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Abstract

A non-toxic nano system using a cleverly designed dual light can be an important treatment

strategy in cancer therapy. Here, we propose a unique concept of synergistic non-toxic

nanoplatform, which operates with dual light. An apoferritin nano-platform whose surface was

modified with Verteporfin (Visudyne®) and with ultra-small CuS nanoparticles in the center

demonstrated the synergistic effect of photodynamic therapy (PDT) and photothermal therapy

(PTT). The synergistic effect of PDT and PTT were achieved with 808 nm laser light and 690 nm

LED light, respectively. These results not only give a new horizon to multifunctional

nanostructures for biological applications but also show a new way to design the novel PDT and

PTT agents.
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1. Introduction

As is known to all, cancer is one of the most dangerous and deadly diseases of today. In addition to

surgical intervention, chemotherapy is still the leading method used in cancer treatment. However, the

drugs used in chemotherapy are still not at the desired point in terms of their side effects.  Therefore,

drug designs with targeted and fewer side effects come to the fore. Choosing a treatment method

according to cancer type and location have become necessary in cancer treatment. While making this

choice, it has become increasingly important to develop personalized treatment methods to find the

most effective and least side effect method.  In this regard, photodynamic and photothermal

therapies have become the focus of increasing interest.  In both photodynamic therapy (PDT) and

photothermal therapy (PTT), the place where radiation is applied is generally targeted, and therefore

no extra targeting is o�en needed. One of the main problems in these two therapy methods is tissue

penetration of light. In PDT and PTT therapies, issues such as the formation of a hypoxic environment

and the heat conversion efficiency of light are the other main problems, respectively.  For such

reasons, synergistic strategies are becoming increasingly important.  Thus, problems will be

overcome with a synergistic approach and a better result will be obtained from the effects they have on

their own.

Ferritin nanoparticles are highly suitable platforms for biology applications as they are protein-

based structures and serve as iron storage units in most living organisms.  While the internal

cavities of apoferritin (Afrt) nanoparticles obtained from demineralization of ferritin nanoparticles are

used to encapsulate various molecules for applications such as biological imaging, drug release, their

outer surfaces are usually functionalized with various biological agents for purposes such as

targeting.

Gold nanoparticles are the leading nanoparticles used in PTT.  However, copper sulfide (CuS)

nanoparticles have also been frequently used in recent studies on PTT.  Wang et al. achieved to

synthesize ultrasmall CuS nanoparticles inside the cavity of Afrt nanocages by a biomimetic synthesis

method.  These nanocages showed strong near-infrared absorbance and high photothermal

conversion efficiency.

Verteporfin (VP) is a photosensitizer that produces singlet oxygen when excited with a 690 nm LED

light that has been clinically approved for the treatment of acute macular degeneration.  The

efficient singlet oxygen generation ability makes VP a good candidate as a PDT agent in cancer

treatment and several studies are also available.  In this study, we aimed to synthesize Afrt
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nanoparticles whose surfaces are functionalized with VP and have ultra-small copper sulfide (CuS)

nanoparticles in their inner cavity. Thus, while these nanoparticles acted as PTT agents by absorbing

808 nm laser light by ultra-small CuS nanoparticles, they also showed a PDT effect with VP

photosensitizer via absorption of 690 nm LED light. As a consequence, using two different wavelength

lights, we synergistically combined PTT and PDT therapies in a single nanoplatform, and in doing so we

used biocompatible Afrt nanocages as scaffolds. To the best of our knowledge, there is as yet no

example of a VP, Afrt, CuS nanoplatform which has a dual NIR-light PDT and PTT synergistic effect.

2. Results and discussion

The study started with the synthesis of Afrt-CuS nanoparticles with ultra-small CuS nanoparticles in

the internal cavity. These nanoparticles have been successfully synthesized before by Wang et al.

One of the main reasons why Afrt nanoparticles are chosen both as encapsulating CuS nanoparticles

and as a surface provider for binding of VP is that it shows good tumor uptake. Light-induced heat

generation ability makes CuS nanoparticles a good option for the PTT, however, o�en PTT or PDT may

not be able to exert the effect expected of them alone.  Therefore, in our design, we first encapsulated

the CuS nanoparticles with Afrt nanoparticles, then we functionalized the surfaces of these

nanoparticles with a PDT agent, VP. Thus, nanoparticles with both PDT and PTT effects were obtained

on the apoferritin nanoplatform and 808 nm (1.5 W cm ) laser and 690 nm LED light sources were used

simultaneously to activate these nanoparticles ( Fig. 1 ).  

Fig. 1 Synthesis and working principle of VP-Afrt-CuS nanoparticles. First, Afrt-CuS nanoparticles

have been synthesized with ultra-small CuS nanoparticles in the internal cavity. Second, the surface
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of Afrt-CuS nanoparticles has been functionalized with VP. 808 nm (1.5 W cm ) laser and 690 nm

LED have been used to obtain synergistic features of PTT and PDT.

Initially, VP-NHS (verteporfin succinimidyl ester) was synthesized via the transformation of the

carboxyl group present on the VP into N-hydroxysuccinimide ester using NHS/DCC coupling reaction

(Fig. S4 † ). Then the surface lysines of Afrt nanocages were utilized for the functionalization of surfaces

of Afrt-CuS nanoparticles with VP ( Fig. 2 ). The size distribution of Afrt-CuS nanoparticles and VP-Afrt-

CuS nanoparticles was measured from dynamic light scattering (DLS) analysis, with average diameters

of 12.3 nm and 83.8 nm, respectively, indicated a slight increase in size a�er VP functionalization of

Afrt-CuS nanoparticles (Fig. S1 †  and Fig. 2b ). Additionally, their zeta potentials have been found as

−42.6 mV and −32.9 mV (pH = 7.0) respectively (Fig. S2 and S7 † ). A slight aggregation was observed in

SEM images for both Afrt-CuS and VP-Afrt-CuS nanoparticles ( Fig. 2a  and Fig. S3 † )

Fig. 2 (a) SEM image of VP-Afrt-CuS nanoparticles stained with 2% uranyl acetate. (b) The size

distribution of VP-Afrt-CuS nanoparticles.

To assess the PDT effect of VP-Afrt-CuS nanoparticles, 1,3-diphenylisobenzofuran (DPBF) was used

as a singlet oxygen trap and VP-Afrt-CuS nanoparticles were first exposed to 690 nm LED light in the

presence of trap molecule in DMSO. During the irradiation with the LED lamp, the decrease in the

absorbance of the trap molecule was monitored ( Fig. 3b ). The same measurement was then repeated

using an 808 nm (1.5 W cm ) laser instead of a LED lamp ( Fig. 3a ). Finally, the measurement was

repeated by simultaneously exposing the VP-Afrt-CuS nanoparticles to the 808 nm (1.5 W cm ) laser

−2

−2

−2

https://pubs.rsc.org/image/article/2021/RA/d0ra09954f/d0ra09954f-f2_hi-res.gif


6.05.2022 10:19 Nanopart�cles w�th PDT and PTT synerg�st�c propert�es work�ng w�th dual NIR-l�ght source s�multaneously - RSC Advances (R…

https://pubs.rsc.org/en/content/art�clehtml/2021/ra/d0ra09954f 5/16

and 690 nm LED light ( Fig. 3c ). As we expected, due to the VP molecules present on the surfaces of the

VP-Afrt-CuS nanoparticles, these nanoparticles showed good singlet oxygen production properties

when exposed to only 690 nm LED light and both 808 nm (1.5 W cm ) laser and 690 nm LED light, and

the results were close to each other. However, VP-Afrt-CuS nanoparticles exposed only to 808 nm (1.5

W cm ) laser light produced much less singlet oxygen, since the maximum absorbance of VP was 690

nm.

Fig. 3 (a) Decrease in the absorbance of DPBF in the presence of 22.5 mg mL  VP-Afrt-CuS

nanoparticles (total volume 250 µL) at 416 nm in DMSO a�er irradiated with 690 nm LED. (b)

Decrease in the absorbance of DPBF in the presence of 22.5 mg mL  VP-Afrt-CuS nanoparticles

(total volume 250 µL) at 416 nm in DMSO a�er irradiated with 808 nm (1.5 W cm ) laser. (c) Decrease

in the absorbance of DPBF in the presence of 22.5 mg mL  VP-Afrt-CuS nanoparticles (total volume

250 µL) at 416 nm in DMSO a�er irradiated with 808 nm (1.5 W cm ) laser and 690 nm LED,

simultaneously. Inset: irradiation of VP-Afrt-CuS nanoparticles with 808 nm (1.5 W cm ) laser and

690 nm LED, simultaneously.
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As for the PTT properties of the VP-Afrt-CuS nanoparticles, the nanoparticles were first exposed to

only 808 nm (1.5 W cm ) laser light at different times in PBS (pH = 7.4), and the temperature changes in

the solution were monitored with a thermal camera (Testo IR) ( Fig. 4 ). Once the results are compared

with temperature changes of PBS solution, VP-Afrt-CuS nanoparticles were significantly more heated

when exposed to 808 nm (1.5 W cm ) laser light. The nanoparticles were exposed to 690 nm LED lamp

alone, but this lamp did not show any PTT property. Accordingly, VP-Afrt-CuS nanoparticles have an

apparent PTT feature. Thus, by individual experiments, it was understood that VP-Afrt-CuS

nanoparticles have both PDT and PTT properties at 690 nm and 808 nm wavelength lights, respectively.

Fig. 4 Temperature increase of VP-Afrt-CuS nanoparticles at different concentrations in PBS (pH =

7.4) a�er irradiation with 808 nm (1.5 W cm ) laser for various times. Inset: thermal camera image of

VP-Afrt-CuS nanoparticles (10 mg mL ) a�er irradiation with 808 nm (1.5 W cm ) laser for 450

second.

In the current study, VP-Afrt-CuS nanoparticles (with or without LED and laser) has been assessed

for their cytotoxicity in MDA-MB-231 cells. The cells were treated with different concentrations of VP-

Afrt-CuS solutions and cytotoxicity was determined using the XTT assay. As shown in Fig. 5a , no

cytotoxicity was observed in the VP-Afrt-CuS nanoparticles only group. However, a�er the treatment of

VP-Afrt-CuS nanoparticles, LED or laser irradiation significantly decreased cell viability in a

concentration-dependent manner. As expected, combined irradiation of LED and laser resulted in

higher cytotoxicity when compared with LED or laser alone.
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Fig. 5 In vitro cytotoxicity experiments. Relative viability of MDA-MB-231 (a) and L929 (b) cells

incubated with various concentrations of VP-Afrt-CuS nanoparticles for 24 h with or without

irradiation by LED, laser, or LED + laser. Cell viability was examined using the XTT assay and results

are expressed as mean ± SD in triplicate.

To evaluate whether VP-Afrt-CuS nanoparticles exhibit selective cytotoxicity between normal and

cancer cells, L929 cells were exposed to VP-Afrt-CuS at 0.5–10 µM concentrations for 24 h. XTT data

revealed that while VP-Afrt-CuS nanoparticles alone did not show any cytotoxicity, especially laser

irradiation and combined application of LED and laser showed moderately cytotoxic activity against

L929 cells when compared to the cancer cells ( Fig. 5b ). This data suggested that VP-Afrt-CuS

nanoparticles alone, with LED or with LED and laser have a significantly low cytotoxic effect towards

the L929 cells may have importance in preventing severe side effects in cancer treatment.

Moreover, the total oxidant status (TOS) is among the diverse parameters used in the estimation of

oxidative stress and it is frequently used to evaluate the overall oxidation state of the body.  In light

of these data, the effect of VP-Afrt-CuS nanoparticles on TOS of MDA-MB-231 cells was determined

using the TOS assay kit. TOS values were calculated as 1.79 ± 0.76%, 1.91 ± 0.91, 2.33 ± 1.01, 2.88 ± 0.77,

13.21 ± 0.98, 3.08 ± 1.11, and 14.3 ± 0.45 in control, control LED, control laser, control LED + laser, VP-

Afrt-CuS LED, VP-Afrt-CuS laser, and VP-Afrt-CuS LED + laser groups, respectively ( Fig. 6 ). These

results revealed that VP-Afrt-CuS treatment following LED or LED + laser irradiation significantly
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increased TOS levels in MDA-MB-231 cells supporting their cytotoxic effects. These data are also

confirmed the PDT experiments.

Fig. 6 LED, laser, and LED + laser irradiation following VP-Afrt-CuS treatment increased the total

oxidant status (TOS) of MDA-MB-231 cells. Values are mean ± SD of three samples of the medium

from wells containing MDA-MB-231 cells.

TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP notch end labeling) is the preferred

and frequently used method for rapid identification and quantification of apoptotic cell fraction in

cultured cell preparations.  Apoptosis, called programmed cell death, is a selective process that

occurs to maintain homeostasis during normal and abnormal processes. In cancer research, it is

essential to selectively destroy cancer cells, protect healthy cells, and lack an inflammatory response.

Therefore, demonstrating apoptotic cancer cells in studies adds value to anticancer treatment

approaches.  In this study, TUNEL stained cells in the cell fraction with and without apoptotic

morphology were marked. Thus, it was aimed to determine the effectiveness of the VP-Afrt-CuS

nanoparticles used in the MDA-MB-231 cancer cell line. MDA-MB-231 cells (10 × 10  cells per well) were

grown on 6-well plates in the medium previously described.  The cells were incubated for 24 h

a�er a, b, c, d, e, f, g procedures, and they were photographed under a light microscope at the end of

the incubation ( Fig. 7 , a–g bright field (BF)). In the light microscopy photographs, non-apoptosis-

resistant MDA-MB-231 cells show smooth cell membrane, cytoplasm, and nuclear membrane

morphology similar to those in the group a, while groups of cells undergoing apoptosis are observed as

dark black and small cells. It is observed in the morphological structure characterized by an increasing

number of nuclei clusters in groups b, c, d, e, f, and g. Twenty-four hours a�er processing the cells, TdT-

mediated dUTP X notch end labeling (TUNEL) positive cells were identified by In Situ Cell Death

Detection Kit, Fluorescein (Roche, Sigma Aldrich; Merck KGaA) according to the manufacturer's

instructions. The cell image was photographed using a fluorescence microscope a�er counterstaining

with 1 µg mL  4′,6-diamidino-2-fenilindol (DAPI) dye.
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Fig. 7 MDA-MB-231 cells were treated with different concentrations of VP-Afrt-CuS nanoparticles and

irradiated NIR laser (808 nm, 1.5 W cm ) and/or LED lamp (690 nm) for various times. (a) Control

group, (b) control group + 690 nm LED (3 min), (c) control group + 808 nm laser (1 min), (d) control

group + 690 nm LED (3 min) + 808 nm laser (1 min), (e) VP-Afrt-CuS NPs + 808 nm laser (1 min), (f) VP-

Afrt-CuS NPs + 690 nm LED (3 min), (g) VP-Afrt-CuS NPs + 808 nm laser (1 min) + 690 nm LED (3 min).

With TUNEL/DAPI double staining, apoptotic cells appear with green fluorescent staining, and cell

nuclei appear in blue fluorescence with DAPI staining. As seen in Fig. 7 , in the group a, few cells appear

apoptotic and nuclear morphology begins to deteriorate. Apoptotic cells gradually increase in groups

b, c, d, the increase is greater in groups e and f, and apoptosis is observed in many cells in group g.

Based on in vitro experiments with MDA-MB-231 breast cancer cells, most apoptosis was detected in

group g, where laser and LED were used together. This result supports that LED and laser have

synergistic effects together, and PDT and PTT occur at the same time.

3. Conclusions
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In summary, we have successfully described an Afrt and CuS based nanoplatform with a useful PTT

and PDT synergistic effect. Accordingly, for the PTT feature, Afrt-CuS nanoparticles were synthesized

by forming CuS nanoparticles in the inner cavities of the bio-based Afrt nanoparticles. Then, for PDT

feature, the outer surfaces of Afrt-CuS nanoparticles were functionalized with VP. Thus, these two

features were obtained simultaneously with two different light sources. More importantly, the

synergistic effect of PDT and PTT was achieved on a biologically based nanoplatform.

The present work not only shows the synthesis of rationally designed new nanoplatform but it also

inspires novel nanomaterials working with the dual light source. So these nanoparticles have great

potential especially for the treatment of melanoma or cancer types just below the skin. The outcomes

from this study will be extremely useful for PDT and PTT used in clinical medical applications and

cancer therapy.

4. Experimental

4.1 Synthesis of VP-NHS ester

VP-NHS ester was prepared as described by Kuimova et al. with slight modification.  N-

Hydroxysuccinimide (6 mg, 0.0522 mmol) and DCC (12 mg, 0.0582 mmol) were added to the solution of

Verteporfin (12 mg, 0.0168 mmol) in anhydrous THF (7 mL) respectively. The reaction mixture was

stirred overnight under argon and then it was evaporated. The residue was purified by column

chromatography on silica gel using ethyl acetate as mobile phase (R  = 0.74, 70%).

4.2 Synthesis of Afrt-CuS nanoparticles

Afrt-CuS nanoparticles were also synthesized according to literature with slight modification.  250

µL, 25 mM copper(II)chloride solution was added to 0.5 mL, 1 mg mL  apoferritin solution and stirred

for 20 min at room temperature. Then the mixture was purified by filtration through a 10 kDa cutoff

filter. The 0.1% sodium acetate solution was used as eluent. A�er that, 0.25 mL, 25 mM Na S solution

was added to this purified solution and stirred at 60 °C for 25 min. Then the mixture was transferred to

an ice bath and waited for 20 min. A�er that, the product was purified with filtration through a 10 kDa

cutoff filter and it was kept in the refrigerator at +4 °C for later use.

4.3 Synthesis of VP-Afrt-CuS nanoparticles

VP-Afrt-CuS nanoparticles were prepared by conjugation of the VP-NHS ester to the surface lysine of

the Afrt-CuS nanoparticles. In brief, VP-NHS ester solution (1 mg in 75 µL DMSO) was added to the

solution of 10 mg Afrt-CuS nanoparticles in 1 mL PBS (pH 7.4) and the mixture was gently stirred for
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three hours at room temperature. Then the mixture was passed through a NAP-5 column to get rid of

unreacted VP-NHS ester. A�er that the product was further purified with filtration through a 10 kDa

cutoff, and redissolved in the ultrapure water with sonication for use.

4.4 Determination of PDT properties of VP-Afrt-CuS nanoparticles

For the determination of PDT properties of VP-Afrt-CuS nanoparticles, 1,3-diphenylisobenzofuran

(DPBF) was used as a singlet oxygen trap molecule. For this purpose, a�er taking separate

measurements with 808 nm (1.5 W cm ) laser and 690 nm LED lamp, the measurement was repeated

using both light sources simultaneously. In a typical procedure used 808 nm (1.5 W cm ) laser as a

light source, VP-Afrt-CuS nanoparticles and trap molecule were mixed in DMSO. Before laser

irradiation, initially, several dark measurements were taken. Subsequently, the DMSO solution was

exposed to 808 nm (1.5 W cm ) laser light at various times. Absorbance decrease of trap molecule was

monitored suggesting singlet oxygen generation in the presence of light.

4.5 Determination of PTT properties of VP-Afrt-CuS nanoparticles

Since the LED lamp has no PTT effect on VP-Afrt-CuS nanoparticles, experiments were carried out

using only 808 nm (1.5 W cm ) wavelength laser as the light source. So, PBS (pH = 7.4) solutions

containing VP-Afrt-CuS nanoparticles at different concentrations were exposed to 808 nm (1.5 W cm )

laser light for various times, and temperature changes in PBS (pH = 7.4) solutions were monitored by a

thermal camera (Testo IR). As a control experiment, only PBS (pH = 7.4) solution was exposed to laser

light for various times and temperature changes were also monitored by a thermal camera.

4.6 Cell lines and cell culture

Human breast cancer cells MDA-MB-231 (HTB-26) and mouse fibroblast cells L929 (CRL-6364) were

obtained from American Type Culture Collection (ATCC, USA). DMEM (Sigma-Aldrich) was used for the

growth of MDA-MB-231 and L929 cells and it was supplemented with 10% Fetal Bovine Serum (FBS)

(Gibco, Thermo Fisher Scientific), 1% L-glutamine (Sigma-Aldrich) and 1% penicillin/streptomycin

(Gibco, Thermo Fisher Scientific) antibiotic mixtures. Cells were cultured at 37 °C within 5% CO

humidified atmosphere. VP-Afrt-CuS nanoparticles were dissolved in DMSO and it was further diluted

with DMEM prior to treatment with a final percentage of DMSO less than 0.1%. The VP-Afrt-CuS

nanoparticles-untreated cells were also exposed to DMEM containing 0.1% DMSO.

4.7 Cytotoxicity assay
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Effect of different concentrations of VP-Afrt-CuS nanoparticles on MDA-MB-231 cell viability (a�er

treatment with 690 nm LED, 808 nm (1.5 W cm ) laser or 690 nm LED + 808 nm (1.5 W cm ) laser) was

evaluated the XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay

(Roche). The cells were seeded in 96 well plates at a density of 1 × 10  cells per well in 100 µL DMEM

culture media and later incubated overnight before treatment. The next day, the cells were treated with

VP-Afrt-CuS nanoparticles at different concentrations (10, 5, 2, 1, 0.5 µg mL ) for 24 h. A�er

incubation, the media containing different concentrations of VP-Afrt-CuS nanoparticles were removed,

the wells were washed twice with PBS and 100 µL of fresh DMEM was added to the wells. A�er laser and

LED application ((690 nm LED (3 min), 808 nm (1.5 W cm ) laser (1 min) or 690 nm LED (3 min) + 808

nm (1.5 W cm ) laser (1 min)) the cells were incubated for another 24 h. The media containing different

concentrations of VP-Afrt-CuS nanoparticles was then removed, the wells were washed twice with PBS

and 100 µL of colorless DMEM plus 50 µL of XTT mixture solution was added to each well and incubated

for 4 h. Finally, the absorbance was determined using an ELISA microplate reader (Thermo) at 450 nm

and the cell viability was evaluated as a viable cell amount percent compared to control, as untreated

cells.

4.8 Measurement of Total Oxidant Status (TOS)

TOS in different groups of cells was determined using the Total Oxidant Status Assay Kit (Rel Assay

Diagnostics, Gaziantep, Turkey). MDA-MB-231 cells were treated with VP-Afrt-CuS nanoparticles and

incubated for 24 h. A�er incubation, the media containing different concentrations of VP-Afrt-CuS

nanoparticles were removed, the wells were washed twice with PBS and 3 mL of fresh DMEM was

added to the wells. A�er that, laser, LED or laser + LED applications to the cells were performed and for

measured the TOS in various groups manufacturer's protocol was followed. The results were presented

in µmol H O  equivalent per L (µmol H O  equiv. per L).

4.9 Apoptosis study by fluorescence microscopy

The TUNEL (Roche, Germany) procedure applied in our study was carried out as specified by the

manufacturer.  Briefly, MDA-MB-231 breast cancer cell line was seeded on sterile coverslips placed

in 6-well plates at 10 × 10  cells each well. Groups were then formed as indicated in the “Total Oxidant

Level (TOS) Measurement” section, and the cells were treated in the same way. The media on the

coverslips was removed, washed twice with PBS, and air dry. Freshly prepared 4%

paraformaldehyde/PBS (Sigma, Germany) was fixed at pH 7.4 at room temperature for 60 min and

washed again with PBS. The cells were infused in freshly prepared Triton X-100 in 1% sodium citrate at

2–8 °C for 2 min. Negative controls were treated with 50 µL label solution. The enzyme solution in the
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kit was mixed with the label solution and incubated. Before applying the prepared mixture to the

positive controls, 10 min in micrococcal nuclease or DNase 1 recombinant solution (50 mM Tris–HCL,

pH 7.5, 3000 U/mL-3 U/mL in 1 mg mL  BSA) to detect DNA breaks was suspended. Cells that had been

passed through PBS twice were then applied to each sample with 50 µL of TUNEL blend solution (label

and enzyme solution mixture) and incubated at 37 °C in humid dark for 60 min. Groups were washed 3

times with PBS-Triton-X. The TUNEL was stained with 4′6′-diamidine-2-phenyl-indole dihydrochloride

(DAPI) (200 nm mL ) for 5 min to observe core morphology a�er staining. The cells were rewashed

with PBS-Triton-X 100 and examined under a fluorescence microscope. The coverslip we placed under

the culture plate on the slide was carefully inverted (Olympus BX51 Japan). TUNEL staining of all

groups was evaluated by making negative controls. In each groups, cells marked as apoptotic with

TUNEL were scored twice by two different histologists; 3 areas were semi-quantitatively identified and

photographed from appropriate areas.
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