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A B S T R A C T

Late diagnosis is one of the major obstacles for the treatment of breast cancer which can be overcome with a 
system offering sensitive imaging and selective therapeutic effect. In this study, we developed a “dark-bright” 
multifunctional drug delivery system bringing real-time imaging and non-invasive therapy together. Theranostic 
ability of the system was delivered by Verteporfin (VP), serving as a fluorescence probe and a photosensitizer. To 
create a “dark state” system via self-quenching ability of VP, it was immobilized onto the superparamagnetic iron 
oxide nanoparticle (SPION) surface. Upon cellular uptake of the “dark state” system, release of VP led to fluo
rescence regain, switching the system to “bright state” after which photodynamic therapy (PDT) was initiated to 
lead to cell death. Theranostic feature of the system was evaluated in MCF-7 and MDA-MB-231 cell lines. 
Following internalization, fluorescence signal was increased up to ~56-fold in MCF-7 cells. The IC50 value 
decreased ~20-fold and ~117-fold in MCF-7 and MDA-MB-231 cell lines, respectively. Moreover, the system 
significantly inhibited migration in the highly aggressive MDA-MB-231 cell line and induced apoptosis by 
caspase-3 activation. The developed “dark-bright” system is a promising multifunctional drug delivery vehicle 
with extraordinary theranostic features for the detection and destruction of micro tumors.

1. Introduction

Breast cancer is the most common cancer in women with 2.3 million 
new cases resulting in approximately 700,000 deaths each year [1]. The 
first-line treatment modalities are surgery, radiotherapy, chemotherapy 
and hormone-based therapies [2]. Although current treatment protocols 
aid a substantial proportion of patients, particularly in aggressive cases 
these treatments are not successful due to leftover and/or resistant cell’s 
ability to trigger recurrence and/or metastases of the disease[3]. 
Moreover, breast cancer’s heterogeneous nature and high prevalence 
demonstrates the need for enhanced therapeutic strategies that both 
increase efficacy and minimize off-target effects. Hence, development of 
new methods with high sensitivity and enhanced selectivity to acquire 
precise detection and efficient treatment is crucial.

Starting from 2010, multi-functional systems called “theranostics” 
have emerged as exceptional platforms offering diagnosis and treatment 
concomitantly [4,5,6,7,8]. Cancer nano-theranostics possess the 

potential to address challenges associated with the management of 
heterogeneous and aggressive solid tumors [9,10]. Besides, targeting 
and controlled drug release can be accomplished by surface modifica
tion of theranostic nanoparticles making them attractive agent for can
cer treatment [11,12,13]. Therefore, the number of studies investigating 
nanoparticle-based theranostic systems which combine multiple imag
ing techniques and/or treatment methods was tremendously amplified 
some of which were transferred to clinical studies 
[14,15,16–17,18,5,19,20,21]. Several clinical trials for local and/or 
metastatic breast cancer have been successfully completed and many 
other promising studies are still in progress (NCT01730833, 
NCT00662129, NCT00629499, NCT00110695, NCT00915369, 
NCT00609791). Despite the tremendous progress, the ability of thera
nostic systems to detect and destroy micro tumors is still limited causing 
residual and/or drug-resistant micrometastatic tumors to escape from 
diagnosis and treatment. Therefore, novel theranostic agents should be 
developed for precise diagnosis and effective treatment to remove 
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residual and drug resistant micrometastatic tumors.
Among several nanoparticle-mediated theranostic systems, super

paramagnetic iron oxide nanoparticles (SPION) are preferred due to 
their high surface/volume ratio, high specific absorption rate, and low 
toxicity [22]. The ease of modifying their surface with antibodies, 
aptamers, fluorescent agents, chemotherapeutic drugs and/or photo
dynamic therapy (PDT) agents makes SPION a favorable vehicle for 
theranostics.

PDT is a minimally invasive and local treatment method that uses 
visible or near-IR radiation to activate the photosensitizer to destroy 
malignant cells. Compared to conventional cancer therapies, PDT is 
advantageous due to its selectivity and short recovery time with mini
mum side effects [23,24]. Briefly, as the photosensitizer is activated by 
radiation, free radicals and/or singlet oxygen are generated, leading to 
apoptosis, necrosis or autophagy [25,26,27]. Besides, photosensitizers 
can serve as a fluorescent probe to visualize tumor tissue and to follow 
up the treatment [28,29]. Among several photosensitizers, FDA 
approved porphyrin derivative Verteporfin (VP) enables deep tissue 
penetration due to its strong absorption and emission (690 nm) in the 
visible region of the electromagnetic spectrum and its short circulation 
time (~5–6 h) offers a safe treatment with minor side effects [30,31,32].

Here we present a nanoscale “dark-bright” theranostic system 
composed of two major constituents: VP, serving as a fluorescence probe 
and photosensitizer, and SPION as a drug delivery vehicle. Proximity of 
VP molecules conjugated on the SPION surface results in fluorescence 
self-quenching and the system is designated as a “dark state“. When the 
theranostic system is internalized by the target cell, VP molecules are 
released from the SPION surface through lysosomal cleavage yielding 
fluorescence signal recovery. As the fluorescence is restored the system 
shifts to “bright state”. The “bright state” is a sign to initiate the treat
ment and imaging. The developed multifunctional “dark-bright” system 
offers sensitive dual imaging (fluorescence and MR imaging) and 
effective dual therapy (PDT, hyperthermia) for cancer (Fig. 1).

2. Materials and Methods

2.1. Materials

Unless otherwise stated, all reagents and disposables were purchased 
from commercial sources. VP (≥94 %), N-Hydroxysuccinimide (NHS), 
Thiazolyl blue tetrazolium bromide (98 %) (MTT) and Amicon ultra 

centrifugal filter (50 kDa) were purchased from Sigma Aldrich. Human 
breast cancer cell lines (MCF-7, MDA-MB-231) and mouse fibroblast cell 
line (NIH/3T3) were purchased from ATCC (American Type Culture 
Collection). N-ethyl-N’-(3-dimethylaminopropyl)-carboimide (EDC) 
was purchased from Acros. Dulbecco’s Modified Eagle’s Medium 
(DMEM) with high glucose, DMEM with high glucose/without phenol 
red, Fetal Bovine Serum (FBS), Bovine Calf Serum (BCS), Dulbecco’s 
Phosphate Buffered Saline (DPBS) w/o Ca-Mg, DPBS w/Ca-Mg, Peni
cillin/Streptomycin Solution and 0.5 % Trypsin EDTA (10X) were pur
chased from Gibco. Bcl-2 (Rabbit mAB 4223), Bax (Rabbit mAb 5023) 
and β-actin (Rabbit mAb 4970S) were purchased from Cell Signaling 
Technology. HRP conjugated secondary antibody (Goat anti-rabbit IgG) 
and Hoechst 33258 (Pentahydrate (bis-Benzimide)) were purchased 
from Invitrogen. Calcein AM and Propidium Iodide (PI) were obtained 
from eBioscience and Genaxxon Bioscience, respectively. The caspase-3 
activity was determined using Elabscience E-CK-A311 caspase-3 detec
tion kit. Spectrophotometric analyses were performed on a microplate 
reader (Molecular Devices, Spectramax i3). Hydrodynamic size of the 
nanoparticles was measured using dynamic light scattering (DLS) 
(Zetasizer Nano-ZS, Malvern Instruments, Malvern, UK). As a light 
source for PDT, a 150 W QTH lamp equipped with a 610 nm long-pass 
filter and liquid light guide was used. A power meter, purchased from 
Newport, was used to measure the power of light. Confocal images were 
taken with 20x objectives on a Zeiss LSM800 confocal microscope (Carl 
Zeiss). Trans-Blot Turbo semi-dry transfer system, Mini-Protean Tetra 
vertical electrophoresis system and ChemiDoc gel documentation sys
tem were used for western blot analysis (Bio-Rad). Magnetic nano
particles were analyzed with The JEOL JEM 2100 PLUS (200 kV LaB6) 
transmission electron microscope (TEM). X-ray diffraction (XRD) ana
lyses were performed on Bruker D8 Advance and VSM analysis were 
conducted on a Lake Shore 7404 magnetometer.

2.2. Cell culture

MCF-7 cells were maintained in DMEM supplemented with 1 % 
penicillin/streptomycin (100 U/mL penicillin, 100 g/mL streptomycin), 
0,1% insulin (0,01 mg/mL insulin) and 10 % FBS. MDA-MB-231 cells 
were cultured in DMEM supplemented with 1 % penicillin/streptomycin 
(100 U/mL penicillin, 100 g/mL streptomycin) and 10 % FBS. NIH/3T3 
cells were cultured in DMEM supplemented with 1 % penicillin/strep
tomycin (100 U/mL penicillin, 100 g/mL streptomycin) and 10 % BCS. 

Fig. 1. A) Work flow of the designed study. B) Working principle of “dark-bright” system offering dual imaging and dual therapy.
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All cells were incubated at 37 ◦C in a humidified atmosphere of 95 % / 5 
% air/CO2 and subcultured twice weekly.

2.3. Characterization of SPION

2.3.1. Transmission electron microscopy (TEM)
The size and morphology of the magnetic nanoparticles synthesized 

via the coprecipitation method [33] were analysed using a TEM. The 
aqueous nanofluids were dropped onto 200 mesh copper TEM grids and 
allowed to dry under ambient conditions. The mean size and size dis
tribution of the nanoparticles were subsequently obtained by measuring 
the long and short axes of 100 different nanoparticles in TEM images 
using ImageJ.

2.3.2. X-ray diffraction (XRD)
The crystal structure and phase identification of the synthesized 

magnetic nanoparticles were determined through XRD. Analyses were 
conducted at room temperature, with scans performed within the range 
of 20–70 2θ on powder form samples. Subsequently, phase determina
tion was carried out by comparing the positions and relative intensity 
ratios of the peaks present in the obtained diffraction patterns with those 
of reference patterns.

2.3.3. Vibrating sample magnetometer (VSM)
A vibrating sample magnetometer (VSM) was utilized to determine 

the magnetic properties of the synthesized magnetite nanoparticles. The 
corresponding measurements were conducted at room temperature 
within the range of ± 20 kOe field intensity using the samples in powder 
form and the magnetic behavior and saturation magnetization of the 
samples were subsequently determined.

2.4. Surface modification of SPION with Verteporfin

SPION (1.00:0.66:0.66; Fe:PEG400:PEI) was synthesized as detailed 
in our recent publication [33]. The surface of the SPION (1 mL, 600 
µgFe/mL) was modified with 100 nmol VP. VP:EDC:NHS in 1:7.5:3.15 
mol ratios were dissolved in ~ 100 µL 10 % DMSO (aq) solution. The pH 
of the solution was brought up to 8–9 using 1 M Triethylamine and the 
reaction mixture was left overnight at 37℃. The centrifugal filtration 
(50 kDa Amicon Ultra Filter) at 3500 rpm for 5 min at 4℃ was per
formed twice. VP and SPION concentrations in the theranostic system 
were spectroscopically determined employing Beer-Lambert Law at 690 
and 305 nm. Hydrodynamic size and zeta potential of the VP-SPION 
were measured using DLS at a 173◦ scattering angle with a 4-mW He– 
Ne laser at room temperature.

2.5. Assessment of fluorescence quenching of the theranostic system

Three groups were used to evaluate the fluorescence quenching of 
the system: i) VP-SPION, ii) VP and iii) SPION + VP (mixture). Each 
group had 500 nM VP in 1 % DMSO solution in phenol red free medium. 
Fluorescence spectrum of each solution was recorded at 465–750 nm 
(ex. at 440 nm) with 5 nm intervals. Quenching factors (QF1 and QF2) 
were calculated using the formulas below:

QF1 = Fluorescence Intensity of Mixture/Fluorescence Intensity of 
VP-SPION

QF2 = Fluorescence Intensity of VP/ Fluorescence Intensity of VP- 
SPION

2.6. Determination of hemolytic activity

For the assessment of hemolytic activity against SPION and VP- 
SPION, the hemolysis assay was conducted by modifying the method 
described by Chen et al. [34]. Briefly, a 5 mL full blood sample that is 
derived from three different volunteers centrifuged at 3500 rpm for 5 
min. Red blood cells (RBCs) were washed three times with PBS (pH 7.4) 

and diluted with PBS in 1:10 vol ratio. The diluted RBCs were incubated 
with SPION and VP-SPION with final concentrations ranging from 0.5 
μgFe/mL to 100 μgFe/mL at 37 ◦C for 1 h. Triton X-100 (1 % v/v) and 
RBCs in PBS were used as positive control and negative control, 
respectively. After the incubation period, the samples were centrifuged 
at 14,800 rpm for 30 min to remove RBCs from the solution. The ab
sorption of supernatants was measured at 541 nm using a microplate 
reader.

The percentage of hemolysis was calculated according to the 
following equation: 

Hemolysis % =(Test well − Negative Control /Positive Control
− Negative Control) × 100 

2.7. Assessment of cellular internalization of the theranostic system

100,000 NIH/3T3 and 200,000 MCF-7 cells in 1.5 mL DMEM were 
seeded into 35 mm glass-bottom petri dishes and allowed to adhere for 
24 h. The cells were incubated with 500 nM VP and equimolar amounts 
of VP containing SPION conjugate for 0, 6 and 24 h. Intracellular fluo
rescence intensity at 0 h was compared to fluorescence intensity at each 
time period to determine the optimum incubation time to initiate PDT. 
The cells were stained with Hoechst 33258 and images were captured 
using appropriate filters for Hoechst (ex/em: 352/461 nm) and VP (ex/ 
em: 488/590 nm).

2.8. Cytotoxicity assay

Toxicity of VP, SPION, and VP-SPION towards selected cell lines 
were investigated using MTT assay. 7,000 NIH/3T3, 15,000 MCF-7 and 
7,000 MDA-MB-231 cells per well were seeded into a 96-well plate and 
allowed to adhere for 24 h. The cells were separately incubated with 
75–1200 nM VP, 0.5–100 µgFe/mL SPION, and VP-SPION having 
75–1200 nM VP. Following 24 h of incubation, 5 µL MTT solution (5 mg/ 
mL in PBS) was added to each well and incubated for 3 h. The cell 
culture medium was discarded and the formazan products were dis
solved in 200 µL DMSO. The optical density was measured at 570 nm. 
The relative cell viability (%) was normalized with the untreated (100 % 
viable) and Tween-20 treated (0 % viable) control groups.

2.9. Phototoxicity assay

MCF-7, MDA-MB-231 and NIH/3T3 cells were prepared as described 
in the cytotoxicity assay. The cells were separately incubated with 
75–1200 nM VP and 75–1200 nM VP containing SPION conjugates. 
After 24 h of incubation, the medium was replaced with 100 µL fresh 
medium. The cells were exposed to 20 J/cm2 light dose and incubated 
for 24 h at 37 ◦C. Cell viability was determined with MTT assay as 
detailed in the cytotoxicity assay.

2.10. Assessment of cell viability

100,000 NIH/3T3, 200,000 MCF-7 and 250,000 MDA-MB-231 cells 
were seeded into 35 mm glass-bottomed petri dishes and placed into the 
CO2 incubator for 24 h. The cells were treated with VP and VP-SPION at 
the IC50 values for 24 h at 37 ◦C. PDT was carried out as described in the 
phototoxicity assay. After 24 h, the cells were incubated with 1 μl Cal
cein AM (3 mg/mL in DMSO) and 1 µL PI (1 mg/mL in dH2O) at room 
temperature for 10 min. Cell images were captured using appropriate 
filters for Calcein AM (ex/em: 496/516 nm) and PI (ex/em: 482/608 
nm). Untreated and 0.05 % Tween 20 treated cells were included as 
positive and negative control groups, respectively. The live/dead ratio 
was calculated based on the cell numbers in each group and normalized 
to the viable cell number of the positive control group.
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2.11. Scratch assay

MCF-7 and MDA-MB-231 cells (400,000/petri dish) were cultured in 
35 mm petri dishes and allowed to reach 80 % confluency. Using a sterile 
200 µL micropipette tip, a cell layer was scraped to generate a 1 mm 
width cell-free area and the wound images (0 h) were taken using an 
inverted light microscope. The cells were incubated with VP and VP- 
SPION at the IC50 values for 24 h. PDT was carried out as described in 
the phototoxicity assay and the cells were allowed to migrate for 24 h. 
Upon the completion of migration, the wound images were re-taken 
from the same regions. All images were acquired in triplicate by using 
an inverted light microscope at 5x objective. Gap size was analyzed 
using Image-J software and the percentage of wound closure was 
determined for each group comparing the gap sizes before and after 
treatments. One-way ANOVA analysis was performed using GraphPad 
Prism and p < 0.05 was considered as statistically significant.

2.12. Western blotting

250,000 MCF-7 cells were seeded to 35 mm petri dishes and incu
bated with VP and VP-SPION at the IC50 values for 24 h. Following the 
incubation, PDT was performed as described in the phototoxicity assay. 
Following 24 h incubation, western blot analysis was conducted. Briefly, 
cell lysates were prepared using the RIPA buffer to extract total protein, 
subsequently an equal amount of protein (20 µg) from each lysate was 
loaded into the wells to perform gel electrophoresis. Proteins were 
transferred to PVDF membranes by semi-dry transfer. Membranes were 
blocked using 5 % non-fat milk in 50 mmol Tris-buffered saline con
taining 0.1 % Tween (TBS-T; blocking solution) for an hour at room 
temperature. The membranes were incubated with 1:2000 diluted 
β-actin, Bax or Bcl-2 antibodies at 2–8 ◦C overnight. Following the in
cubation, HRP-conjugated secondary antibodies were introduced to the 
membranes for 1 h at room temperature. Bax and Bcl-2 protein bands 
were visualized using Enhanced Chemiluminescence (ECL) method. 
Image J software was used for the quantitative analysis and data were 
normalized to β-actin. One-way ANOVA analysis was performed using 
GraphPad Prism and p < 0.05 was considered as statistically significant.

2.13. Caspase-3 activity determination

MCF-7 and MDA-MB-231 cells (750,000 cells/petri dish) were 
cultured in 35 mm petri dishes and placed into the CO2 incubator for 24 
h. The cells were incubated with VP and VP-SPION at the IC50 values for 

24 h. PDT was carried out as described in the phototoxicity assay. An 
additional untreated group was included as a control (100 % viable). 
After 3 h, following the manufacturer’s instructions the cell lysates were 
prepared [33]. Cell lysates, having 150 µg protein in each well, were 
loaded into a 96-well plate incubated at 37 ◦C overnight. The experi
ment was performed in triplicate for each group. Optical densities were 
measured at 405 nm and caspase-3 activity was determined using a 
colorimetric caspase-3 detection kit. The results were expressed as the 
fold change relative to the control group. One-way ANOVA analysis was 
performed using GraphPad Prism and p < 0.05 was considered as sta
tistically significant.

The caspase activity of each group was calculated using the following 
formula: 

(ODsample − ODblank )/(ODnegativecontrol − ODblank)

3. Results

A morphological and dimensional analysis of the nanoparticles 
synthesized by the co-precipitation method was carried out using TEM. 
The results demonstrated that the majority of the nanoparticles exhibi
ted irregular morphologies along with spherical or cubic structures 
(Fig. 2A). Furthermore, the mean size of the particles was determined to 
be 8.0 ± 1.4 nm, based on data obtained from the measurements taken 
on the long and short axes of individual particles (Fig. 2B). The relatively 
smaller average size, in conjunction with the narrow size distribution of 
the nanoparticles obtained via the co-precipitation method, suggests 
that nucleation plays a more dominant role during formation than the 
growth phase. In addition, XRD was employed to identify the phase of 
the synthesized nanoparticles by revealing crystal structure and the re
sults indicated that 2θ values and corresponding intensity ratios of all 
peaks matched with those of the [220], [311], [400], [511] and [440] 
planes of magnetite (Fig. S1). Finally, the magnetisation curves ob
tained by VSM demonstrated that the nanoparticles possessed a satu
ration magnetization of 51.8 emu/g and the absence of coercivity and a 
residual magnetisation following the removal of external magnetic field 
indicated that the nanoparticles exhibited superparamagnetic properties 
(Fig. S2).

The magnetite nanoparticles were coated with PEG400:PEI for surface 
modification [33] after which the theranostic system was constructed 
simply by immobilizing VP onto the SPION surface. SPION recovery and 
yield of VP conjugation were 83 % and 46 %, respectively. Fe3O4 and VP 
concentrations were determined as 497 μgFe/mL and 41 μM, 

Fig. 2. A) TEM image of magnetite nanoparticles synthesized via co-precipitation method and B) corresponding size distribution of nanoparticles. (Scale bar =
50 nm.).

S. İrem Güler et al.                                                                                                                                                                                                                             



European Journal of Pharmaceutics and Biopharmaceutics 208 (2025) 114632

5

respectively (Table S1). The surface charge of SPION was 13 ± 0.61 mV 
while the VP-SPION’s was 31 ± 1.35 mV. The size of SPION and VP- 
SPION were determined as 158.8 ± 2.2 nm and 218.5 ± 6.39 nm, 
respectively (Fig. S3,4).

To show proof of concept of the “dark-bright” system, QF of the VP- 
SPION was evaluated by fluorescence-based assay. Fluorescence spectra 
of VP, VP-SPION and mixture (to mimic “bright state”) were acquired 
and fluorescence intensity at 695 nm was used to assess QFs (Fig. 3). 
Comparison of fluorescence intensity of mixture (“bright state”) to VP- 
SPION (“dark state”) revealed that at least ~ 16-fold fluorescence 
quenching was achieved with the “dark state” system (QF1, Table S3). 
When emission maxima of VP-SPION (“dark state”) was compared to 
equimolar concentration of VP solution, ~18-fold QF was obtained 
(QF2, Table S3). The fluorescence recovery of the system was deter
mined as ~ 91 % by simply taking ratio of fluorescence intensities of 
the mixture (“bright state”) and VP (Table S3).

The hemocompatibility of the developed theranostic agent was 
evaluated with hemolysis assay. Human RBCs were treated with SPION 
and VP-SPION with different concentrations (Fig. 4). The hemolytic 
activity level of the SPION and VP-SPION were less than 5 % up to 
concentration of 15 µgFe/mL. Hemolytic damage was pronounced above 
70 µgFe/mL concentration for SPION and VP-SPION which is well above 
the applied concentration throughout the study.

The developed system was subjected to further investigation to 
examine cellular uptake by confocal microscopy. Intracellular fluores
cence intensity gradually increased and reached its maximum value 
within 24 h for VP and VP-SPION in the selected cell lines (Fig. 5). While 
internalization of VP by MCF-7 cells yielded ~ 35-fold increase in 
fluorescence signal, VP-SPION internalization resulted in ~ 56-fold in
crease in fluorescence intensity. On the other hand, when the experi
ment was conducted in NIH/3T3 control cell line, only a slight 
fluorescence increase was detected with VP and VP-SPION (Table S4,5).

Cytotoxicity of the SPION on the selected cell lines was evaluated 
(Fig. 6). The results verified that cell viability remained as high as 75 % 
at concentrations of ≤ 10 µgFe/mL SPION. The IC50 values of SPION 
were calculated as 18.8, 13.5 and 27.2 µgFe/mL for NIH/3T3, MCF-7 
and MDA-MB-231 cell lines, respectively (Fig. S5).

The cytotoxicity analysis of VP and VP-SPION revealed that the 
agents had negligible toxicity on the selected cell lines up to 900 nM VP 
concentration in the absence of light (Fig. 7, Fig. S6). Following PDT, a 
concentration-dependent toxicity was observed in MCF-7 and MDA-MB- 

231 cell lines for both VP and VP-SPION (Fig. 7). While conjugation of 
VP onto the SPION surface decreased IC50 value almost twice as much 
from 582 nM to 294 nM in MCF-7 cells, it decreased IC50 concentration 
from 60 nM to 48 nM in MDA-MB-231 cell line (Fig. S7). Neither VP nor 
VP-SPION showed any toxicity towards the NIH/3T3 cell line.

Phototoxicity was further elaborated using a two-color fluorescence 
assay. The results showed that 37 % and 33 % cell death was achieved 
when the cells were incubated with VP-SPION at IC50 concentration in 
MCF-7 and MDA-MB-231 cell lines, respectively. On the other hand, 
when an equimolar concentration of VP was used for the treatment, only 
14 % and 23 % cell death were achieved for the MCF-7 and MDA-MB31 
cell lines, respectively. NIH/3T3 cell line retained 100 % viability under 
the identical conditions (Fig. 8).

The migration ability of the MCF-7 and MDA-MB-231 cells in 
response to PDT was evaluated using scratch assay. The cell images, 
captured before and after the PDT, were shown in Fig. 9A,C. The gap 
closures were calculated as 4 %, 6 % and 27 % in VP-SPION, VP and 

Fig. 3. Fluorescence spectra of “VP”, “mixture” and “VP- SPION” in 1 % DMSO in phenol red free medium. Excitation wavelength is 440 nm. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The hemolytic activity level of the SPION and VP-SPION.
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control groups in MCF-7 cell line, respectively (Fig. 9B). These findings 
indicate that both agents had a similar impact on the rate of cell 
migration, yet both varied considerably from the control group (p <
0.05). However, the difference between the VP and VP-SPION treatment 
groups was not statistically significant (Fig. 9B). For highly aggressive 
MDA-MB-231 cell line, the gap area decreased up to 30 %, 88 % and 94 
% in VP-SPION, VP and control groups, respectively (Fig. 9D). While 

exposure of both VP and VP-SPION significantly reduced the migration 
ability of MDA-MB-231, VP-SPION resulted in statistically stronger in
hibition compared to VP only treatment (Fig. 9D).

A western blot analysis was conducted to examine the effect of PDT 
on Bax and Bcl-2 protein expression levels. The protein band intensities 
of β-Actin, Bax, and Bcl-2 were detected at 45 kDa, 26 kDa, and 20 kDa, 
respectively (Fig. 10A). According to the one-way ANOVA analysis, Bax/ 

Fig. 5. Confocal images of A) NIH/3T3 cells treated with VP, A) NIH/3T3 cells treated with VP-SPION, C) MCF-7 cells treated with VP and D) MCF-7 cells treated 
with VP-SPION at different time intervals (0 h, 6 h and 24 h).

Fig. 6. Cytotoxicity of SPION towards NIH/3T3, MCF-7 and MDA-MB-231 cell lines.
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Bcl-2 ratios were significantly increased following VP and VP-SPION 
treatment compared to the control group. Notably, the increase in 
Bax/Bcl-2 ratio in VP-SPION treated cells was statistically more signif
icant than VP treated cells (Fig. 10B).

The caspase-3 assay was conducted to evaluate the effects of VP and 
VP-SPION treatments on the induction of apoptosis in the selected cell 
lines. The results showed that VP treatment resulted in 2.9 and 1.7- fold 
increase in MCF-7 and MDA-MB-231 cells, respectively. Moreover, the 
increase in caspase-3 activity was more pronounced in response to VP- 
SPION treatment, showing 3.5 and 2.8- fold in MCF-7 and MDA-MB- 
231 cells, respectively. Statistical analysis revealed a high level of sig
nificance (p < 0.0001) for all treatment groups in both cell lines 
(Fig. 11).

4. Discussion

SPION (1.00:0.66:0.66; Fe:PEG400:PEI) was synthesized using the 
protocol described in our previous publication [33]. In vitro studies 
revealed that the toxicity of the SPION was considerably low at the 
concentration ≤ 10 µgFe/mL. Accordingly, Fe3O4 concentration was 

kept below 10 µgFe/mL throughout the study to avoid the toxicity of the 
SPION (Fig. 6).

Conjugation of VP to SPION surface allowed the construction of a 
potent nano-scale theranostic system delivering enhanced fluorescence 
imaging and effective treatment. VP was immobilized onto the SPION 
surface with almost 50 % efficiency without significant SPION loss 
(Table S1). VP concentration in the theranostic system is a principal 
parameter for the efficacy of the “dark-bright” system. As the amount of 
VP increases, proximity of VP molecules on the SPION decreases, 
yielding fluorescence quenching of the system. Having a “dark state” 
system is vital to eliminate background and off-target fluorescence 
signal for in vivo applications. Besides, as the system is internalized by 
the target cell, the amount of VP released from SPION is directly pro
portional to the fluorescence regain and to the therapeutic efficacy of the 
system.

To assess the effectiveness of the “dark-bright” system, fluorescence 
intensities of VP, VP-SPION and mixture at equimolar concentrations 
were determined spectroscopically. As the system switched from the 
“dark state” to “bright state” the fluorescence intensity increased up to 
~ 16-fold (QF1). Furthermore, the fluorescence intensity would increase 

Fig. 7. Toxicity analysis of VP towards A) NIH/3T3, C) MCF-7 and E) MDA-MB-231, respectively. Toxicity analysis of VP-SPION towards B) NIH/3T3, D) MCF-7 and 
F) MDA-MB-231, respectively.
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up to ~ 18-fold if VP is completely released from the SPION surface 
(QF2). Consequently, achievement of high fluorescence recovery (~ 91 
%) was the initial evidence for an exceptional imaging capability of the 
developed theranostic system (Table S3).

Hemocompatibility of SPION and VP-SPION was analyzed by he
molysis assay. SPION and VP-SPION showed negligible hemolytic ac
tivity below < 15 µgFe/mL, indicating its potential for in vivo studies 
(Fig. 4).

The internalization of the system was examined to determine the 
optimal incubation time to initiate PDT. The confocal microscopy im
ages confirmed that the highest intracellular concentration of the 
theranostic system was achieved within 24 h in the selected cell lines. 
Uptake of VP-SPION by MCF-7 and NIH/3T3 cells resulted in ~ 56-fold 
and ~ 15-fold fluorescence amplification, respectively indicating VP- 
SPION was internalized by cancer cells ~ 4 times more than the con
trol cells (Table S4,5). Based on the results, ideal incubation time to 
perform PDT was defined as 24 h.

It is vital that the theranostic agent maintains “dark state” up until 
VP’s release on site to eliminate any possible adverse effects. In vitro 
viability studies showed that neither VP nor VP-SPION treatments 
caused significant toxicity in the absence of light (Fig. 8). Following 
activation of the VP via PDT, while VP and VP-SPION did not show any 
toxicity towards the NIH/3T3 cell line, significant toxicity was observed 
in the MDA-MB-231 and MCF-7 cell lines. Roughly 20-fold less VP- 
SPION was required to achieve 50 % cell death in MCF-7 cell line 
compared to control group, whereas the VP-SPION concentration was 
decreased approximately 117-fold in the more aggressive MDA-MB-231 
cell line to obtain equal phototoxic effect (Fig. S7). The findings indicate 
that the theranostic agent accumulates more efficiently in breast cancer 

cell lines compared to healthy fibroblastic cells. Besides, comparison of 
VP with VP-SPION confirmed that when VP immobilized onto the SPION 
surface, it caused nearly 50 % and 20 % more cell death in MCF-7 and 
MDA-MB-231 cell line, respectively (Fig. S7). Further analysis of cell 
viability was conducted by two-color fluorescence assay and the results 
were comparable to the phototoxicity assay (Fig. 8). In the light of these 
results, we speculate that the accumulation of the theranostic agent in 
much higher concentration in cancer cells suggests that it’d be a 
promising agent for passive targeting of cancer.

Magnitude of PDT on cellular migration was also studied in MCF-7 
and MDA-MB-231 cell lines by employing scratch assay. Migration 
was triggered with the introduction of a scratch, and the captured im
ages revealed that treatment with VP inhibited cell migration in both 
MCF-7 and MDA-MB-231 breast cancer cell lines to various degrees. On 
the other hand, suppression of migration was statistically more signifi
cant predominantly in the more aggressive cell line compared to the VP 
only treatment (Fig. 9D). As it was highlighted in the literature, genomic 
differences between two breast cancer cell lines can alter their migratory 
capacity ([35,36]). Even though MDA-MB-231 cells are known to 
exhibit a higher migratory potential compared to MCF-7 cells [37], our 
results shows that VP-SPION had higher potency on inhibition of 
migration in the aggressive cell line. The enhanced efficacy of the 
developed theranostic agent in the MDA-MB-231 cells suggests that it 
may be particularly effective against triple-negative breast cancers, 
which are often associated with poor prognosis and treatment resis
tance. Our results show that the developed theranostic agent can be 
further advanced for targeted drug delivery strategies for different 
breast cancer subtypes.

PDT-induced apoptotic response of MCF-7 cells was investigated by 

Fig. 8. Confocal images of NIH/3T3, MCF-7 and MDA-MB-231 cells A) Untreated (positive control), B) Tween20 (negative control), C) VP treatment D) VP-SPION 
treatment groups.
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western blot analysis. Bax/Bcl-2 ratio is a widely used indicator to 
interpret pro-apoptotic and anti-apoptotic protein balance in cells [38]. 
Consequently, following photoactivation, we found a significant in
crease in the Bax/Bcl-2 ratio of VP and VP-SPION treated cells compared 
to the control group (Fig. 10B). VP-SPION exhibited a more predomi
nant effect on Bax/Bcl-2 ratio than VP, confirming VP-SPION’s ability to 
induce apoptosis. The observed increase in the Bax/Bcl-2 ratio in MCF-7 
cells promote the activation of caspases, particularly caspase-3, which 
plays a vital role in mediating the apoptotic process [39,40] It is shown 
that as Bax/Bcl-2 ratio increases, sensitivity towards chemotherapy 
treatment decreases [41]. Therefore, development of new and/or adju
vant therapy options are essential to address these challenges. The 
upregulation of Bax/Bcl-2 ratio and increased phototoxicity due to VP- 
SPION treatment suggest that this system may serve as an alternative 
treatment option for standard chemotherapeutic modalities.

Increase in Bax/Bcl-2 ratio and induction of apoptosis was further 
supported with caspase-3 activity assay. Our results revealed that 
caspase-3 activation was significant in MCF-7 and MDA-MB-231 cell 
lines following VP and VP-SPION treatments. A more pronounced in
crease in both cell lines after VP-SPION treatment demonstrated the 
efficacy of the developed theranostic agent in inducing apoptosis even in 
highly aggressive breast cancer cells (Fig. 11). All these findings reveal 
that VP-SPION is an outstanding candidate that could be further inves
tigated as a theranostic agent for microtumors.

Fig. 9. Time-lapse (0–24 h) microscopy images of scratch assay towards A) MCF-7 and C) MDA-MB-231 cell lines. Statistical analysis of closure percentages over 
time B) MCF-7 and D) MDA-MB-231 cell lines, ***p < 0.001. (VP: Verteporfin, VP-SPION: Verteporfin SPION conjugate).

Fig. 10. Bax and Bcl-2 protein band intensities through western blot analysis. 
The comparison of Bax/Bcl-2 ratio levels in VP and VP-SPION-treated MCF-7 
cells with the untreated group, *p < 0.05, ****p < 0.0001. (VP: Verteporfin, 
VP-SPION: Verteporfin SPION conjugate).
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5. Conclusion

In conclusion, a nanoscale theranostic system offering non-invasive 
localized treatment and sensitive fluorescence imaging with favorable 
QF (~ 18-fold) was developed. Decoration of the SPION surface with an 
adequate amount of VP maintained the system’s “dark state” due to self- 
quenching of VP’s fluorescence. Following internalization of the system 
in MCF-7 cells, VP was released and ~ 56-fold increase in fluorescence 
signal was achieved facilitating high tumor-to-background signaling for 
precise imaging. To the best of our knowledge, this is the first “dark- 
bright” theranostic system with the highest fluorescence recovery rate in 
vitro. Furthermore, the system showed high selectivity towards the 
selected cancer cell lines with varying levels of aggressiveness which is 
vital for imaging and treatment of microtumors. Besides, VP-SPION 
with ~ 20-fold and ~ 117-fold lower IC50 concentration in MCF-7 and 
MDA-MB-231 cell lines, respectively, compared to the control group 
proved that the system has not only superior diagnostic capability but 
also has an exceptional therapeutic effect. Additionally, the activated 
system inhibited cell migration and induced apoptosis by increasing the 
Bax/Bcl-2 ratio in MCF-7 cell line. The developed theranostic system 
demonstrated enhanced tumor-to-background signal ratio, high local 
phototoxicity, increased migration inhibition in both high and less 
aggressive breast cancer cell lines verifying its potential for further 
development such as a targeted nanoparticle platform.
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