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Abstract
 To select bronchial epithelial BEAS-2B cell line as control, cellular uptake 
and localization of Hematoporphyrin derivatives (HPD) were compared 
between normal bronchial epithelial cells (BEAS-2B), various lung cancer 
cell lines, as well as between lung cancer cell lines. Cellular uptake of 
HPD was quantified by fluorescence intensity with a multifunctional 
microplate reader and flow cytometry. Laser scanning confocal microscopy 
was used to observe and compare the cellular distribution of HPD. In a 
certain concentration range, HPD concentration was positively correlated 
with fluorescence intensity. Cellular uptake of HPD increased over time 
in four cell lines. The average fluorescence intensity in the four cells 
was significantly different (P<0.0001). The four cell lines showed red 
fluorescent signals of varying intensities, and all were distributed in the 
cytoplasm. In vitro experiments show that there are differences in HPD 
uptake between four cell lines: the ability to take HPD in A549 cells is 
the strongest, followed by BEAS-2B cells and H446 cells, and the uptake 
ability of HPD in H520 cells is the weakest. The photosensitizer HPD is 
located in the cytoplasm of both cell lines, showing a punctate distribution.

Keywords: Photosensitizer; Hematoporphyrin derivative; Cellular uptake; 
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Introduction
Cancer is a multifactorial disease characterized by unbounded cell growth 

leading to the formation of malignant tumors [1]. Cancer incidence and 
mortality in China have been on the rise. It is estimated that new cancer cases 
were increased 4.3 million and cancer deaths were increased 2.9 million in 
China in 2018, of which lung cancer is the most common cancer event and 
the dominant reason for cancer death [2-4]. Currently, clinical treatments 
for lung cancer include surgery, radiotherapy, chemotherapy, and, more 
recently, immunotherapy and other small-molecule targeted therapies, as well 
as combinations of these strategies. However, these treatments have some 
important drawbacks [5]. Photodynamic therapy (PDT) is a promising and 
non-invasive cancer treatment modality, which has developed significantly 
in recent decades and is widely used in the treatment of lung cancer. PDT 
consists of three basic components, namely light, oxygen and photosensitizer 
(PS), which induce focal cell death without systemic adverse reactions [6-8].

Hematoporphyrin derivative (HPD) was obtained by purification 
and chemical modification of hematoporphyrin (HP) used as PS the first 
porphyrin. Subsequently, the porphyrin dimer and oligomer separated from 
HPD were mixed and marketed for the trade name "Photofrin". Despite 
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Affiliated Hospital of Qingdao University; the other three cell 
lines BEAS-2B (human bronchial epithelial cell), NCI-H520 
(human lung squamous carcinoma) and NCI-H446 (human 
lung small cell carcinoma) were purchased from Wuhan 
Procell Company and stored in a liquid nitrogen tank in 
the central laboratory of the Affiliated Hospital of Qingdao 
University. The four cell lines were cultured in a DMEM 
complete medium supplemented with 10%FBS in a 5%CO2 
saturated humidity incubator at 37℃. Cells were routinely 
subcultured and taken into logarithmic growth phase cells for 
experiments.

Standard curve of HPD
The HPD concentrations of 5, 7.5, 10, 12.5, and 15μg/ml 

were added to a 96-well microplate, and each concentration 
has duplicate wells. The HPD was examined by fluorescence 
measurement using the multifunction microplate reader 
(excitation wavelength is 405nm, emission wavelength is 
630nm). The standard curve was drawn by average value 
starting from the low concentration.

Detection of cellular uptake of HPD by multifunction 
microplate reader

The four cell lines (BEAS-2B, A549, H520, H446) were 
seeded in 5 pieces of the 96-plate microplate (5×103 cells per 
well), and each group was set with 4 duplicate wells. After 
culturing for 12h, the experimental groups added 5μg/ml HPD 
for various time intervals from 4h up to 48h in the dark. The 
intracellular retention of HPD was analyzed by fluorescence 
measurement using the multifunction microplate reader 
(excitation wavelength is 405nm, emission wavelength is 
630nm).

Detection of cellular uptake of HPD by flow 
cytometry  

Cells (BEAS-2B, A549, H520, H446) were cultured in a 
12-well plate at a density of 1x105 cells per well. After 12h, 
cells were added 5μg/ml HPD cultured for 24h and 48h in the 
dark, after which unbound HPD was discarded and washed 
twice with PBS. Then, cells were digested with trypsin, 
resuspended with 400μl PBS, filtered and examined by flow 
cytometry. 

Confocal Laser Scanning Microscopy (CLSM) 
Imaging  

The coverslips were soaked in 75% ethanol, rinsed with 
the culture medium, and then placed in a 24-well plate. BEAS-
2B, A549, H520 and H446 cells were seeded at a density of 
104 cells per well and were randomly divided into control and 
experimental groups 12 hours later. After the experimental 
groups were added for 15μg/ml HPD 48h-incubation, 
redundant HPD was discarded and washed twice with PBS. 
Then, cells were fixed with 4% paraformaldehyde for 20 
min at room temperature and washed twice. Next, cells were 

the disadvantages of low chemical purity, poor tissue 
penetration, and long half-life, Photofrin® is still the most 
commonly used and the only PS approved by the FDA for 
clinical treatment of various solid malignant tumors[9, 10]. 
Cellular uptake and intracellular distribution of PS are crucial 
factors in determining the efficacy of PDT, while those are 
affected by physicochemical properties of PS, such as charge 
distribution, lipophilicity and aggregation state, and factors 
of the cell itself, such as the cell type and its physiological 
state and microenvironment [11]. Solid tumors are composed 
of a variety of cells with different PS uptake properties. 
Therefore, pharmacokinetics at the cellular level is a vital 
parameter for optimizing the effect of PDT [12]. In this 
experiment, human bronchial epithelial BEAS-2B cells were 
used as control, and three different lung cancer cell lines were 
selected, such as human lung adenocarcinoma A549, human 
lung squamous carcinoma H520, and human lung small cell 
carcinoma H446 cells. In vitro, the intracellular fluorescence 
intensity was detected by a multifunction microplate reader, 
flow cytometry, laser scanning confocal microscope and other 
methods, and the uptake and localization differences of the 
photosensitizer HPD in normal human bronchial epithelial 
cells and lung cancer cells were compared and analyzed, 
and the differences among lung cancer cell lines. There are 
similarities and differences in the biological characteristics 
of different cancer cell lines. By analyzing the differences in 
HPD uptake of different cancer cell lines, it is convenient to 
select a specific regimen (specific photosensitizer injection 
concentration and time) for different lung cancer types to 
enhance the efficacy of HPD-mediated PDT, to provide the 
guidance for the clinical treatment of lung cancer.

Materials and Methods
Materials

Hematoporphyrin Derivative (HPD), was manufactured 
by Chongqing Milelonge Pharma, specification 5ml: 25mg. 
The HPD was sub-packaged on an ultra-clean workbench 
and kept at -20°C in the dark. It was prepared with a DMEM 
high-glucose complete medium containing 10% Fetal Bovine 
Serum,100 U/mL penicillin G and 100 µg/mL streptomycin 
mixture for immediate use. DMEM high-glucose medium, 
0.25%Trypsin-Ethylenediaminetetraacetic acid (EDTA), 
Penicillin/Streptomycin mixture, and 4% paraformaldehyde 
fixative were purchased from Dalian Meilunbio Company; 
Fetal Bovine Serum (FBS) was provided by Wuhan Procell 
Company; Anti-fade mounting medium and 4,6-diamidino-
2-phenylindole (DAPI) were obtained from Beijing Solarbio 
Company.

Cell culture 
Human lung adenocarcinoma A549 cell line was purchased 

from the American Culture Collection (ATCC, USA) and 
stored in a liquid nitrogen tank in the central laboratory of the 
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the prolongation of incubation time, the uptake of HPD by 
cells increased, and the four cell lines did not reach uptake 
saturation at 48h. Further analysis compared the uptake 
differences between the four cell lines, as shown in Figure 4. 
After 24 h incubation, the average fluorescence intensities of 
BEAS-2B, A549, H520, and H446 cells were 542.0 ± 14.14, 
718.5 ± 19.09, 277 ± 24.75, and 502 ± 12.02, respectively, 
which were statistically different (F=199.0, P<0.0001), and 
the mean intracellular fluorescence intensities were higher in 
A549 cells than in H446 (P=0.0010), BEAS-2B (P=0.0022), 
and H520 cells (P<0.0001), which were statistically different. 
In contrast, the mean intracellular fluorescence intensity was 
not statistically different between H446 and BEAS-2B cells 
(P=0.2724>0.05), and both were higher than H520 (H446 
vs. H520, P=0.0009; BEAS-2B vs. H520, P=0.0005). 48 h, 
the mean intracellular fluorescence intensity of BEAS-2B, 
A549, H520, and H446 cells fluorescence intensity were 
772.0±5.66, 1077±83.44, 446.5±9.19 and 791.0±19.80, 
respectively, which were statistically different (F=71.15, 
P=0.0006<0.0001), and the results of two-comparison 
analysis were the same as 24h. Based on the above data, 
the strongest uptake of HPD was observed for A549 cells, 
followed by H446 cells, and the weakest for H520 cells.

CLSM imaging and intracellular localization
After co-incubating four cell lines with 15μg/mL HPD for 

48h, we utilized confocal laser scanning microscopy (CLSM) 
to observe the intracellular localization of HPD applying 
intrinsic fluorescence of HPD and nuclei-specific probes. 
Images are shown in Figure 5, in which the fluorescence 
signals of the HPD are shown in red and blue fluorescence 
signals from DAPI are used to visualize nuclei. Obviously, the 
red fluorescent signals of varying intensities were discovered 
in the four cell lines treated with HPD, and all of them were 
distributed in the cytoplasm in a punctate manner, but red 
fluorescence signals were hardly observed in the control 
group. Besides, we also perceived that the intracellular 
fluorescence from HPD emerges several distinct red emission 
pixels and hardly overlaps with blue fluorescence registered 
for nuclei in four cell lines. We further performed the 
colocalization analysis for DAPI (blue) and HPD (red) in 
experimental group with Pearson's correlation coefficient (R) 
expressing the intensity correlation of colocalizing objects in 
each component of a dual-color image. The result (Figure 6) 
for BEAS-2B-HPD, A549-HPD, H520-HPD and H446-HPD, 
respectively, are -0.41, -0.26, -0.08 and -0.29, which suggest 
no correlation. Consequently, we confirmed that the uptake 
of HPD in the four cell lines was localized in the cytoplasm, 
and no significant difference was observed in the distribution.

Discussion
Photodynamic therapy (PDT) is a photosensitizer (PS) that 

transfers the energy of absorbed photons to oxygen molecules 
under the irradiation of light wavelengths consistent with 

stained with DAPI (10μg/ml) for 8 min in the dark, then the 
dye was whole removed and washed off PBS. Finally, stained 
coverslips were placed on a glass slide dripped antifade 
mounting medium, and then observed and photographed by 
CLSM.

Statistical analysis 
All experimental data in the study were analyzed using 

the SPSS 26.0 statistical software and GraphPad Prism 
8.0.1 Software. Measurement data were presented as mean 
± standard deviation (SD) from at least three independent 
experiments. Under the condition of testing the homogeneity 
of data variance, analysis between multiple groups was 
performed by one-way analysis of variance (ANOVA) and 
Tukey’s post-hoc test. A P-value<0.05 indicated that was 
statistically significant.

Results
Standard curve of HPD 

Fluorescence values of HPD measured by multifunction 
microplate reader at different concentrations of 5, 7.5, 10, 
12.5, 15μg/ml were drawn the standard curve as shown in 
Figure 1, and performed correlation regression analysis, 
regression equation Y=2276*X+17563, correlation coefficient 
r=0.9920, P=0.0009. The results showed that within a 
certain concentration range, the concentration of HPD was 
positively correlated with the fluorescence intensity, and the 
fluorescence intensity of HPD could be used to represent the 
HPD content.

Time-dependent cellular uptake of HPD
The time-dependent cellular uptake of 5μg/mL HPD in 

BEAS-2B, A549, H520, and H446 cells is shown in Figure 2. 
The HPD time-dependent accumulation of the four cell lines 
showed an overall upward trend, indicating that the cellular 
uptake of HPD increased with time. In BEAS-2B (Figure 2a), 
A549 (Figure 2b), and H446 (Figure 2d) cells, the uptake of 
HPD had no significant increase at 4, 8, and 12 h (P>0.05), 
and accumulated rapidly after 12 h, while the absorption was 
a certain delay in H520 (Figure 2c) cells, and the acceleration 
of the uptake rate is only shown after 24 hours.

Comparison of cellular uptake of HPD in BEAS-2B, 
A549, H520 and H446 cells

After cells were incubated with 5μg/mL HPD for 24h and 
48h, cellular HPD was detected by fluorescence measurement 
using flow cytometry, to exclude the effect of differences in 
cell proliferation and further quantify cellular uptake of HPD. 
As shown in Figure 3, BEAS-2B (a), A549 (b), H520 (c), and 
H446 (d) cells showed strong fluorescence signals at 24h and 
48h, indicating that HPD was efficiently accumulated in cells 
and the accumulation at 48h was higher than 24h (e), P<0.05, 
there was a significant statistical difference. Therefore, with 
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the PS absorption spectrum to generate cytotoxic reactive 
oxygen species (ROS) such as superoxide anion and singlet 
oxygen, resulting in oxidative stress further destroys tumor 
cells. The lifetime of singlet oxygen is extremely short (10-
320ns), and the diffusion range in cells is only 10-55nm, so 
the effect of photodynamic therapy depends to some extent 
on the intracellular distribution and localization of the PS 
used [10, 13, 14]. Cellular uptake, intracellular distribution 
and retention of photosensitizers depend on PS chemistry, 
PS concentration, incubation time and cellular properties, 
including cell volume, proliferation status, the affinity of 
intracellular target sites for photosensitizer binding, cell type, 
etc. [11, 15].

A particular cell type has its ratio of photosensitizer uptake 
and clearance. As early as 1990, Perry et al. demonstrated that 
the cellular uptake of PhotofrinII differs among different cell 
lines [16]. Subsequently, in the experiments of Fickweiler et 
al., the cellular uptake of another photosensitizer-ATMPn 
was shown to be different between skin cell lines [17]. In 
2003, Chwiłkowska et al. revealed that Photofrin II differs in 
cellular uptake between [18]. In this study, the clinically used 
photosensitizer HPD (Hipofen®) was selected to investigate 
the differences in the uptake of HPD by lung cancer cells of 
different histological types. The results of the multifunctional 
microplate reader showed that HPD accumulated rapidly in 
BEAS-2B, A549 and H446 cells incubated with HPD at 5µg/
ml concentration for 12h, while the rate of HPD uptake by 
H520 cells was slow and uptake accelerated after 24h (Figure 
2). Since the multifunction microplate reader detects the total 
fluorescence intensity of cells, flow cytometry was applied 
to further quantify the intracellular average fluorescence 
intensity at 24 and 48 h (Figure 3). The results showed that 
the cellular uptake efficiency of HPD by the four cell lines 
was different with the increase of time, and it was further 
confirmed that different cell types had different uptake of 
photosensitizers.

In this experiment, after cells were incubated with HPD 
for 48 hours, the average fluorescence intensity in lung 
adenocarcinoma A549 cells even reached 2 times that of 
lung squamous carcinoma H520 cells, and the intracellular 
fluorescence intensity in lung small cell carcinoma H446 cells 
were also much higher than that in lung squamous carcinoma 
H520 cells, demonstrating differences in HPD uptake between 
different types of lung cancer cells (Figure 4). But in 1990, 
Perry et al. showed that the photosensitizer concentration in 
lung squamous carcinoma H520 cells was higher than that 
in lung adenocarcinoma A549 cells after 2h incubation with 
photosensitizer [16]. Then for the same cell line type, the 
proliferation state of the cells may affect the uptake of the 
photosensitizer with the prolongation of the incubation time. 
In addition, it may also be since HPD is more localized to 
mitochondria in the early stage of HPD incubation, and then 
shows time-dependent uptake in lysosomes [19]. This also 
explains the phenomenon that the fluorescence intensity of 
HPD in the four kinds of cells co-incubated with HPD for 4h, 
8h, 12h, 24h, and 48h increases with time (Figure 2).

In addition, one of the properties of photosensitizers is 
to selectively target tumor tissues [20], and studies have 
found that the uptake of HPD in tumor cells is even 5 times 
higher than that in normal cells in the corresponding tissues 
[21]. However, this study showed that the HPD in normal 
bronchial epithelial BEAS-2B cells was higher than that in 
lung squamous carcinoma H520, and there was no statistical 
difference compared with lung small cell carcinoma H446. 
Although the intracellular HPD of lung adenocarcinoma 
A549 cells was higher than that of normal bronchial epithelial 
BEAS-2B cells, it was much more than 5-fold (Figure 4). 
In 1990, Perry et al. also showed that the concentration of 
photosensitizer in normal lung fibroblasts CCL-210 cells 
were higher than that in lung cancer cells [16]. This may be 
due to differences in experimental conditions in vivo and in 
vitro, and in vivo, various factors may contribute to the high 
selectivity of HPD for tumor tissue. Possible factors include: 
tumor-associated macrophages (TAM) in tumor tissue higher 
than normal tissue [22]; relative permeability and diffusion 
of tumor capillaries compared with normal tissue [23]; the 
presence of enhanced permeability and retention effect (EPR) 
in tumor tissue [24]. Studies have also shown the accumulation 
of photosensitizers in individual tumor cells [25].

The intracellular localization of PS is important to 
determine the target of PS, which may determine the site 
and extent of photodynamic damage produced by PDT, 
and determine the pathway and type of cell death [26, 
27]. Porphyrins are accumulated in cells mainly through 
passive diffusion, binding to lipoproteins, and peripheral 
benzodiazepine receptors and localized in mitochondria, 
lysosomes, endoplasmic reticulum, Golgi apparatus, nuclear 
membrane and other cell membrane structures [28-30]. The 
intracellular localization of HPD in the four cell lines was Figure 1: Standard curve of HPD. 
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Figure 2: The time-dependent cellular uptake of HPD. BEAS-2B (a), A549 (b), H520 (c), and H446 (d) cellular HPD were examined by fluorescence intensity 
with the multifunction microplate reader.

Figure 3: Cellular uptake of HPD. BEAS-2B (a), A549 (b), H520 (c), and H446 (d) cells were incubated with HPD for 24h and 48h, respectively, 
and cellular uptake efficiency were detected by fluorescence intensity using flow cytometry; statistical analysis of the differences in the uptake 
of four types of cells at 24h and 48h (e). *, #: P<0.05; **, ##: P<0.01; ***, ###: P<0.001; ****, ####: P<0.0001. *: control group vs. 24h 
group; #: 24h group vs. 48h group.
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Figure 4: Comparison of cellular uptake of HPD in four cell lines. Differences in cellular uptake were analyzed by flow cytometry in BEAS-
2B, A549, H520 and H446 cells co-incubated with HPD for 24h (a, b) and 48h (c, d). *, #, Δ: P<0.05; **, ##, Δ Δ: P<0.01; ***, ###, Δ Δ Δ: 
P<0.001; ****, ####, Δ Δ Δ Δ: P<0.0001. *, ns: vs. BEAS-2B-HPD; #: vs. A549-HPD; Δ: vs. H520-HPD.

perceived under a laser scanning confocal microscope, and the 
results presented that the photosensitizer HPD was diffusely 
distributed in the cytoplasm (Figure 5) Whether there are 
differences in subcellular localization requires further study.

In this experiment, the multifunction microplate reader 
and flow cytometer were used to quantitatively analyze the 
intracellular photosensitizer HPD, and the photosensitizer 
HPD uptake of normal bronchial epithelial cell lines and 
different lung cancer cell lines was investigated in vitro. 
Based animal xenograft models, organoid models, etc. were 
used to simulate the in vivo environment, and the mechanism 
of the high selectivity of photosensitizer HPD to tumor 
tissue was explored. In summary, under certain conditions in 
vitro, there are differences in the uptake of HPD by different 
human lung cancer cell lines. It can be concluded that the 
cellular uptake capacity of HPD: lung adenocarcinoma A549 
cells>bronchial epithelial BEAS-2B cells and lung small cell 
carcinoma H446 cells>lung squamous carcinoma H520 cells, 
however, whether all lung adenocarcinomas have high HPD 

uptake capacity, and whether the cellular uptake of HPD is 
related to histological type, needs further research to verify.
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Figure 6: Pearson's correlation coefficient (R) of BEAS-2B, A549, H520, and H446 cells. a, c, e, and g are the images of BEAS-2B, 
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of Interest (ROI), and figures b, d, and f, represent the co-localized scatter plots of the corresponding ROI after ImageJ analysis.

Figure 5: Intracellular localization of HPD in four cell lines. Laser scanning confocal microscopy showed the localization of HPD 
in BEAS-2B, A549, H520 and H446 cells incubated with 15μg/mL HPD for 48h. (Red indicates HPD fluorescence, blue indicates 
DAPI, scale bar = 25μm).
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