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Objective(s): Photochemical internalization (PCI) is an important type of photodynamic therapy for 
delivering macromolecules into the cytosol by the endocytosis process. In this study, 6-mercapto-1-
hexanol (MH) was used to functionalize the gold nanostructure as a primer for surface modification 
to improve conjugation of multi-agents such as protoporphyrin IX (Pp-IX) and folic acid with gold 
nanoparticles (PpIX/FA-MH-AuNP) to facilitate the photochemical internalization.
Materials and Methods: After surface modification of AuNPs with MH, PpIX and FA are bonded 
to the surface of the MH-AuNPs through the coupling reaction to produce the desired conjugated 
AuNPs. In the next step, the synthesized nanostructures were characterized by different methods. 
Finally, after selecting specific concentrations, light treatments were applied and cell survival was 
measured based on MTT analysis. Also, in order to better study the morphology of the cells, they 
were stained by the Giemsa method. The SPSS 16 software was used for data analysis
Results: By surface modification of the nanostructure with MH and then conjugation of FA to it, the 
incubation time of the drug in PpIX/FA-MH-AuNP was reduced from 3 hr to 30 min. Also, at each 
light dose, cell death in the presence of PpIX/FA-MH-AuNP was significantly reduced compared with 
unconjugated conditions (P<0.001). Under these conditions, the ED50 for PpIX and PpIX-MH-AuNP 
and PpIX/FA-MH-AuNP at a concentration of 2.5 μg/ml is 8.9, 9.1, and 6.17 min, respectively.
Conclusion: The results show that the PCI of PpIX/FA-MH-AuNP increases the selective phototoxicity 
efficiency on cancer cells compared with the conventional process of photodynamic therapy.
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Introduction
Photodynamic therapy (PDT) is one of the treatment 

methods based on non-ionizing radiation which is non-
invasive and can selectively remove cancerous cells. In 
order to initiate the process of photodynamic therapy, three 
essentials are required, which include the photosensitizer 
(PS), microenvironment molecular oxygen level, and 
overlap of the absorption peak of PS with an emission 
spectrum of a light source (1). These factors are nontoxic 
individually, but the combined use leads to the induction 
of photochemical cytotoxicity (2). The products of the 
photodynamic process include species derived from free 
radicals, of which singlet oxygen (1O2) and reactive oxygen 
species (ROS) are two important components. The increase 
of free radicals in cancer cells leads to cell death through 
apoptosis or necrosis (3).

The therapeutic efficiency of current photodynamic 
treatment methods is limited due to several reasons (4). 
Two important challenges include non-specific targeting 
of desired cells and lack of effective cell uptake due to 
photosensitizer entrapment inside the endolysosomal 

compartment (4-6).
Once the photosensitizer reaches the target cell, it must 

undergo an internalization process to reach its primary 
site of action inside the cell. In this regard, the plasma 
membrane is a lipid barrier that manages the selective 
entry of chemical/photosensitizing agents into the cell (7). 
The photosensitizers or drug nanocarriers are normally 
internalized by endocytosis, which results in their being 
placed inside an endolysosomal compartment, thus limiting 
their interaction with the target molecule (8, 9). 

One of the effective methods to overcome endolysosomal 
entrapment are the use of physicochemical enhancing 
techniques. In these techniques, disrupting the membrane 
and releasing the contents of the endolysosomal 
compartment causes physical changes or induction of 
chemical reactions. Some of these methods include the use 
of magnetic fields (10), ultrasounds (11), and photochemical 
internalization (12). 

Photochemical internalization (PCI) is an important 
type of PDT for delivering macromolecules into the 
cytosol by the endocytosis process. In this technique, by 
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stimulating the photosensitizer with light photons and 
producing free radicals, endolysosomal membranes are 
disrupted and its contents (including nanoparticles carrying 
the photosensitizer) are released. PCI has been shown to 
facilitate the biological activity and selective toxicity of 
many macromolecules that are difficult to pass through the 
plasma membrane (13, 14).

Another important factor in increasing the efficiency 
of the photodynamic process is the greater accumulation 
of photosensitizers in the target tissue (15). To increase 
the accumulation of photosensitizers in tumor tissue, two 
approaches should be considered. These approaches include 
increasing blood half-life (blood circulation time) and 
targeting photosensitizers using the design of biocompatible 
nanocarriers (16, 17).  

Incorporating PSs into biocompatible nanocarriers can 
increase the half-life of PS in the body and control the 
release process of the photosensitizer in the living organism. 
Biocompatible nanostructures can be made in a wide range of 
sizes; however, particles with a diameter of 20–100 nm have 
better pharmacokinetic behavior and optimal intracellular 
uptake (18). Surface modification of nanostructures with 
hydrophilic polymers, such as polysaccharides,  methoxy-
polyethylene glycol (mPEG), polyoxamines, polylactic 
acids, and polyoxamers leads to increased biocompatibility, 
increased solubility in water, faster biodegradation, 
minimization of protein corona (adsorption of plasma 
proteins on the surface of nanostructures) and also prevents 
phagocytosis by macrophages and thus minimizes clearance 
by the reticuloendothelial system (19-21).  Evaluation of the 
interaction between drugs and nanoparticles and plasma 
proteins is crucial to understanding the pharmacodynamics 
and pharmacokinetics of nanoparticle-ligand and its effect 
on the distribution of nanodrugs or drugs in target tissues. 
The biomolecular corona phenomenon is mainly caused by 
important proteins such as human serum albumin (HSA) 
and human holotransferrin (HTF) (22). 

The ideal nanocarriers should have special features 
such as long half-life, chemical stability, low toxicity, 
biodegradation capabilities, and high conjugation capacity. 
In particular, functionalized nanostructures with the ability 
to encapsulate or conjugate drugs are more advantageous 
than free drugs, providing benefits such as lower drug 
toxicity, higher targeting efficiency, and prolonged half-life, 
creating new paths to overcome challenges associated with 
chemotherapy and photodynamic therapy (23). One of the 
exciting candidates for photochemical internalization is 
gold nanostructures (AuNSs), which have received a lot of 
attention today due to their amazing properties. Their most 
important features include (i) Easy synthesis and unique 
optical properties: The biophysicochemical properties of 
AuNSs can be adjusted by changing the diameter (from 1 
to 150 nm) and the shape (sphere, rod, nanoshell, nanostar, 
triangle, and nano-cage) as desired. The plasmon absorption 
peak of gold nanoparticles can be adjusted in a range of 
visible to infrared waves based on changes in the size and 
shape of the nanostructure. This feature has made them 
one of the most important agents in photodynamic and 
photothermal therapies (24). (ii) Chemical inert: AuNSs 
does not primarily cause acute cytotoxicity and has high 
biocompatibility (25). (iii) Surface modification: Amines 
and thiols could bind to the surface of AuNSs to provide a 
high cross-section for conjugation of AuNSs to some active 
groups such as biotin, proteins, nucleic acids, and peptides 

by the chemistry of gold-amine, thiol-gold, or electrostatic 
interactions (26).

The most important advantages of gold nanoparticles 
over other nanoparticles that led us to use this nanostructure 
in our study are the highly tunable optophysical properties, 
good adsorption cross-section for surface modification with 
multi-factor conjugation, simple and cheap synthesis, and 
low toxicity.

Although the use of nanoparticles as photosensitizing 
carriers can passively accumulate them in tumor tissue due 
to the effect of EPR, the internalization of these nanocarriers 
can be greatly improved by conjugation of a high-affinity 
targeting ligand (27).  

Folic acid (FA; also known as vitamin B9) is essential 
for cell proliferation and biosynthesis of nucleotide bases. 
FA (MW= 441 Da) is one of the most commonly employed 
targeting ligands with high overexpressed receptors on any 
type of cancer cells (such as breast, kidney, brain, ovary, 
colon, and lung). The main mechanisms of drug uptake 
via folate in non-malignant and malignant tissues are 
performed in three ways. (i) The main uptake pathway, 
which is distributed throughout the cell membrane and 
aids in the uptake of dietary folate, is through the reduced 
folate transporter (RFC). (ii) The second uptake pathway, 
which uses membrane proton gradients as intermediates for 
folate transport to cells, is through proton-coupled folate 
transporters (PCFTs). (iii) The last pathway is related to 
the transfer of folate through four folate glycopolypeptide 
receptors with molecular weights from 38 to 45 kDa. (FRα, 
FRβ, FRγ, and FRδ). All three proteins play a key role in 
folate uptake, however, only folate receptors (FRs) are the 
direct target of common anticancer drugs. Studies show that 
FRα is overexpressed in solid tumors such as lung, ovarian, 
and breast cancers. On the other hand, the distribution of 
FRα in noncancerous tissues in the body is limited to the 
expression of low levels in the apical surfaces of some organs 
such as the lung, kidney, and choroid plexus (28, 29).

The FA-conjugated drug nanocarrier is internalized 
through receptor-mediated endocytosis and delivers its 
drug content into the cell (30). 

Despite the benefits of targeting nanostructures by 
conjugation to folic acid, there are always challenges to using 
this nanocomplex. These challenges are due to the lack of a 
proper surface modification process before conjugation of 
folic acid to nanostructures.

If the primary surface modification process is ignored 
or not performed correctly (which includes coating 
the nanostructure with an optimized concentration 
of the appropriate coupling agent), it will reduce the 
loading efficiency of the secondary drug, cell uptake, and 
controllability of drug release.

In this study, for the first time, by surface modification 
of gold nanoparticles with 6-mercapto-1-hexanol, two 
agents of protoporphyrin IX and folic acid were conjugated 
simultaneously on the surface of nanoparticles and the 
targeted photochemical internalization was facilitated by this 
phenomenon. Finally, cell death due to the photochemical 
process of nanocomplex interaction on the HeLa cell line 
was investigated.

Materials and Methods
Chemicals

Protoporphyrin IX (PPIX), sodium borohydride 
(NaBH4, 99.99% purity), hydrogen tetrachloroaurate (III) 
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trihydrate (HAuCl4·3H2O, 99.5% purity), folic acid, N,N’-
Dicyclohexylcarbodiimide (DCC), Medroxyprogesterone 
acetate (DMPA), MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide), Dimethyl sulfoxide 
(DMSO), trypan blue, streptomycin, penicillin, and 
trypsin–EDTA were purchased from the Sigma Aldrich 
Company. RPMI 1640 and fatal bovine serum (FBS) were 
provided by the Hyclone Laboratories (HyClone, Logan, 
UT, USA). Also, other chemical and biological reagents used 
in this project were purchased from Fluka (Switzerland) and 
Merck (Germany). 

Instrumentations 
The main equipment used in this study were CO2 

incubator, UV–Vis spectrophotometer (UNICO UV-2100), 
Transmission electron microscopic (TEM) system (Zeiss 
EM 900 model), and Elisa reader (AWARENESS, USA). 
In order to prepare the samples for TEM measurement, a 
drop of colloidal solution containing nanoparticles was 
placed on a carbon-coated copper grid. Then it was exposed 
to air for natural drying. By counting at least 300 particles 
under TEM, the size distribution of the final nanocomplex 
was estimated. Gold percentage in the gold nanoparticle 
samples was determined by the Shimadzu model AA-
670 atomic absorption spectrometer. An incoherent light 
source (LUMACARE, 630 ± 25 nm) was used for the PDT 
procedure.

Synthesis of 6-mercapto-1-hexanol conjugated with GNPs 
(MH-AuNP)

For this purpose, sodium borohydride was used as a 
reducing agent for the synthesis of gold nanoparticles 
conjugated to mercapto-hexanol. First, a solution of 
HAuCl4·3H2O (13 mg, 0.03 mmol) in CH3OH (2 ml) was 
added to the stirring solution of 6-mercapto-1-hexanol (20 
mg, 0.03 mmol) in CH3OH (1.5 ml). After stirring for 30 
min, the freshly prepared solution of sodium borohydride 
(19 mg, 0.5 mmol) in CH3OH (1.5 ml) was added to the 
reaction mixture. As sodium borohydride was added, 
the reaction mixture turned dark brown, indicating the 
formation of gold nanoparticles. After two hours of mixing 
the solution, a centrifuge with a speed of 10000 rpm is used 
to prepare a solid precipitate of nanostructure and finally, 
it is washed with pure methanol (36). Thus, MH-AuNP 
nanoconjugates are obtained as a dark brown powder after 
drying. 

Synthesis of PPIX/FA-MH conjugated with GNPs (PpIX/
FA-MH-AuNP)

After surface modification of gold nanoparticles, 
protoporphyrin IX (PpIX) and folic acid (FA) are bonded to 
the surface of the functionalized gold nanoparticles through 
the coupling reaction to produce the desired conjugated gold 
nanoparticles. In this process, MH-AuNP nanoconjugates 
are first mixed with N, N-dicyclohexylcarbodimide (DCC; 
53 μmol, 11 mg) and dimethylaminopyridine (DMAP; 53 
μmol, 6.5 mg) in tetrahydrofuran (THF; 1 ml). After a brief 
activation time (10 min), PpIX and folic acid in THF are 
added to the reaction mixture. The mixture was stirred at 
room temperature for 24 hr. After the solvent is removed 
under reduced pressure, the residue is washed with organic 
solvents, and finally, the gold nanoparticles conjugated to 
protoporphyrin IX and folic acid (FA / PpIX-MH-AuNP) 
are obtained (36).

Optical studies of the prepared nanocompounds
Ultraviolet-visible spectroscopy is one of the useful 

techniques for the optical characterization of nanomaterials. 
Other important applications of UV-Vis spectroscopy include 
quantitative or qualitative examination (confirmation) 
of the completion of the process of final nanostructured 
synthesis. To obtain the absorption spectrum and increase 
the solubility of the samples, the sample was first dissolved 
in a very small amount of DMSO and then reached the 
desired volume by deionized water. These data are evaluated 
based on quantitative changes in the absorption spectrum 
and displacement of the absorption peak of the sample. For 
this purpose, after preparation of sample solutions (free 
protoporphyrin and protoporphyrin/folic acid conjugated 
to gold nanoparticles), their absorption spectra were 
determined in the range of 200 to 800 nm by UNICO UV-
2100 spectrophotometer (in a quartz cuvette with 1.0 cm 
path length). 

The use of Fourier transforms infrared (FTIR) 
spectroscopy has been considered to be one of the 
most effective techniques to study the surface chemical 
composition and to recognize the existence of different 
functional groups in nanomaterials. The mechanism of 
FTIR is based on the absorption of IR radiation by the 
irradiated material and then stimulation of molecules to 
transfer to a higher vibrational state. According to the 
wavelengths absorbed by the sample, its molecular structure 
can be understood. In this study, the FTIR technique was 
used to investigate the presence or absence of chemical 
bonds between Pp-IX and folic acid molecules with gold 
nanoparticles.

Morphology and size studies of the prepared 
nanocompounds

To study the morphology and size of the synthesized 
nanoparticles, Transmission electron microscopy (TEM) 
(Zeiss EM 900 model, accelerating voltage of 120 kV, line 
resolution of 0.3 nm) was used. To prepare the sample, first, 
a small drop of colloidal suspension (usually about 5 µl) 
is pipetted onto a carbon-coated copper grid and simply 
allowed to dry at room temperature. Then, using the recorded 
TEM image, the final size distribution of nanoparticles is 
determined by counting at least 300 particles. 

Cell culture
HeLa cells, which are derived from human cervical cancer, 

were purchased from the National Cell Bank of Iran (NCBI), 
Pasteur Institute of Iran. The cell line was cultured in 75 cm3 
tissue culture flasks in RPMI 1640 containing fetal bovine 
serum (10%), streptomycin (100 μg/ml), and penicillin (100 
units/ml) in a humidified incubator (Cellamate; Coda Filter-
System). A carbon dioxide incubator with atmospheric 
conditions of 5% CO2 and temperature of 37 °C was used 
for cell culture. 

PDT procedure
Hela cells were seeded in 96-cell culture plates (2×104 

cells per cell). One day after cultivation, 200 μl of the main 
solution of PpIX/FA-MH-AuNP was added to the first and 
second plates containing Hela cells, respectively. Also, for 
the control test, 200 μl of gold nanoparticle solution and 
PpIX solution, separately is added to the third plate. The 
fourth plate is also used as the second control, without 
any treatment. In all cases, the concentrations of 2.5-20 
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μg/ml of PP-IX are tested. After 3 hr of incubation of the 
different treatment groups, the medium is removed and the 
cells are washed with sterile phosphate saline buffer (PBS). 
Afterward, the cells were exposed to different radiant 
exposure times (1, 5, and 10 min) using a LUMACARE 
light source. After irradiation of the target groups, in order 
to adjust the amount of FBS (based on 10%) in each well, 
a fresh culture medium (with 17% FBS) was added to 
the wells and placed in an incubator for 16 hr and then 
measured MTT was performed.

Cell survival assay
The viability of Hela cells was assessed 16 hr after each 

treatment. Before MTT assay, cells should be carefully 
examined under a microscope in order to check the process 
of cell division in the control and treatment groups and 
ensure the absence of any contamination. After a specified 
period of time, the previous cell culture medium was 
drained. After preparing the MTT solution (5 mg/ml), 50 
microliters of MTT solution with a culture medium without 
FBS were added to the wells in dark conditions, then the 
plates were covered with aluminum foil and placed in the 
cell culture incubator. After 4 hr, the medium containing 
MTT was slowly drained and 200 μl of DMSO (dimethyl 
sulfoxide) solvent was added to each well to dissolve the 
formazan crystals. Then, to ensure the uniformity of the 
solutions, each plate was placed on a shaker for 5 min and 
their optical density was read with an ELISA reader. Also, in 
order to study the morphological changes of the cells, first 
Giemsa staining was done and it was examined using an 
optical microscope with imaging capability (Eclipse 3200; 
Nikon, Japan).

Cell imaging
To carry out the Giemsa staining process, first, the HeLa 

cells were grown to 80 % confluency in 25 cm2 flasks for 
48 hr. Then, the HeLa cells were seeded at 105 cells/well in 
6-well tissue culture plates, and the plates were incubated 
overnight at 37 and 5 % CO2. Then, the cells were incubated 
with certain concentrations of PpIX and PpIX/FA-MH-
AuNP (5 g/ml) for 4 hr. Afterward, according to the 
radiation condition, they were exposed for 10 min. After 
an additional 24 hr of incubation, the cells were gently 
washed once or twice with PBS and then fixed with cold 
methanol for 5 min. After a few minutes, the methanol was 
removed and the cells were air dried . The fixed cells in the 
wells were stained with fresh Giemsa staining solution for 
6 min and then washed three times with sterile water (31). 
Finally, morphological changes were surveyed using a light 
microscope (eclipse 3200; Nikon, Japan).

IC50 and ED50 calculation 
In order to compare the therapeutic effect of different 

groups (cytotoxicity of agents with or without radiation), 
two indices ED50 and IC50 were defined. The ED50 index was 
the amount of exposure required to cause 50% cell death, 
and the inhibitory concentration index of 50% index (IC50) 
means the amount of concentration required for 50% cell 
death. The IC50 and ED50 of the agents were calculated with 
the functions fitted and extrapolated on the data in the 
Masterplex software (four logistic parameters).

Statistical analysis
SPSS 16 software was used for data analysis. The survival 

curves of the treatment groups were plotted by Excel software. 

The normality of data was assessed by the nonparametric 
Kolmogorov-Smirnov test. Given the normality of data 
distribution, the Tukey test and one-way ANOVA were 
employed to compare mean differences. All data are presented 
as means ± SD. A value of P<0.05 was considered significant. 
Each experiment was repeated four times.

Results
Characterization of MH—AuNP and PPIX/FA-MH-AuNP

In this study, gold nanoparticles are first conjugated 
with protoporphyrin IX (PpIX) and then with folic acid 
(FA) for more effective targeting.  These nanoparticles with 
an average diameter of about 7 nanometers are made by a 
coupling reaction. Also, protoporphyrin absorbs light at one 
of the absorption peaks (relative maximum or extremum; 
630 nm), which causes photochemical reactions that 
eventually produce free radicals such as reactive oxygen 
species with high efficiency. This phenomenon shows that 
gold nanoparticles attached to protoporphyrin IX (PpIX-
AuNPs) as well as folic acid-protoporphyrin IX (PpIX-
AuNP-FA) can be used as plasmonic nanosensitizers to 
perform photochemical internalization in cancer research. 
To conjugate the PpIX and FA molecules to the gold surface, 
gold nanoparticles must be functionalized with 6-mercapto-
1-hexanol. The photosensitizer and folic acid were attached 
to the surface of gold nanoparticles through a coupling 
reaction (Figure 1).

Using atomic absorption spectroscopy, the net amount 
of gold in the sample was 58%. Figure 2 shows the FT-
IR spectrum of the dried sediments of the resulting gold 
nanoparticles. The peaks in 3452 cm-1 are related to the 
stretching vibration of the hydroxyl group. In addition, the 
presence of peaks at 2925 cm-1 and 2856 cm-1 is related to 
aliphatic C-H stretching vibrations. Also, the peak of the SH 
group, which appears in 2550-2560 cm-1, is not observed in 
the spectrum. Therefore, atomic absorption spectroscopy 
and FT-IR confirm the presence of 6-mercapto-1-hexanol 
on the surface of gold nanostructure.

Figure 3 shows the surface modification of gold 
nanoparticles to prepare for the process of conjugation with 
photosensitizers. In this mechanism, N, N-dicyclohexyl 
carbo dimide (DCC) acts as a coupling agent and 
dimethylaminopyridine (DMAP) is involved in the 
steglich esterification process. The free carboxy groups 
of protoporphyrin and folic acid react with DCC in the 
presence of DMAP to obtain O-acylisourea. In this reaction, 
a small number of DMAP molecules act as initiators of the 
reaction by adsorbing proteins from the desired acid. In 

 
  Figure 1. Synthesis of protoporphyrin and folic acid conjugated gold 
nanoparticles (PpIX/FA-MH-AuNP).
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the next step, the free alcohol group attacks the activated 
carboxy groups on the surface of the gold nanoparticles. 
Because the reaction of esterification of carboxy groups 
with alcohols is usually slow, especially if the molecules are 
bulky, it is possible to carry out unwanted rearrangements of 
O-acylisourea and to produce the by-product of N-acylurea. 
As a result, the yield of the product is low and it becomes 
difficult to purify it naturally. To prevent this reaction from 
occurring, DMAP is used, which participates in the reaction 
mechanism as an acyl transport agent.

Using atomic absorption spectroscopy, the net amount of 
gold in the sample was reported to be 22%. Figure 4 shows 
the FT-IR spectrum of the dried deposits of the resulting 
gold nanoparticles in comparison with protoporphyrin and 
free folic acid. In the FT-IR spectrum of gold nanoparticles, 
the peaks located in 3550 cm-1, 3412 cm-1, and 3329 cm-1 
correspond to the stretching vibrations of the first and 
second groups of NH amine groups of folic acid and 
protoporphyrin conjugated on gold nanoparticles and 
peaks located in 1712 cm-1, 1707 cm-1, 1693 cm-1, and 1683 
cm-1 belong to the stretching vibrations of their acidic and 
esterified carbonyl groups. In addition, the presence of broad 
peaks in 3101 cm-1 and 2565 cm-1 are related to the stretching 
vibrations of acidic and alcoholic OH groups. Also, the 
presence of peaks in 2928 cm-1 and 2848 cm-1 are related 

to the stretching vibrations of C-H aliphatic 6-mercapto-
1-hexanol. Therefore, atomic absorption spectroscopy and 
FT-IR confirm the presence of protoporphyrin and folic 
acid on the surface of gold nanoparticles.

The amount of protoporphyrin and folic acid loaded on 
the gold surface is calculated by absorption spectroscopy. By 
this technique, the loading ratio of the folic acid molecule to 
protoporphyrin on the surface of gold nanoparticles is 1.3.

The preferred photosensitizers in in vivo applications 
of photodynamic therapy are those that effectively absorb 
red light (> 600 nm). Such wavelengths have the power 
to penetrate deeply into most human tissues. In addition, 
red/infrared light is partially absorbed by the internal 
components of body tissues, thereby minimizing the risk 
of general complications of photodynamic therapy. The 
absorption spectra of PpIX/FA-MH-AuNPs are shown 
in Figure 5. The relative absorption peak (extremum) of 
PpIX after conjugation with gold nanoparticles is 630 nm, 
which is 10 nanometers shifted towards the red region 
compared with the relative absorption peak (extremum) of 
PpIX before the conjugation process. Also, the intensity of 
protoporphyrin Q peaks has changed. These phenomena 
may be due to changes in the environment. The displacement 
of the adsorption peak towards the red region is due to the 
individual surface plasma coupling of the nanoparticles in 
the aggregated structures. 

Also, some different studies show that low displacements 
(about 10 nm) along with changes in absorption coefficient 
are related to changes in the spatial conformation of 
conjugated molecules to the surface of nanoparticles and 
changes in spin states (32).

Figure 6 shows TEM images of PpIX/FA-MH-AuNP. 
The TEM image is a sample of gold nanoparticles attached 
to folic acid-protoporphyrin IX (PpIX-GNP-FA). The size 
distribution of the final PpIX/FA-MH-AuNP nanostructure 
in this process can usually be determined by counting 
about 300 particles. These spherical nanostructures have an 
average diameter of 7 nm.

Photochemical internalization on cancer cell–in vitro
In order to investigate the efficiency of photochemical 

internalization of PpIX/FA-MH-AuNP in photodynamic 
therapy, various parameters such as concentration and 
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Figure 3. Mechanism of synthesis of conjugated gold nanoparticles in the 
presence of DCC and DMAP
DCC: Dicyclohexylcarbodiimide; DMAP: Dimethylaminopyridine

Figure 4. FT-IR spectra of samples a) free protoporphyrin, b) folic acid, 
c) gold nanoparticles attached to protoporphyrin and folic acid, and d) 
adaptation of three spectra (a), (b), and (c)
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irradiation time were investigated. The results of the 
cytotoxicity test (non-irradiated groups) are shown in 
Figure 7. The results show that increasing the concentration 
of PpIX from 5 to 20 μg/ml leads to significant inhibition 
of cell proliferation potential (P<0.05). A similar pattern 
is also observed in the presence of similar concentrations 
of gold nanoparticles. While PpIX/FA-MH-AuNPs at all 
concentrations reduced cell proliferation compared with 
the control group (P<0.05). However, a significant increase 
in cell proliferation was observed at a concentration of 5 μg/
ml of PpIX/FA-MH-AuNPs. Due to the small size of gold 
nanoparticles, it is predictable that in Hela cells, through 
endocytosis processes, conjugated nanoparticles with 
photosensitizer enter the cell from outside the cell.

So far, valuable studies have been conducted on 
the biochemical and pharmacodynamic behavior of 
protoporphyrin IX on cancer cell division. The results 
show that PpIX concentration and cell density (cells/ml) 
are important parameters in determining the inhibitory or 
proliferative behavior of cancer cells. 

As shown in Figure 8, in the absence of photosensitizer, 
no significant changes were observed with increasing 
irradiation time in the initial minutes. An equally significant 
decrease in cell viability was reported after 5 and 10 min 
of exposure (P<0.041). But in the presence of PpIX, cell 
death is significant by increasing drug concentration in 

each light dose or increasing the light dose in a specific drug 
concentration (P<0.034).

In general, performing photochemical internalization 
in the presence of PpIX/FA-MH-AuNPs, as shown in 
Figure 9, reduces cell survival. However, by increasing the 
irradiation time up to 10 min at a concentration of 5 μg/ml, 
no significant change in cell survival was observed.

Figure 10 shows that after applying 1 min of irradiation 
(wavelength 630 nm) at a concentration of 5 μg/ml, a 
significant decrease in cell survival is observed (P<0.001, 
about 90%). Under these conditions, with increasing 
irradiation time, no significant decrease in cell survival is 
observed. The ED50 (dose required to induce 50% cell death) 
for PpIX and PpIX/FA-MH-AuNPs at 2.5 μg/ml is 6.7 and 
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Figure 5. Absorption spectra of free folic acid, PpIX, Au-PpIX, and Au-
PpIX/FA-MH. (to obtain the absorption spectrum and increase the 
solubility of the samples, the sample is first dissolved in a very small amount 
of DMSO and then reached the desired volume by deionized water)
DMSO: Dimethyl sulfoxide

Figure 6. TEM images of gold nanoparticles attached to folic acid-
protoporphyrine

Figure 7. Cell survival before PDT. The effect of dark toxicity of each 
component, separately, (2.5–5 μg/ml of protoporphyrin) (number of 
repetitions; n=4)

Figure 8. Cell survival after PDT (2.5–5 μg/ml of PpIX). (number of 
repetitions; n=4)
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Figure 9. Cell survival rate after photochemical internalization in the 
presence of PpIX/FA-MH-AuNP (2.5 and 5 μg/ml) on HeLa cells after 
exposure for 1, 5, and 10 min (number of repetitions; n=4)
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5.34 min, respectively. 
The effect of 5 min of exposure to PpIX and PpIX/FA-

MH-AuNP is shown in Figure 11. The results show that 
increasing the concentration of PpIX and PpIX/FA-MH-
AuNP up to 10 μg/ml in the presence of 5 min of irradiation 
significantly reduces cell survival. However, increasing the 
concentration of these agents from 10 to 20 μg/ml does not 
affect cell survival. Because increasing the concentration 
of the drug reduces cell survival to zero. The required 
concentrations of photosensitizer to induce 50% cell death 
(IC50) for PpIX and PpIX/FA-MH-AuNPs are predicted to 
be 3.7 and 2.15 μg/ml, respectively. according to the results 
of previous studies, drug concentrations and cell densities 
are key parameters in cell proliferation or death. 

Increasing the PpIX concentration to 20 μg/ml causes 
significant inhibition of cell proliferation. In the case of 
PpIX/FA-MH-AuNPs, an increase in cell proliferation at a 
concentration of 10 μg/ml of conjugated gold nanoparticles 
is observed, which may be due to the different mechanism 
of nanoparticles’ entry from the extracellular environment 
into the cell, at different concentrations of conjugated 
nanoparticles. In other words, the structural properties 
of nanoparticles such as size, type of coating, and how 
the drug is loaded on the surface of nanoparticles can 
determine the optimal concentration in vitro. Accordingly, 
in the case of conjugated nanoparticles synthesized in this 

study, according to the results, the concentration of 5 μg/
ml of conjugated nanoparticles is the optimal concentration 
for inhibiting cell proliferation. In this regard, in the 
continuation of research and treatment, concentrations of 5 
and 2.5 μg/ml were selected and evaluated. 

Also, to investigate the effect of folic acid on photochemical 
internalization and to make a significant difference between 
the data obtained from treatment with PpIX and PpIX/FA-
MH-AuNPs, the incubation time of the drug was reduced 
from 3 hr to 30 min. As can be seen in Figure 12, the results 
indicate that at each light dose, cell death in the presence of 
PpIX/FA-MH-AuNPs was significantly reduced compared 
with unconjugated conditions (P<0.001). Under these 
conditions, ED50 for PpIX and PpIX-MH-AuNP and PpIX/
FA-MH-AuNP at the concentration of 2.5 μg/ml is 8.9, 9.1, 
and 6.17 min, respectively.

Investigation of microscopic changes in cell morphology in 
the process of photochemical internalization

Apoptosis is the main form of cell death caused by 
radiation treatments and photodynamic therapy (33). 
In clinical processes, apoptotic death of cancer cells is 
preferred to their necrotic death because it causes fewer 
adverse immunological reactions in tissues. The probability 
of the apoptosis process depends on various parameters 
such as the type of cell line, the chemical formula of 
photosensitizer, and irradiation conditions (34). Studies on 
the ratio of apoptosis to necrosis show that lower optical 

 

  
Figure 10. Cell survival rate after photochemical internalization in the 
presence of gold nanoparticles (2.5 and 5 μg/ml) on HeLa cells after 
exposure for 1 and 5 min (number of repetitions; n=4)
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Figure 11. Cell survival rate after photochemical internalization in the 
presence of PPIX and PPIX/FA-gold nanoparticles (2.5 –20 μg/ml) on 
HeLa cells after exposure for 5 min (number of repetitions; n=4).
PPIX: Protoporphyrin IX
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Figure 12. Cell survival from photochemical internalization after 30 min of 
cell incubation with the drug. PpIX and PpIX/FA-MH-AuNP (2.5 μg/ml) 
on Hela cell survival after exposure for 1, 5, and 10 min. (data are measured 
relative to the control group) (number of repetitions; n=4) 

Figure 13. Microscopic images of cell morphology by Giemsa staining 
with 400 × magnification before exposure (top row) and after 10 min of 
exposure with an output wavelength of 630 nm (bottom row). (A) Hela 
cells, (B) Hela cells containing 5 μg/ml PpIX, (C) 5 μg/ml PpIX-conjugated 
nanoparticles, and (D) 5 μg/ml PpIX/FA-MH-AuNP
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doses and concentrations of PpIX are preferred due to the 
increased probability of cellular apoptosis.  In 2009, Cohen 
et al. investigated the performance of silica nanoparticles 
encapsulated with PpIX in HeLa cells (35). The results 
showed that PDT can simultaneously cause apoptosis and 
necrosis of Hela cancer cells.

Discussion
The presence of properties such as relative stability 

of the gold-thiol bond in an aqueous medium and its 
reduced stability inside the cell (due to the concentration of 
glutathione inside the cell) have made gold nanoparticles a 
suitable option for drug delivery to the cell. In the present 
study, 6-mercapto-1-hexanol was selected as a more effective 
binder after considering the cell line type and conjugated gold 
nanostructure concentration. This selection is based on the 
pervious study (36).  On the reactions of gold nanoparticles 
coupled with different compounds as well as the results 
of in vitro experiments in the presence of conjugated gold 
nanoparticles with different binders, to selectively target 
cancer cells. Then, after much trial and error, PpIX/FA-MH-
AuNPs were optimized using 6-mercapto-1-hexanol linker 
and synthesized to apply photochemical internalization 
methods to cervical cancer cells.

The cellular uptake rate of gold nanoparticles depends 
on their surface modification, Zeta potential, size, and 
hydrophobicity/hydrophilicity. In addition, tumor cells 
require protoporphyrin in order to regulate the cell division 
cycle and DNA nucleotide synthesis. Also, the surface 
charge sign on gold nanoparticles is very effective on the 
affinity index between the particles and the cell membrane. 
Therefore, due to the interaction of the surface charge and 
also the interaction of the functional groups with the cellular 
receptor, the uptake of PpIX/FA-MH-AuNPs into the cell is 
done effectively.

On the other hand, folic acid is a ligand that can bind to 
bioactive agents, especially the folate receptor (FR) of cancer 
cells. Folate receptors exist in three main forms: FR-α, FR-
β, and FR-γ. The FR-α form is expressed by many tumor 
cells such as ovarian, endometrial, colorectal, breast, lung, 
kidney, and brain metastases. In addition, due to its high 
folic acid stability, compatibility with aqueous and organic 
solvents, low cost, non-toxic properties, ability to conjugate 
with many molecules, and low molecular weight, it has 
attracted widespread attention in targeted cancer therapies. 
Therefore, the proper synthesis for the binding of folic acid 
to molecules is of great interest due to the development of 
targeted delivery systems (39-41).

Protoporphyrin IX is naturally the main component of 
all types of cytochromes, hemoglobin, and some known 
biological molecules that are essential for cell life. PpIX, 
on the other hand, PpIX is a second-generation photo/
radio sensitizer, which can be produced in the body 
using 5-aminoluronic acid as a precursor and through a 
biosynthetic pathway (HEME). This agent strongly emits a 
fluorescence signal and rapidly undergoes photochemical 
degradation under the production of free radicals (such as 
singlet oxygen). Although PpIX is used as a PS in PDT, its 
direct use is limited due to its low solubility in biological 
media. To date, various nanocarriers for photosensitizers 
have been synthesized in order to increase water solubility 
and facilitate drug delivery (42). Among the common 
carriers, gold nanostructures have attracted much attention 
in theranostic applications due to their unique optophysical 

properties.
By combining the results of cell survival of different 

treatment groups, it can be concluded that PpIX/FA-MH-
AuNP are more efficient in uptake to the cell due to the 
presence of a folic acid ligand. Thus, folic acid on gold 
nanoparticles has been able to act as a targeting agent in the 
photochemical internalization of Hela cells.

In the present study, the morphological deviations of 
treated cells caused by photochemical internalization were 
investigated by Giemsa staining. Figure 13 shows the results 
of changes in cell morphology using a light microscope. 
These microscopic images were recorded by a digital camera. 
The images show that cell death has occurred in a significant 
number of cells. The nucleus of most cells is divided into 
several distinct bold components. Also, the color intensity 
in the nucleus is stronger than in living cells, which 
indicates the occurrence of an apoptotic event. Images of 
PpIX-conjugated nanoparticles have been reported in our 
previous work (36).

Conclusion
Photochemical internalization is one of the new branches 

of light therapy that combines chemotherapy and targeted 
photodynamic therapy (TPDT). One of the key factors 
used in targeted photochemical internalization is the use 
of ligand-functionalized nanoparticles that can target 
specific proteins or receptors for cancer cells. In this study, 
synthesized gold nanoparticles were first functionalized 
with 6-mercapto-1-hexanol to increase the drug loading 
efficiency and also to improve the targeted endocytosis 
process of the nanostructure. Then the protoporphyrin IX 
and folic acid were conjugated to the functionalized gold 
nanoparticle surface and a photochemical internalization 
process was performed on this nanocomplex in the Hela cell 
line. The results show that the design of this nanostructure 
and its application in the photochemical process of 
internalization has led to an increase in specific light toxicity 
on cancer cells compared with the conventional process of 
photodynamic therapy.

Research perspectives on photochemical internalization 
can be based on the use of multi-physics simulation software 
(such as COMSOL), molecular dynamics modeling, or 
docking to optimize and accurately interpret existing events. 
The use of molecular docking software can better identify 
the strengths and weaknesses of molecular mechanisms 
and be very effective in achieving ideal interactions at the 
cellular and DNA levels. Also, the use of multispectroscopic 
methods (such as viscosity measurements, circular 
dichroism spectroscopy, fluorescence competition 
displacement assay, resonance light scattering spectroscopy, 
thermal denaturation evaluation, etc.)   to investigate the 
physical and optical behavior of the interaction can be 
effective in optimizing the optophysical parameters in the 
treatment  (37, 38).
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