
is expected to take place. Recently, hollow copper sulfide
nanoparticles were coated with an albumin–folate conjugate and
noncovalently loaded with a photosensitizer. The composites
were shown to be more cytotoxicity under irradiation than in the
dark and to allow receptor-mediated uptake (47).

Folate attached to albumin or albumin aggregates (nanoparti-
cles) has been tested as targeting “warhead” for various types of
cytostatic drugs. Thus, doxorubicin attached via an acid-labile
linker to albumin, which was subsequently conjugated with
folate residues, was shown to accumulate in FRa-expressing cells
and improve the cytostatic effects in vivo (48). The linking of a
paclitaxel–albumin conjugate with folate improved selectivity for
FRa-positive cells (49). Receptor-mediated uptake and toxicity
was also shown for glutaraldehyde-cross-linked albumin nano-
spheres noncovalently loaded with doxorubicin (50).

The damaging mechanism underlying the observed phototoxi-
city in the KB cells remains to be established. Free photosensi-
tizer molecules present in the lysosomes after degradation of the
attached albumin might give rise to a break-down of lysosomal
membranes during irradiation and thus trigger lysosomal cell
death (51,52). Damage to DNA may also play a role, although
the cytotoxic potential of the DNA modifications predominantly
induced by the b-carbolines (Fpg-sensitive base modifications
and single-strand breaks, see Fig. 2) is relatively weak and the
photosensitizers do not appear to accumulate in the nuclei of the
cells (Figure S4). As concluded from the cell-free experiments
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(Fig. 3), ROS such as singlet oxygen or hydroxyl radicals do not
appear to play a dominant role as ultimately damaging species,
in agreement with previous findings for other b-carboline deriva-
tives (33,53). Rather, direct (Type I) reactions seem to be respon-
sible for the damage generation.

In conclusion, the covalent attachment of photosensitizers to
folate-modified albumin appears to be a new strategy for PDT
that completely avoids photocytotoxicity to cells lacking active
endocytotic folate transport. The photophysical characteristics
and the efficacy of the photosensitizer moiety probably can be
optimized, and the distribution of the conjugates in tumor and
nontumor tissues in vivo needs to be studied.
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Figure S1. (a) UV-vis absorption spectra and absorbed spec-
tral photon fluxes of cnHo and cHa.

Figure S2. SDS PAGE of various albumin conjugates used in
this study and of albumin visualized with UV-A excitation (up-
per panel) and Coomassie Blue staining (lower panel).

Figure S3. Fluorescence microscopy after incubation of KB
cells with cnHo-Alb and cnHo-Alb-FA: co-localization with
MitoTracker© DeepRed.

Figure S4. Fluorescence microscopy after incubation of KB
cells with cnHo-Alb and cnHo-Alb-FA: co-localization with
NucRed© 647 nm.

Figure S5. Influence of the presence of FRa antibodies on the
uptake of cnHo-Alb-FA by KB cells.

Figure S6. Lack of uptake of cnHo-Alb and cnHo-Alb-FA by
HaCaT cells.

Figure S7. Viability of KB cells after incubation with cHa,
cHa-Alb and cHa-Alb-FA for 90 min in the dark.

Figure S8. Delayed cell viability of KB cells after pre-incuba-
tion with cHa, cHa-Alb or cHa-Alb-FA for 90 min and subse-
quent irradiation for 20 min with UVA (365 nm; 30 kJ m�2) in
PBS.

Figure S9. Cell viability of HaCaT cells after 90 min pre-
incubation with 20 lM cHa or cHa-Alb and subsequent irradia-
tion for 20 min with UVA (365 nm; 30 kJ m�2) in PBS alone.
NMR data. 1H- and 13C-NMR data of cnHo and cHa.
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