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Abstract

Drugs with positive charge usually have good water solubility, enhanced
cellular uptake efficiency and activity. However, the preparation of quaternized
drugs need potentially dangerous agents, while protonated cationic drugs are
easily deprotonated in alkaline solutions. Arginine can be positively charged in
a wide range of pH. Thus, two phthalocyanine-arginine conjugates (ArgEZnPc
and ArgZnPc) were reported in this paper. They can be positively charged
in the range of pH 5 to 9. Besides, the photochemical and photobiological
properties, subcellular localization, anticancer activities of the them were
also carried out. The results show that ArgEZnPc has high water solubility,
excellent singlet oxygen and reactive oxygen species generation efficiency,
can preferentially localize in the lysosomes of HeLa cells. The above results
lead toa high in vitro anticancer activity of ArgEZnPc and make it a promising
photosensitizer for photodynamic therapy.
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1. Introduction

Photodynamic therapy (PDT), which uses non-toxic photosensitizers (PSs) and harmless
visible light to produce highly cytotoxic reactive oxygen species (ROSs) and destroy tumors in
the presence of oxygen is an emerging approach for cancer treatment [ 1-3]. Since the properties
of PSs including water solubility, aggregation, cellular uptake and ROSs generation efficiency
is the key factor that influence the final therapeutic outcome of PDT, most research efforts have
been devoted to optimize the photochemical and photobiological characteristics of PSs [4-8].
Charge is closely related to the above properties of PSs [9]. In general, positively charged
molecules have enhanced water solubility, cellular uptake efficiency and anticancer activity.
[10-12]. Hence, various PSs with positive charge have been prepared and been reported to
have better therapeutic effect [13-17]. For example, Makhseed et al., Zimcik et al., and Huang
et al. have reported several positively charged cationic phthalocyanines (Pcs) as water soluble,
non-aggregated and efficient PSs [13-15]. Ju et al. and O’Shea et al. have reported amine
containing PSs that can switch their charge from neutral to positive to get high singlet oxygen
('0,) quantum yields [16,17].

To prepare positively charged PSs, two common methods are usually used: quaternization
and protonation of aliphatic or aromatic nitrogen atoms [18,19]. In preparing quaternized PSs,
methylating agents are always required. Since the methylating agents are potentially dangerous
as they are likely to methylate DNA, they must be used with care [19]. Besides, extra works
are needed to purify the quaternized PSs, which also increases the work load. In contrast,
there is no need of toxic methylating agents for preparing protonated PSs. Accordingly, the
prepare processes are simple. Moreover, the photochemical activities of protonated PSs may
be similar, even superior, to the quaternized ones [18]. However, the protonated PSs are easily
deprotonated in alkaline circumstance such as normal physiological (pH ca.7.4), which limits
their practical application [18,20,21].

Arginine is the building blocks of cytoplasm and nucleic acid protein [22]. It is unique
among the amino acids as its guanidine group has exceptionally high basicity in aqueous
solution (pKa=13.5), which makes it positively charged in a wide range of pH [23-25]. What’s
more, guanidine group or arginine substituted drugs always show enhanced cellular uptake
efficiency, tumor targeting ability and anticancer activity [26-28 ]. These enhanced properties
are related to the strong basicity of guanidine [29]. Pcs area versatile class of functional dyes,
which are the most efficient and common usedPSs in PDT due to their strong absorption in
visible range, high efficiency in ROSs generation, low dark toxicity and efficient phototoxicity
to cancer cells [30,31].

Based on the above conceptions, two arginine substituted zinc Pcs were prepared [32].
In addition, the charge properties of them in a wide range of pH values was studied. Their
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photobiological, photochemical properties, subcellular localization and in vitro anticancer
activities for PDT use also have been studied.

2. Results and Discussion
2.1. Synthesis

The structures of ArgZnPc and ArgEZnPc are shown in Figure 1. The synthesis and
characterization of the two Pcs were prepared as follws [32]. Firstly, the tetra-carboxyl
benzyloxyl phthalocyaninato zinc (CbZnPc) was prepared by annelation reactions. After
then, the ArgZnPc and ArgEZnPc were both synthesized through amidation reaction by
using N-(3-Dimethylamino-propyl)-N’-ethylcarbodiimide hydrochloride (EDCeHCI) and
1-Hydroxybenzotriazole (HOBT) as the catalyst.

2.2. Charge properties of ArgZnPc and ArgEZnPc at different pHs

As mentioned above, though protonated drugs are easily deprotonated in alkaline
solutions, [18,20,21] arginine substituted ones can be positively charged in a wide range of pH
due to the guanindine group [23-25]. To confirm this, the charge properties of ArgZnPc and
ArgEZnPc at various pH levels were measured. Since the two ZnPcs both have good water
solubility, their zeta potentials were measured in water of different pHs. As shown in Figure 2,
both ArgZnPc and ArgEZnPc are positively charged at the pH range of 5-9, which is in accord
with the previous reports, proves the correctness of our concept. In addition, from Figure 2 it
also can be seen that both the zeta potentials of ArgZnPc and ArgEZnPc decreased as the pH
values increase, but the decrease was small in the pH range of 5-7, which indicates that the two
Pcs are fully protonated at this pH range. In contrast, the zeta potentials of ArgZnPc decreased
sharply when the pH increase from 7 to 9, which indicates the deprotonation of ArgZnPc. Even
so, at the experimental pH range, ArgZnPc was always positively charged. The zeta potential
of ArgEZnPc also decreased as the pH increase from 7 to 9, while the decrease was smaller
than the decrease of ArgZnPc. This may be contributed to the higher basicity of ArgEZnPc,
which makes it more difficult to be deprotonated.

2.3. Aggregation and electronic absorption properties

The aggregation and electronic absorption properties of ArgEZnPc and ArgZnPc were
studied in distilled water. As shown in Figure 3A, Both the two ZnPcs gave typical absorption
spectra of aggregated Pcs, showing the B band at about 340 nm, Q band at 630-640 nm [33].
The reason for this may be that due to the charged substituents of the two Pcs are mostly
freely pending, the electrostatic repulsion force can not prevent aggregation of them [11,13].
Moreover, the significant differences in the Q-band absorptions indicate that the macrocyclic
n system is perturbed by the peripheral substituents though the substituents of ArgZnPc and
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ArgEZnPc are very similar. Figure 3B and 3C show the electronic absorption of ArgZnPc
and ArgEZnPc in water at various concentrations. The Q band absorption of them follows the
Lambert-Beer law strictly, which indicate that the aggregation form of them may have little

change as the concentration increase.

Dynamic-light-scattering experiments (DLS) are always used to demonstrate the
aggregation properties of the examined compounds[34]. Thus, to further studied the aggregation
properties of ArgEZnPc and ArgZnPc,DLS experiments were done subsequently. Figure 3D
and 3E show that ArgEZnPc has an average diameter of about 91.77 +3.21 nm, while ArgZnPc
has an average diameter of about 144.6 = 4.68 nm. The above results suggest that ArgEZnPc
has less aggregation potency than ArgZnPc. Besides, it should note that a diameter of about
1.84 = 0.10 nm can also be observed in Figure 3E for ArgZnPc, which can be attributed to
the monomer of it in water. This phenomenon is consistent with the electronic absorption of
ArgZnPc (Figure 3C), in which there is also a small amount of monomer absorption band at
about 680 nm.

Upon excitation at 610 nm, both the two ZnPcs showed very weak fluorescence
emission (data not shown). Since aggregates are well known for their low fluorescence, the
above fluorescence emission results can be attributed to the aggregation-induced fluorescence
quenching [35].

2.4. Photosensitizing properties

It is well known that ROSsis responsible for the tumor cells damage, and 'O,has been
proven to be the main cytotoxic agent ofPDT to cause biological effects. Thus, to evaluate
the photosensitizing efficiency of ArgZnPc and ArgEZnPc,the 'O, generation abilities of them
were measured by a steady-state method using ADPA as the scavenger.

As shown in Figure 4A, the absorbance intensity of ADPA at 378 nm was gradually
decreased with the prolonged light exposure time after irradiation of the mixture of ArgEZnPc
and ADPA which suggests the production of 'O,. Similar phenomenon can be detected after the
irradiation of the mixture of ArgZnPc and ADPA, but the absorbance intensity decreasing rate of
the ADPA is different (Figure 4B). As shown in Figure 4C, in water, the 'O, generation abilities
of ArgZnPc and ArgEZnPc are 4.34 x 10%(0.983) and 2.68 x 10 (R=0.981) respectively, at
the same conditions. The results show that the 'O, generation ability of ArgEZnPc is higher
than ArgZnPc, though both of them are highly aggregated in water. This may be due to that the
zeta potential of ArgEZnPc is higher than ArgZnPc, which results in the higher 'O, generation
ability [36].

Because photostability of PS is important for their applications as photocatalysts, [33,37
we studied the photobleaching properties of the two ZnPcs by recording the decrease in the
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intensity of the spectra (main Q band, Figure SA and Figure 5SB). After 180 s irradiations, the
Q band absorbance intensity of ArgEZnPc and ArgZnPc only show negligible decrease, which
indicates the good photostability of them (Figure 5C).

2.5. Cellular uptake

UV-Visspectrophotometry was used to study the uptakes of ArgEZnPc and ArgZnPc by
HeLa cells. Figure 6 shows the time-dependent cellular uptake percentage of the two PSs. It
can be seen that the uptakes of ArgEZnPc and ArgZnPc by HeLa cells increase gradually with
the increase of time. After incubation for 24 h, thecellular uptake of ArgEZnPc is significantly
higher than ArgZnPc, which is as high as 96%. This result may be again attributed to the
carried charge of the two PSs. It is well known that mammalian cell membranesare slightly
negatively charged, [38] thus positively charged ArgEZnPc and ArgZnPc can be attracted by
HeLa cells via electrostatic interactions, and then internalized through endocytosis. ArgEZnPc
carries more positive charges, thus shows higher cellular uptake extent compared to ArgZnPc.
Moreover, guanidine groups of ArgEZnPc can interact with cell membrane phospholipids
strongly through hydrogen bonds [39]. which may also enhance its cellular uptake efficiency.
In contrast, guanidine groups of ArgZnPc may prefer to form inner salt with carboxyl groups
through hydrogen bonds, therefore cannot interact with cell membrane phospholipids [40,41].
This may be another reason for the low cellular uptake extent of ArgZnPc.

2.6. Intracellular ROSs generation efficiency

In order to evaluate the photosensitizing efficiency of ArgZnPc and ArgEZnPc
at cell levels, the intracellular ROSs generation efficiency of them were studied [42]. The
intracellular fluorescence of control cells is weak and negligible, which may be the oxygen
metabolites (Figure 7A). ArgZnPc treated cells show enhance intracellular fluorescence
after light irradiation, which indicates the production of ROSs (Figure 7B). The intracellular
fluorescence of ArgEZnPc treated cells are the strongest (Figure 7C), indicating its effective
ROSs generation ability.

As shown in Figure 8, the ROSs generation efficiency is expressed as the ratio between
intracellular fluorescence intensity. It was found that ArgEZnPc is a good intracellular ROSs
generator, with the intracellular fluorescence intensity are about 2.3-fold higher than the
fluorescence intensity of ArgZnPc treated cells. This result is generally ingood agreement with
the results from the 'O, generation andcellular uptake studies, which also suggest the better in

vitro anticancer activity of ArgEZnPc compared to ArgZnPc.
2.7. Cell morphology
The anticancer activities of ArgEZnPc and ArgZnPc were firstly studied by observing
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the cell morphology changes using inverted microscope. It has been reported that the cell
morphology will change after PDT, and the anticancer activity of a drug is proportional to
the number of cells whose morphology have changed [43]. As shown in Figure 9A, the cell
morphology of control cells did not have obvious change after irradiation, which indicate that
the single light irradiation cannot damage cells. In contrast, after treatment with ArgEZnPc,
ArgZnPc and light irradiation at the same time, the HelLa cells changed significantly,
characterizing as cell shrinkage and cell scatter, membrane deformation, which indicated the
damage of cancer cells by photodynamic actions (Figure 9B and Figure 9C). Besides, cells
treated with ArgEZnPc showed more morphological changes compared to the cells treated
with ArgZnPc. This result indicates that ArgEZnPc would show good photocytotoxicity to
HeLa cells.

2.8. Hoechst 33342 staining

PDT process will damage tumor cells andinduce DNA destruction in nuclear of cancer
calls [43]. Thus, the photodynamic activities of PSs also can be judged from the nuclear
morphology changes of cells after PDT. To study the PDT induced cancer cell nuclear damage,
the cells were stained with Hoechst 33342. The chromatin fluorescence of ArgZnPc treated cells
stained dimly and occupied the majority of the cell, which is similar to the control cells (Figure
10A and Figure 10B). The result demonstrates that ArgZnPc may have low photocytotoxicity
to HeLa cells. On the contrary, the nuclear morphology of ArgEZnPc treated cells changed
significantly after irradiation, which is characterized as chromatin shrinkage, condensation,
and fragmentation. In addition, the chromatin fluorescence intensity is also enhanced. The

above phenomenonindicated the chromatin damage.
2.9. Subcellular localization

The subcellular localization of PSs can also determine the outcome of PDT [44,45].
Thus, the localization of ArgZnPc and ArgEZnPc were investigated using a co-location
experiments. As shown in Figure 11, the Lyso-Tracker caused fluorescence can superimpose
with the fluorescence caused by ArgEZnPc. The similar fluorescence line of ArgEZnPc and
Lyso-Tracker traced along with the white arrow in Figure 11B also confirms that ArgEZnPc
can target the lysosomes of HeLa cells. Though the intracellular fluorescence of ArgZnPc is
weak, the in situ fluorescence analysis results also show that it is located in lysosome (Figure
11B). In contrast, the fluorescence images of the two ZnPcs could not be merged with the Nu-
Tracker, which indicates that they are not localized in nucleus.

2.10. In vitro anticancer activity

The photodynamic activity of the two ZnPcs toward HeLa cells was studied using MTT
assay [46]. As the positively charged drugs often have more toxicity to normal cells than drugs

6



Biomedical Engineering

with negative and neutral charges, the dose-dependent cytotoxicity of ArgEZnPc and ArgZnPc
were studied in the first. As shown in Figure 12, in the range of experimental concentrations,
both of them are essentially noncytotoxic in the absence of light. However, upon irradiation
with 665 nm LED light for 5 min, ArgEZnPc exhibits high cytotoxicity with a cell survival
percentage of approximately 13.8% (Figure 13). This result is in accord with the previous
experimental results, which indicates that ArgEZnPc is a promising PS for PDT. Unfortunately,
though the cell survival percent decreased gradually with the drug concentration increasing,
the cell survival percentage of ArgZnPc treated cells is still as high as 89% after irradiation
for 5 min (Figure 13), which indicates ArgZnPc may be not an efficient PS for PDT. The poor
in vitro photocytotoxicity of ArgZnPc is also in line with its poor 'O, and intracellular ROSs
generation ability and low cellular uptake efficiency.

3. Conclusion

In summary, we have studied the charge properties, photobiological, photochemical
properties and invitro anticancer activities of two arginine substituted ZnPcsfor PDT. Both
ArgEZnPc and ArgZnPc are water soluble and positively charged in the pH range of 5-9 due
to their guanidine groups. ArgEZnPc exhibits high 'O, and intracellular ROSs generation
efficiency, as well as high cellular uptake, the values of which is as high as 96% after 24 h
incubation. It also shows preferentiallocalization in the lysosomes of the HeLa cells. Moreover,
upon irradiation, it exhibits excellent cytotoxicity towards HeLa cells. Nearly 90% cancer cells
were killed after treatment by ArgEZnPc and 5 min irradiation. However, ArgZnPc exhibits
poor photochemical and in vitro anticancer activity though it is also positively charged in a
wide pH range. This may be attributed to that the guanidine and carboxyl groups of it can
form inner salts, which weakens its activity. All these results show that the arginine substituted
ArgEZnPc 1s highly promisingPS for PDT.

4. Experimental Section
4.1. Materials and characteristics

All solvents and reagents wereof reagent grade and used as received unless otherwise
stated. The two arginine substituted zinc Pcs ArgZnPc¢ and ArgEZnPc¢ were prepared according
to the article [32].

Zeta potential and DLS were taken on Zetasizer Nano ZS90, Malvern. UV-Vis and
fluorescence spectra were measured on Cary 5000 spectrophotometer and Cary Eclipse
Fluorescence spectrophotometer, respectively. Cell morphology and fluorescence inside the
cells were monitored on a Nikon Ti Fluorescence microscope. Subcellular location studies
were measured on BIORAD MRC-1024 confocal laser scanning microscope. A 665 nm LED

(power density was 96 mW cm) lamp was used as light source. Illumination of5 min led to a
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totally fluence of 28.8 J cm™.
4.2. Zeta potential measurement

Zeta potentials were measured in solutions of different pH values (5-9) at room
temperature. The values represented mean + standard deviation (SD) of three separate
experiments. It should note that since the zeta potential is related to salts concentration, the
pH of the solutions was adjusted by NaOH (0.1%) and HCl (0.1%) solutions rather than buffer
solutions.

4.3.'0, detection

Disodium salt of 9, 10-anthracene dipropionic acid (ADPA) was used as the
scavenger for the detection of 'O,. ADPA can be bleached by 'O,, which can be monitored
spectrophotometrically by recording the absorbance intensity decrease at 378 nm. ZnPcs (5
uM) and ADPA (ca. 5.5 uM) were mixed and irradiated with a 665 nm LED light. The decrease
of ADPA at 378 nm was monitored every 30 s. After then, the 'O, generation ability of the Pcs
were calculated by the equation [47]:

in(ADPA/ADPA =kt

Where ADPA, and ADPA, are the concentrations of ADPA before and after irradiation,
respectively, # is the irradiation time, & is the 'O, generation ability.

4.4. Cell lines and culture conditions

The HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with fetal bovine serum (10%, v/v), streptomycin (0.1 mg-mL™"), sodium pyruvate
(110 mg-L"), L-glutamine (2 mM) and pyridoxine hydrochloride. Approximately 1x10°
cells per well in the media were inoculated in 96-well plates and incubated in a moisturized
atmosphere maintained at 37 °C in a 5.0% CO, atmosphere.

4.5. Intracellular ROSs detection

Intracellular ROSs generation of ArgZnPc and ArgEZnPc was measured by using 2°7°-
dichlorofluorescin diacetate (DCFH-DA) as the probe. DCFH-DA did not have fluorescence in
solution, while its oxidized form 2°7’-dichlorofluorescin (DCF) was highly fluorescent [48,49]
The intracellular ROSs production can be evaluated by recording the change of intracellular
fluorescence intensity. HeLa cells were seeded on 6-well cell culture plates at adensity of 1 x
10° cells per well. After incubation with the ZnPcs (4 uM) for 24 h, cells were incubated with
DCFH-DA (10 uM). 30 min later, the cells were washed with phosphatebuffered saline (PBS)
three times and irradiated with 665 nm LED for 5 min. After then, fluorescence of DCF was

detected using an inversed fluorescencemicroscope (Ex= 488 nm; Em=530 nm).
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4.6. Cellular uptake

Time dependent cellular uptake efficiency of ArgZnPc and ArgEZnPc¢ were investigated
as follows. HeLa cells with ArgZnPc and ArgEZnPc were incubated under the same
experimental conditions as mentioned above for certain time (2 h, 4 h, 6 h, 24 h) in the dark.
After then, the upper drug-containing medium was transferred in a 1 cm cuvette to measure
the absorption spectra. The cellular uptake amounts were calculated according to the standard

curves.
4.7. Cell morphology and Hoechst 33342 staining (nuclear morphology).

HeLa cells at adensity of 1 x 10° cells per well were seeded on 6-well plates. After 24 h
incubation, the cells were rinsed with PBS, and then incubated with ArgZnPc¢ and ArgEZnPc
for another 4 h. Then, the cells were irradiated with 665 nm LED for 5 min and incubated for
another 24 h. The cell morphology changes were observed under a fluorescence microscope.

Like the cell morphology measurement procedure, after washing by PBS, the Hela
cells were further treated with 5 mg-mL" Hoechst 33342 for 30 min in dark. The nuclear
morphology changes were also measured under a fluorescence microscope.

4.8. Subcellular location studies

HeLa cells were seeded on a cell culture plate at adensity of 1 x 10° cells per well. After
treatment with the solutions of ArgZnPc and ArgEZnPc (4 uM)for 12 h, the lysosomal tracker
(Lyso Tracker Green DND-26, 2 uM) or nuclear tracker (Hoechst 33342, 2 uM) was then
added and the cells were incubated for another 20 min. The cells were then washed with PBS
three times and viewed with confocal laser scanning microscope. ArgZnPc and ArgEZnPc
were excited at 633 nm and monitored at 650-750 nm. Lyso-Tracker was excited at 488 nm
and monitored at 510-570 nm, while Nu-Tracker was excited at 351 nm and monitored at 410-
500 nm. Thesubcellular localization of ArgZnPc and ArgEZnPc were revealed by comparing

the intracellular fluorescence images caused by the Trackers and the dyes.
4.9. In vitro PDT studies with tumor cells

HeLa cells at adensity of 5 X 10° cells per well were seeded on 96-well plates. 24 h later,
after being rinsed with PBS, HeL a cells were incubated with ArgZnPc¢ and ArgEZnPc (0, 1,
2, 3,4 uM) for 4 h. After then, the cells were irradiated with 665 nm LED for 5 min. Then, the
cells wereplaced back in the incubator for another 24 h. The cell viability was determined by

means of the colorimetric MTT assay [46].
4.10. Statistical analysis

All the experimental results presented in this article are given as mean result = SD
9



Biomedical Engineering

(standard deviation). Differences between the values were assessed using Student’s t-test and
considered significant at the P < 0.05 level. The results used in the paper were from three

independent experiments.
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Figure 3: (A) Electronic absorption spectra of ArgEZnPc and ArgZnPc (C=5x10° M). UV-Vis spectra of ArgEZnPc (B)
and ArgZnPc (C) at different concentrations (inset: plots the Q-band absorbance at 640 nm versus the concentration of
ArgEZnPc and ArgZnPc). DLS analysis of ArgEZnPc (D) and ArgZnPc (E).
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Figure 6: Cellular uptake of ArgEZnPc and ArgZnPc by HeLa cells versus incubation times (Data are expressed as
means + SD; *P<(.05; **P<0.01; ***P<0.001, ArgEZnPc vs. ArgZnPc)

Figure 7: Visualization of the intracellular fluorescence of HeLa cells after treatment by (A) control, without drugs
(B) ArgZnPc (C) ArgEZnPc and irradiation using DCFH-DA as the probe (Bar=100 uM)
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Figure 8: Effects of ArgEZnPc and ArgZnPc on intracellular ROSs generation (Data are expressed as means + SD;
*P<0.05, ***P<0.001 vs. control; control means that cells were treated without Pcs)
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Figure 9: Morphology of HeLa cells treated with/without drugs and irradiated with 665 nm light (A) control, without
drugs (B) ArgZnPc (C) ArgEZnPc (C=5%10° M; Bar=100 um)

Figure 10: Nuclear morphology of HeLa cells treated with/without drugs and irradiated with 665 nm light (A) without
drugs, control (B) ArgZnPc (C) ArgEZnPc (C=5%10° M; Bar=50 pm)
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Figure 11:

A) Visualization of intracellular fluorescence of HelLa cells using filter sets specific for ArgZnPc and

ArgEZnPc (in red), Nu-Tracker (in blue), Lyso-Tracker (in green) and the corresponding superimposed image. (B) in
situ fluorescence analysis of merged images trace along the white arrow.
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Figure 13: Concentration-dependent cytotoxicity of ArgEZnPc and ArgZnPc in the presence of light (Data are
expressed asmeans = SD; *P<0.05, **P<0.01, ***P<0.001 vs. control)
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