
Application of liposomal nanoparticles of berberine in photodynamic 
therapy of A549 lung cancer spheroids

Kave Moloudi , Heidi Abrahamse , Blassan P. George *

Laser Research Centre (LRC), Faculty of Health Sciences, Doornfontein Campus, 2028, University of Johannesburg, Johannesburg, South Africa

A R T I C L E  I N F O

Keywords:
Liposomal nanoparticles
Berberine
Photodynamic therapy
Photosensitizer
Laser
Lung cancer
Spheroid cell culture

A B S T R A C T

Application of liposomes is a critical strategy in drug delivery and increase cellular uptake of drugs having low 
water solubility. Berberine (BBR) is a bioactive compound found in several plants, including Goldenseal, 
Barberry, and Oregon grape. It has garnered attention for its various health benefits, particularly in metabolic 
health and antimicrobial activity. However, one of the challenges associated with BBR is its water solubility. 
Moreover, BBR has photosensitizing potential via absorbance of light and generation of free radicals. Hence, to 
improve water solubility and bioavailability, one of the important strategies employed is using lipid-based 
carriers to enhance solubility. In this study we employed liposomes to deliver BBR in A549 lung cancer 
spheroid cells to enhance photodynamic therapy efficacies. Results from the EDS and UV–Vis spectroscopy 
revealed that the BBR had been loaded onto liposomes, with three peaks appearing between 250 and 450 nm. 
Morphology of Lipo@BBR nanocomplex was in wavy crest shape and the size was 56.99 ± 3.74 nm in SEM and 
TEM analysis, respectively. FTIR data illustrated that Lipo@BBR has four significant peaks at 1250, 1459, 1736, 
and 2907 cm− 1. DLS data showed that Lipo@BBR has a negative surface charge with a − 10.7 Zeta Potential 
(mV). Additionally, based on Zetasizer measurements, the size of Lipo@BBR complex was 82.7 ± 6.5. Cyto-
toxicity assay investigation with MTT assay presented that IC50 of Lipo@BBR in PDT was 10 ± 0.5 μg/mL that led 
to a volume reduction of the A549 spheroids after five sessions of PDT fractionation (total light dose was set at 
25 J/cm2). qPCR and immunofluorescence results demonstrated that Lipo@BBR increases the BAX/BCL2 ratio in 
A549 spheroid cells, hence improving PDT efficiency. In conclusion, our results illustrated that safe dose of 
Lipo@BBR (10 ± 0.5 μg/mL) in PDT fractionation protocol can be one of the strategies to suppress the tumor 
volume and cell death proliferation. Authors recommend using Lipo@BBR nanocomplex in PDT fractionation as 
well as more in vivo investigation is warranted.

1. Introduction

Photodynamic therapy (PDT) is a type of cancer treatment that uses a 
combination of a photosensitizing drug and a specific type of light to kill 
cancer cells. The process involves administering a photosensitizing 
agent, which is absorbed by the cancer cells, followed by exposure to a 
specific wavelength of light. This interaction between the drug and the 
light produces reactive oxygen species (ROS) such as singlet oxygen and 
other free radicals that kills nearby cells. PDT can be used to treat early- 
stage tumors that are localized within the lungs or the lining of the chest 
cavity, PDT [1-3].

Oxygen level of tumor plays a crucial role in PDT which the inter-
action between the photosensitizer, light, and oxygen generates ROS, 
which are toxic to cancer cells. Therefore, ensuring adequate oxygen 

supply to the treatment area is essential for the effectiveness of PDT [4]. 
One of the challenges in PDT is oxygen depletion of tumor after each 
irradiation which leading to reduction of treatment efficiency. In some 
cases, supplemental oxygen may be provided to optimize the therapy’s 
outcomes [5,6]. However, as a strategy to overcome this challenge, 
fractionation PDT can be used, which also minimizes the side effects of 
normal tissue [7,8]. Fractionation treatment refers to the practice of 
dividing a treatment into smaller and more manageable doses, resulting 
to reduce the risk of side effects and allow healthy tissues to recover 
between treatments. Fractionated PDT involves delivering the photo-
sensitizing drug and light treatment in multiple sessions, spaced out over 
a period of time. This approach allows for a more controlled and tar-
geted delivery of the photosensitizer, as well as enhanced tissue 
oxygenation and recovery between treatment sessions. Therefore, 
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fractionation in PDT can offer several benefits, including, reduced side 
effects, enhanced efficacy, improved tissue oxygenation [9-11].

Berberine (BBR) is a natural and anticancer compound found in 
several plants, including the barberry, goldenseal, and Chinese gold-
thread [12,13]. Moreover, BBR is a potent photosensitizer for PDT 
purpose that it can absorbs light at 344–422 nm wavelength (a 
maximum absorption is 418 nm) and produce ROS such as singlet oxy-
gen (1O₂), superoxide Anion (O₂•-), hydrogen peroxide (H₂O₂), hydroxyl 
radical (•OH) and peroxyl radicals (ROO•), leading oxidative damage, 
DNA damage, G2/M cell cycle arrest and apoptosis [14-16]. Conse-
quently, ROS can lead to intrinsic apoptotic pathway via mitochondrial 
dysfunction, causing the release of cytochrome c from the mitochondria 
into the cytosol and activating caspases (caspase-9 and caspase-3). 
Further, some studies suggested that ROS can also activate death re-
ceptors on the cell surface, leading to the extrinsic apoptotic pathway 
[17,18]. Several studies reported that the nanoformulations of BBR can 
improve cellular uptake and treatment outcomes more than its free form 
(powder) [19,20]. In addition, the nanoformulation of BBR presents a 
promising approach in cancer therapy by enhancing its bioavailability, 
targeting capabilities, and overall therapeutic efficacy while potentially 
reducing side effects [21,22]. Nanoliposomes offer several unique ad-
vantages in comparison other nanoparticle systems (polymeric nano-
particles, and metal nanoparticles) such as biocompatibility and 
biodegradability, encapsulation both hydrophilic (water-soluble) and 
hydrophobic (lipid-soluble) drugs, controlled release and targeted de-
livery. Liposomes as lipid-based nanoparticles can provide a 
cutting-edge method to transport active molecules and new drug de-
livery into cancer cells, and several formulations of them such as Doxil, 
Visudyne and Myocet as photosensitizer and chemotherapeutic drugs 
are approved by Food and Drug Administration (FDA) and now being 
used in clinical practice [23-25].

Hence, in this study, we used liposomal berberine nanocomplex 
(Lipo@BBR) in combination with 405 nm laser on A549 lung cancer 
spheroid cells.

2. Method and materials

2.1. Materials

BBR chloride (10006427, powder , Purity >95 %), dimethyl sulf-
oxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) (11465007001), cholesterol (Chol) (C8667), 1,2-Dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC) (P1138-1G), citrate gold 
nanoparticles (AuNPs) (741957), Gibco Dulbecco’s Modified Eagle 
Medium (DMEM) (D5796), Chloroform (C2432), methanol (439193), 
fetal bovine serum (FBS), phosphate buffered saline (PBS), 96-well ultra- 
low attachment plates (174929), 4 % paraformaldehyde and crystal 
violet (C6158-50G, Purity >90 %) were purchased from Sigma (USA) 
and ThermoFisher in Johannesburg, South Africa.

2.2. Synthesis and characterization of Lipo@BBR nanocomplex

Loading BBR into liposomes using the thin-film method is a popular 
approach for enhancing its solubility and bioavailability. Lipo@BBR 
were synthesized by the thin-film hydration method [26,27]. Briefly, 
mixture of DSPC (90 mg/mL), Chol (30 mg/mL) at 3:1 ratio, BBR (20 μM 
or 0.20 mg) were dissolved in chloroform and methanol (4:1, v/v), then 
rotary evaporator (75 rpm at temperature 75 ◦C for 1 h) used to evap-
orate the extra solvent and form a thin lipid layer. After hydration me-
dium with phosphate-buffered saline and gentle shake to facilitate the 
hydration of the lipid film and formation of liposomes, sonication (30 
min) to achieve uniform liposome size was performed. Finally, samples 
were centrifuged (18000 for 10 min) to remove unencapsulated BBR and 
free lipids. Afterward, obtained nanoparticles stored at 8 ◦C for char-
acterization. Transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), energy-dispersive spectroscopy (EDS) using 

SEM (VEGA3 TESCAN), dynamic light scattering (DLS) using Malvern 
Instrument (Zetasizer software 7.03, Malvern, UK), FTIR (PerkinElmer 
Spectrum Version 10.03.02) and UV–Vis spectroscopy (Jenway, 7315 
spectrophotometer) analyses for measuring size, morphology, stability 
and distribution (pH = 6.8), surface charge, absorption peak and 
encapsulation efficiency (EE%) of BBR were performed. EE of BBR on 
liposomes was quantified using the equation: 

% EE=Amount of drug loaded/ Initial amount of drug X 100 (1) 

2.3. Cytotoxicity of Lipo@BBR nanocomplex before and after PDT

DMEM media containing 10 % FBS and 1 % Penicillin-Streptomycin 
(P4458) was used to seed A549 human lung cancer cells in 25-flask 
plates. After 80–90 % confluency was achieved, the cells were har-
vested and counted. To spheroid formation, cells were plated at density 
of 3 × 103 cells in 200 μL of growth media per well using 96-well 
spheroid microplates (4520). Spheroids growth and shapes were 
analyzed using inverted Olympus microscope (USA). MTT assay was 
used to evaluate Lipo@BBR toxicity at concentrations of 0–20 μg/mL on 
the A549 spheroid cells with and without laser at 5 J/cm2 energy for 24 
h. The groups included control (cells alone for dark toxicity), laser (cells 
alone), 2, 4, 6, 8, 10, 12, 14, 16 and 20 μg/mL with and without laser. In 
order to prepare single cells, A549 spheroid cells were disassociated 
with 200 μL TrypLE for 5 min, then the medium was discarded, and the 
cells were washed with PBS and 2 × 104 cells/mL seeded in 96-well 
polystyrene tissue culture plates. The cells were then placed in a hu-
midified 5 % CO2 incubator at 37 ◦C for overnight to attach. Following 
the incubation period, the medium was extracted, and each well was 
filled with 20 μL aliquots of MTT solution (5 mg/mL in PBS, Sigma, USA 
and plate re-incubated for 4 h at 37 ◦C. After carefully aspirating 100 μL 
of the supernatant culture media, 100 μL aliquots of DMSO were added 
to each well to dissolve the formazan crystals and incubated for 30 min. 
The culture plate was placed on a microplate reader (PerkinElmer, 
HH35940080 EN, Midrand, South Africa) and shook for 15 min, and 
absorbance was then measured at 540 nm. The cell viability rate was 
calculated as the percentage of MTT absorption as per the equation: 

% Survival=Mean OD of sample / Mean OD of control × 100 (2) 

2.4. Photodynamic therapy (PDT)

A 405 nm diode laser was used for PDT and the laser parameters are 
summarized in Table 1. However, to determine the therapeutic effi-
ciency of the Lipo@BBR in PDT, we used the maximum safe dose of 
Lipo@BBR (10 μg/mL) with various fractionations including compared 
with control (A549 spheroid cells alone), laser (A549 spheroid cells 
alone) at wavelength of 405 nm laser (5 J/cm2 energy per session and 
total light dose was set at 25 J/cm2). The A549 spheroid cells were 
exposed using a 1000 mA laser source (4210 Laser Source, Arroyo In-
struments, LLC, CA, United States) and a 405 nm diode laser (National 
Laser Centre, South Africa, SN 070900108). The laser output power 
(mW) was measured by using a Power Meter (Coherent®, FieldMate, 
1098297, Alp Applied Laser Power, South Africa) and a High-Sensitivity 
Thermopile Sensor PM3 (Coherent®, PM3, 1098336, ALP- Applied Laser 
Power, South Africa) used to calculate the laser exposure time based on 

Table 1 
The laser parameters are summarized.

Laser parameters

Photosensitizer (PS) Lipo@BBR
PS concentration (μM) 10 μg/mL
Laser type semiconductor (diode)
Wavelength (nm) 405 nm
Wave emission Continues
Fluence (J cm− 2) 5
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the fluence via equations of (3), (4) and (5). Afterward, the cells were 
seeded in a 96-multiwell non-adherent plate, at a concentration of 3 ×
103 cells per well, and allowed to grow for 3 days; then the A549 
spheroids were treated with IC50 of Lipo@BBR (10 μg/mL) in five PDT 
sessions (5 J/cm2 in each session) for 24 h. The magnitude of the laser 
spot covered the entire 4 wells during exposure (diameter area was 3.4 
cm or radius was 1.7 cm). The irradiation time (min) was calculated as 
follows: 

Intensity (W/cm2) = Energy/Area = 70 × 10− 3 W / 3.14 × 1.72 cm =
0.0077 W/cm2                                                                               (3)

Area = πr2 = 3.14x1.72 = 9.074 cm2                                              (4)

Exposure time (min) = Dose(J/cm2)/Intensity (W/cm2) = 5 /0.0077 =
10.82 ≃ 11 min                                                                             (5)

2.5. Tumor volume and colony formation assay post-PDT

Diameter of A549 spheroids were measured before and after PDT. 
Then the volume curve of spheroid was drawn. Volume cells spheroids 
were measured by following equation: 

V = 4/3πr3, which π = 3.14 and r is radius.                                    (6)

Colony formation assay used to assess the ability of individual cells to 
proliferate and form colonies. The assay provides valuable information 
about the clonogenic potential of cells, which refers to their ability to 
grow and divide to form a visible colony. Hence, A549 spheroid cells 
were treated with IC50 (10 μg/mL) of Lipo@BBR in PDT (405 nm laser at 
energy of 5 J/cm2 for five sessions). Then spheroids disassociated with 
200 μL of TrypLE and number of 1000 cells were seeded in 6-multiwell 
(M8562) plate in DMEM and incubated for 12 days to proliferate and 
form colonies. After the incubation period, the cells are fixed with 5 % 
formaldehyde and stained with 0.5 % crystal violet dye that allows for 
the visualization of cell colonies. The resulting colonies are then counted 
by fluorescence microscope and ImageJ software (version1.48v). The 
colony formation was defined by a cell population of at least 50 cells.

2.6. Quantitative Polymerase Chain Reaction (qPCR) for apoptotic gene 
expression

Real-time Quantitative Polymerase Chain Reaction (RT-qPCR) was 
performed to compare the expression of apoptosis-related genes 
including Bax, Bcl-2 (as anti-apoptotic factor) and P53 for all groups 
including control (cells alone), laser (5 J/m2) and, Lipo@BBR + laser. 
The isolation of the RNA samples were carried out using RNeasy kit 
(Whitehead Scientific, RSA, Qiagen, 74104) with QIA shredder ho-
mogenizers (Whitehead Scientific, RSA, Qiagen, 79654) from 1 × 106 

cells of all groups according to the manufacturer’s instructions. Then, 
quality and quantity of extracted RNA samples were assessed using the 
Qubit 3.0 Fluorometer (Invitrogen, USA). Based on the quality and 
quantity of extracted RNA, 200 ng/mL RNA was converted into cDNA 
using QuantiTect Reverse Transcription Kit (205311, QIAGEN, USA) 
according to the manufacturer’s instructions. Primer3 software (version 
0.4.0) was used to build the primer sequences for GAPDH, Bax, Bcl-2, 

and P53. To normalize the expression of target genes, GAPDH was 
employed as an internal control. The forward and reverse primer se-
quences for target amplification is given in Table 2. Finally, relative fold 
expression was determined using the 2− ΔΔCT (ΔΔCT = ΔCT treated - 
ΔCT untreated) method [28] and the cycle threshold (CT) values ob-
tained from RT-qPCR.

2.7. Immunofluorescence (IF) assay

To determine apoptotic cell death mechanism of Lipo@BBR in PDT 
qualitative assessment of apoptotic proteins such as BAX, caspase-3 
(CASP-3) and P53 was carried out with IF imaging. Briefly, after A549 
spheroid cells treatment with IC50 of Lipo@BBR-mediated PDT for 24 h, 
spheroids disassociated with 200 μL of TrypLE and number of 105 cells 
were seeded in 6-MW plate with sterile glass coverslips containing 2 mL 
of complete DMEM medium. After 24 h, A549 cells were washed three 
times using PBS (1x), and fixed for 15 min using 1 mL of 5 % para-
formaldehyde. Thereafter, cells were washed three times with ice-cold 
PBS (1x) to remove excess paraformaldehyde and permeabilized using 
0.5 % Triton X100 (1 mL) at room temperature for 15 min and washed 
three times with PBS. Then to avoid non-specific binding and in-
teractions of antibodies (Abs) cells incubated for 1 h with 1 mL of 1 % 
Bovine Serum Albumin (BSA) and washed twice using ice-cold PBS (1x). 
The anti-BAX (41162), anti-CASP-3 (C8487) and aniti-P53 (2527) an-
tibodies were provided by Cell Signaling Technology (Johannesburg, 
South Africa). After the preparation of antibodies and disassociation of 
A549 spheroids, cells were seeded on coverslips and incubated for 24 h. 
Afterward cells washed three using PBS, ~200 μL of primary Abs was 
added onto the surface of the coverslips and incubated for 2 h at room 
temperature in the dark. Post-incubation, cells were washed three times 
to remove unbound primary Abs, then treated with 200 μL of recon-
stituted FITC-labeled secondary Abs (goat anti-mouse IgG-FITC conju-
gated (sc-2010) (Santa Cruz® Biotechnology) and incubated for 1 h at 
room temperature in the dark, After removing unbound secondary Abs 
from the cells with three ice-cold PBS (1x) washes, coverslips were 
stained for 5 min with 200 μL of 4′,6-diamidino-2-phenylindole (DAPI), 
and excess DAPI was removed with three PBS (1x) washes. Lastly, sterile 
microscopic glass slides with coverslips containing labeled cells were 
mounted and using an Olympus BX41 microscope, observed for the 
qualitative expression (fluorescent signals) of pro-apoptotic proteins 
such as BAX, CASP-3, and P53.

2.8. Data analysis

All experiments were performed three times (n = 3) and data average 
was calculated after each tests. The control groups and all treated groups 
were compared for the purpose of determining statistical significance 
using a one-way analysis of variance (ANOVA) (Tukey test). The sta-
tistical significances between the groups were analyzed using SPSS 
(Version 22). A p-value below 0.05 (***p < 0.001; **p < 0.01; *p <
0.05) considered as statistically significant. Results are represented as 
Mean ± Standard deviation (SD). Shortly, the basic concept behind 
ANOVA is to compare the variance (variability) within each group to the 
variance between the groups and SD helps to understanding the vari-
ability of the data within and between groups [29,30].

Table 2 
The primer nucleotide sequences used for RT-qPCR.

Genes Code number Forward primer (5′-3′) Reverse primer (5′-3′) Product size (bp)

BAX S212D, S212E GGACGAACTGGACAGTAACATGG GCAAAGTAGAAAAGGGCGACAAC 150
BCL2 S212F, S2130 ATCGCCCTGTGGATGACTGAG CAGCCAGGAGAAATCAAACAGAGG 129
P53 S213G, 

S213H
CCTCAGCATCTTATCCGAGTGG TGGATGGTGGTACAGTCAGAGC 153

GAPDH S213B, 
S213C

GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG 185
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3. Results

3.1. Characterizations of Lipo@BBR

BBR was detected in the Lipo@BBR complex by Energy Dispersive 
Spectroscopy (EDS) analysis and SEM imaging (built-in software used) 
[31]. The morphological SEM image showed that the BBR drug is wavy 
crest shaped in the Lipo@BBR complex, (Fig. 1(A&B)). In addition, The 
TEM data showed that the loading of BBR on liposomes and the size of 
Lipo@BBR complex was 56.99 ± 3.74 nm, Fig. 1(C). According to the 
UV–Vis spectra Fig. 1(D), liposomes have a peak close to 210 nm 
wavelength while BBR has three peaks between 250 and 450 nm. The 
highest concentration of BBR co-loaded in the Lipo@BBR complex is 15 
μM (89 ± 2 %). Additionally, FTIR data showed four absorbance peaks 
were visible in BBR around 1035, 1105, 1505, and 2850 cm− 1, respec-
tively. Liposome and Lipo@BBR had four of the same significant peaks 
at 1250, 1459, 1736, and 2907 cm− 1, Fig. 1(E). Dynamic light scattering 
(DLS) data are shown in Fig. 1(F), showing that Lipo@BBR has a 
negative surface charge with a − 10.7 Zeta Potential (mV). Based on 
Zetasizer measurements, the size of Lipo@BBR complex was 82.7 ± 6.5, 
as illustrated in Fig. 1(G).

3.2. Cytotoxicity of Lipo@BBR nanocomplex

Cytotoxicity of various concentrations of Lipo@BBR nanocomplex 
(contain 15 μM) before and post PDT evaluated with MTT assay (Fig. 2). 

Cell viability (%) pre-PDT for various groups including control (cells 
alone), 2 μg/mL, 4 μg/mL, 6 μg/mL, 8 μg/mL, 10 μg/mL, 12 μg/mL, 14 
μg/mL, 16 μg/mL and 20 μg/mL was 100, 98.5, 98, 97.5, 97.01, 95.2, 
91, 90.08, 88.60 and 82.25 %, respectively. However, Lipo@BBR in 
comparison with control group, did not show significant cytotoxicity in 
concentrations less than 10 μg/mL (concentrations<10 μg/mL) (*p >
0.05). Additionally, various concentrations of Lipo@BBR post-PDT (5 J/ 
cm2) reduced cell viability to 100, 98.5, 90, 87.5, 77.01, 48.2, 41, 36.08, 
22.60 and 11.25 %, respectively. Hence, IC50 of Lipo@BBR post-PDT 
was 10 μg/mL (***p < 0.001). This concentration was used for further 
experiments in PDT.

3.3. Tumor volume and colony formation of A549 spheroids post-PDT

The tumor volume and colony formation of A549 spheroids post-PDT 
was observed using Olympus microscope. The volume of A549 spheroids 
at various fractionation doses (5 J/cm2) was measured every session 
following PDT (24 h post-PDT). As can be seen from Fig. 3 (A and C), 
diameter of A549 spheroid from 825.23 μm (before treatment) reduced 
to 413.53 μm, using Lipo@BBR (10 μg/mL) in PDT at 25 J/cm2. 
Thereafter, each session post-PDT, cell survival rates were observed 
using colony formation assay. However, the cell survival (%) for various 
groups including control (before treatment), laser alone (5 J/cm2), 10 
μg/mL + 5 J/cm2, 10 μg/mL + 10 J/cm2, 10 μg/mL + 15 J/cm2, 10 μg/ 
mL + 20 J/cm2 and 10 μg/mL + 25 J/cm2 was 100 ± 2, 91 ± 3, 52 ± 3, 
44 ± 6, 35 ± 2, 28 ± 3 ad 23 ± 2 %, respectively, Fig. 3 (B and D).

Fig. 1. Spectral characterization of Lipo@BBR. (A), (B) and (C) SEM image, EDS and TEM image. (D), UV–Vis spectroscopy and maximum BBR loading. (E), FTIR, 
(F), Zeta potential and (G), Zeta sizer analysis.
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3.4. Apoptotic genes expression in qPCR

To determine the apoptosis inducing effect of Lipo@BBR in PDT, the 
mRNA expression level of three apoptosis-related genes, BAX (as a pro- 
apoptotic gene), BCL2 (as an anti-apoptotic factor) and P53 (as a pro- 
apoptotic factor) were examined using the RT-qPCR. As shown in 
Fig. 4, Lipo@BBR in PDT significantly increased the expression of BAX 
and P53 and level of BCL2 decreased (*p < 0.05, **p < 0.01). However, 
the A549 spheroid cells treated with Lipo@BBR + laser illustrated 4.31 
and 4.25 -fold increase in Bax and P53, respectively (for groups ***p <
0.01). While BCL2 expression decreased to 0.63-fold, compared to 
control group, respectively (*p < 0.05). Hence, the expression of BAX 
and P53 in PDT groups was significantly upregulated while, BCL2 anti- 
apoptotic factor was significantly downregulated in comparison with 
control and laser alone treated groups. Additionally, BAX/BCL2 ratio for 
Lipo@BBR + laser treated group reached 6.8 while for control and laser 
control groups observed at 1 and 1.19, respectively.

3.5. Immunofluorescence assay

Immunofluorescence (IF) assay used to visualize the activities of pro- 
apoptotic proteins including BAX, caspase-3 (CASP-3) and P53 in con-
trol (cells alone), laser (cells + laser alone) at 5 J/cm2 and Lipo@BBR 
(10 μg/mL) + laser groups of cells after 24 h of treatment (Fig. 5). Ac-
tivity of BAX, CASP-3 and P53 proteins post-PDT in Lipo@BBR + laser 
group (H, I and J) have increased in comparison with control (F), laser 
alone (G). The non-toxic dose of Lipo@BBR (10 μg/mL) in PDT with 405 
nm laser irradiation caused triggering of apoptotic cell death in A549 
spheroid cells.

4. Discussion

The spheroid cell culture in comparison with monolayer mimic in 
vivo conditions due to gap junction, cellular matrix and resistance 
against therapy [32,33]. Using of lipid nanoparticles (LNP) is a strategy 
in passive and active drug delivery and cancer therapy that has been 
approved by the Food and Drug Administration (FDA) [34,35]. 

Fig. 2. (A), Cytotoxicity of Lipo@BBR (0–20 μg/mL) alone and post-PDT (5 J/cm2). IC50 of Lipo@BBR in PDT was 10 μg/mL (*p < 0.05, **p < 0.01, ***p < 0.001). 
(B), regression plot (R2 = 0.9805) and IC50 of Lipo@BBR post-PDT (10 ± 0.5 μg/mL).

Fig. 3. (A), images and the size (μm) of A549 spheroid before and post-PDT in various sessions, (scale bars: 200 μm). (B), colonies before and post-PDT in various 
sessions (the cell population of 50 or more cells was used to define the colony). (C), Tumor volume curve post-PDT. (D), cell survival curve in various sessions of 
post-PDT.
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Liposomal nanoformulations are a highly versatile and effective strategy 
for controlled drug delivery. By encapsulating therapeutic agents (such 
as drugs, proteins, or nucleic acids) in liposomes, drug release can be 
controlled and tailored for a specific therapeutic need [36]. BBR is a 
natural photosensitizer used in PDT applications, which has excellent 
potential to absorb light at 344–422 nm wavelength (a maximum ab-
sorption is 418 nm) which this information has been confirmed in our 
previous publication and others studies [19,37]. Additionally, BBR 
showed significant antitumor effects against breast cancer [38]. But BBR 
showed low water solubility and uptake by cells [39,40], hence, in this 
study we used liposomes as a carrier to improve permeability of BBR and 
its efficiency in PDT on lung cancer spheroids. Thin-film hydration was 

used synthesis liposomes and load BBR on liposomes. Afterward, UV–Vis 
spectroscopy confirmed one peak at 210 nm for lipids and three peaks 
for BBR at 250, 350 and 430 nm in Lipo@BBR complex. The maximum 
uploading of BBR in liposomes was (89 ± 2 %). Similar studies 
confirmed above specific peaks for lipids and BBR [41,42]. The encap-
sulation efficiency (%EE) of BBR in our study is close to other studies 
that they have reported 92.59 %, 28.7 % and 90.3 %, respectively 
[43-45].The surface charge of Lipo@BBR nanocomplex was negative 
and zeta potential was acceptable (− 10.7) at pH of 6.8 (tumor pH). 
Hence, negative charge helps stability and affinity of nanoparticles to 
cells and prevent aggregation. These results have been confirmed by 
similar studies [44,45]. Due to electrostatic repulsion between the 

Fig. 4. The gene expression in various groups of A549 spheroid cells including control (cells alone) (blue color), laser (cells + laser) (red color) and Lipo@BBR +
laser (green color) at 24 h post-PDT by RT-qPCR technique. The mRNA expression level of BAX, BCL2 and P53 in the treated group with Lipo@BBR + laser relative to 
the control and laser alone, are significant (*p < 0.05 for BCL2, ***p < 0.01 for BAX and P53). Moreover, BAX/BCL2 ratio as apoptosis index has been increased (6.8) 
in Lipo@BBR + laser group, however, BAX/BCL2 ratio fold change for control, and laser was 1 and 1.19, respectively.

Fig. 5. BAX, CASP-3 and P53 protein activities in A549 spheroid cells for various groups such as control (cells alone) (F), laser alone (cells + laser alone) (G) and 
Lipo@BBR + laser, (H, I and J). DAPI stained nucleus with blue fluorescence while BAX, CASP-3 and P53 proteins stained green-FITC fluorescence and. No apoptotic 
proteins activities seen in control and laser alone groups (F and G). In contrast, increased activity of BAX and CASP-3 and P53 seen in Lipo@BBR (10 μg/mL) + laser 
(5 J/cm2) group of cells (H, I, J) compared to control cells (F and G). (40x magnification and 20 μm scale bars).
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liposomes (− 10.7), the average size of Lipo@BBR determined by DLS 
was 82.7 ± 6.5 nm which is a little larger than the size determined by 
TEM (56.99 ± 3.74 nm) and this could be due to a little aggregation of 
the liposomes [44-46]. FTIR showed specific peaks for liposomes and 
BBR including 1250 (C–O of ester groups), 1459 (CH2 of alkyl groups), 
1736 (C––O of ester groups) and 2907 cm− 1 (symmetric CH2 stretching 
of the alkyl groups) and additionally, EDS spectra from SEM confirmed 
structural groups of BBR as well as lipids in Lipo@BBR complex [19,47,
48].

To promote high PDT efficiency, safe dose of Lipo@BBR (10 μg/mL) 
and 70 mW irradiation used to apply 5 J/cm2 in fractionated PDT. The 
concept behind this regime and dose rate of laser help re-oxygenation of 
cells and high PDT outcomes, according literature [49-51]. MTT assay 
showed that Lipo@BBR (contain 15 μM of BBR) does not present sig-
nificant cytotoxicity in low doses (<10 μg/mL) on A549 spheroid cells 
but post-PDT (5 J/cm2) viability reduced to 48.2 ± 3 %. Moreover, the 
spheroid volumes from 825.23 μm decreased to 413.53 μm after five 
sessions (5 J/cm2 in each session) of PDT. Furthermore, compared to the 
control and laser groups alone, the colony formation assay demonstrated 
a significant reduction in cell viability in the Lipo@BBR + laser group. 
This indicates that A549 cells lost their capacity to proliferate and form 
colonies post-PDT. An in vitro study by Qi Hw et al. reported the IC50 of 
BBR powder on A549 cell proliferation using MTT assay was 56.15 ±
3.14 μM [52]. Similarly, Chen and colleagues noted that 40–120 μM of 
free BBR power caused significant anticancer activity in A549 cells by 
supress colony formation and protein expression of BCL-2 and BAX [53]. 
While Paudel et al. reported nanoformulation of BBR (berberine-loaded 
liquid crystalline nanoparticles (LCNs) is more effective (5 time) than 
free BBR. They found that BBR-LCNs formulation inhibited significant of 
A549 cell growth and colony formation at a dose of 2.5 and 5 μM [20]. 
However, to investigate the mechanism of cell death and apoptotic 
induced by Lipo@BBR in PDT, RT-qPCR and IF assays were performed. 
RT-qPCR data showed that BAX and P53 are upregulated while BCL2 
expression is downregulated significantly. However, BAX/BCL2 ratio as 
apoptotic index in Lipo@BBR + laser groups was highest (6.8-fold in-
crease). Several studies presented BAX/BCL2 rate as apoptotic index in 
cell death mechanism [54-57]. Yousefi et al. reported that 
over-expression of BAX, CASP3 and down-regulation of BCL2 were 
noted using Methylene blue (MB) in PDT on HN5 SCC cell line [58]. 
Other study by Devarajan and colleagues showed BBR has remarkable 
photosensitizing effect in PDT via apoptosis cell death and increase in 
BAX/BCL2 ratio [57]. Moreover, Ho et al. used BBR in PDT on SCC-4 
human tongue cancer cells and their findings showed that BBR pro-
moted apoptosis via mitochondrial damage, release cytochrome C and 
increasing in BAX/BCL2 ratio [59]. Additionally, IF images illustrated 
that BAX, CASP3-3 and P53 activities were higher in Lipo@BBR + laser 
group. Activation of apoptotic proteins by free form of BBR in PDT was 
reported by several studies. For instance, Lopes et al., showed BBR 
induced apoptosis and autophagy cell death in renal cell carcinoma in 
combination PDT. Their findings showed that BBR in PDT promoted 
activity of CASP3 in three different cell lines of renal cell carcinoma 
including ACHN, 786-O and HK-2 ,significantly [60]. Another study by 
Wang et al., illustrated that BBR-PDT caused to overcome of drug 
resistance in melanoma cancer (A375, M8, SK-Mel-19) to cisplatin via 
over expression of pro-apoptotic protein BAX, CASP3 and decrease in 
expression of anti-apoptotic protein BCL2 in melanoma cancer [61]. 
Furthermore, Katiyar et al., reported BBR can supress lung tumor growth 
in vitro and in vivo via P53 activation [62]. They tested effects of BBR on 
P53-positive and p53-deficient non-small cell human lung cancer cells in 
vitro and in vivo. Their results shown that BBR in PDT induced P53 
expression in A549 cells as a common suppressor gene in cells. All these 
studies mentioned that free form of BBR does not show significant 
toxicity in low concentration (<20 μM). To overcome some of the lim-
itations of free BBR such as water solubility and bioavailability, signif-
icant role of BBR nanoformulation in PDT has been reported in several 
studies. For instance, Jia et al. reported that Lipo@BBR nanoformulation 

improved the oral bioavailability of BBR in rat by 23.47 times in com-
parison with free BBR [45]. Other similar report by Comincini and 
co-workers illustrated that Lipo@BBR promoted PDT outcomes on 
glioblastoma multiforme (GBM) cancer via increase of internalization 
and cell death [40]. They reported BBR NPs in low concentrations did 
not illustrate cell death in T98G cells but in PDT caused 50 % reduction 
of colongenic ability of T98G cells. Nonetheless, our findings are vali-
dated by citing all of the aforementioned studies. While in comparison to 
monolayer cell culture, spheroid cell culture due to cell gap junction and 
extracellular matrix has resistance to treatment [33], using Lipo@BBR 
nanoformulation in fractionated PDT could be an effective strategy to 
overcome resistance of cancer against treatment. Some factors, 
including reoxygenation, degree of light penetration, PS distribution, 
and immunological response, may be responsible for the shrinkage and 
size reduction of A549 spheroid cells in fractionated PDT [7,63]. Hence, 
further investigation of this study could focus on hypoxia and biological 
markers in vitro and in vivo. Therefore, for more investigation in future, 
laser can be applied to machining in engineering to compare biological 
findings with others previous literature, moreover, laser can be applied 
for synthesized nanoparticles [64,65]. Additionally, the authors 
recommend using Lipo@BBR in PDT combined with other common 
treatment such as radiotherapy and immunotherapy could be a strategy 
to show synergistic effect on lung cancer [38]. Furthermore, since ma-
chine learning and artificial intelligence (AI) are play critical role in 
various fields of sciences [66,67], our findings can be evaluated and 
compared by machine learning and artificial intelligence (AI) for further 
research in cancer therapy. For this aim various algorithms such as Multi 
Objective Bat algorithm (MOBA), Response surface methodology (RSM) 
and D-optimal design approach via advanced machine learning (ML) 
techniques can be employed for characterization of nanoparticles such 
as particle size, shape, surface area [68]. Additionally, our study can also 
be conducted in Silico models, or computational simulation using 
Gleevec, Agent-Based Models and Partial Differential Equations (PDE) 
and the cBioportal web tool, since these tools have been used extensively 
in medical research to diagnose and treatment of cancer via identify 
biomarkers, gene expression and metabolism markers [69,70]. In Silico, 
or computational simulation offers a number of benefits, including 
tumor size prediction before and after treatment, lower costs and 
quicker findings than laboratory such as in vitro, in vivo tests as well as 
clinical [69,71]. Finally, the groups, sample selection and doses along 
irradiation parameters should also be extensive and optimized for future 
research, since this would affect the study’s overall findings and 
conclusion [72,73].

5. Conclusion

Liposomal nanoformulation of Lipo@BBR is a strategy to overcome 
some limitations of BBR such as low water solubility and low uptake by 
cells. Furthermore, liposomal nanoformulation of BBR enhances anti-
cancer effects of free BBR. However, BBR in low concentrations has low 
side effects on normal cells and liposome could be a strategy to delivery 
BBR to tumor cells. Our findings showed that safe dose of BBR (15 μM) 
on liposomes (Lipo@BBR) (10 μg/mL) can be employed in fractionated 
PDT in 5 sessions that the results of cell death, gene and protein 
expression increased significantly in comparison with control groups 
such in dark toxicity (cells alone without treatment) and laser group 
(cells alone treated by 5 J/cm2). Lipo@BBR in fractionated PDT can 
improve treatment outcomes and suppress A549 spheroid cells in a few 
sessions of PDT. Hence, fractionated PDT promotes PDT efficiency by 
giving A549 spheroids an opportunity to be reoxygenated as well as 
more uptake of Lipo@BBR as photosensitizer during each session. Even 
though this study required additional experiments, such as drug release 
to characterize Lipo@BBR and western blotting to assess molecular 
response, the authors advise employing the Lipo@BBR nanocomplex in 
PDT fractionation, and further in vivo research is required to confirm the 
precise mechanism. Furthermore, PEGylated liposomes of Lipo@BBR 
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could help to target delivery of BBR to cancer cells.

CRediT authorship contribution statement

Kave Moloudi: Writing – original draft, Methodology, Formal 
analysis, Conceptualization. Heidi Abrahamse: Writing – review & 
editing, Supervision, Project administration, Funding acquisition. 
Blassan P. George: Writing – review & editing, Supervision, Project 
administration, Funding acquisition.

Funding

This work is based on the research funded by the South African 
Research Chairs initiative of the Department of science and technology 
and National Research Foundation (NRF) of South Africa (Grant No. 
98337), South African Medical Research Council (Grant No. SAMRC 
EIP007/2021), as well as grants received from the NRF Research 
Development Grants for Y-Rated Researchers (Grant No: 137788), 
University Research Committee (URC), University of Johannesburg, and 
the Council for Scientific Industrial Research (CSIR) -National Laser 
Centre (NLC).

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Authors declare that they have no known competing financial interests 
or personal relationships that could have appeared to influence the work 
reported in this paper.

Acknowledgement

The authors sincerely thank the South African Research Chairs 
initiative of the Department of Science and Technology and the National 
Research Foundation (NRF) of South Africa, the South African Medical 
Research Council (SAMRC), and the Laser Research Centre (LRC) of the 
University of Johannesburg. The research reported in this review article 
was supported by the South African Medical Research Council (SAMRC) 
through its Division of Research Capacity Development under the 
Research Capacity Development Initiative via funding received from the 
South African National Treasury. The content and findings reported/ 
illustrated are the sole deductions, views, and responsibilities of the 
researchers and do not reflect the official position and sentiments of the 
SAMRC.

References

[1] K. Moloudi, P. Sarbadhikary, H. Abrahamse, B.P. George, Understanding the 
photodynamic therapy induced bystander and abscopal effects: a review, 
Antioxidants 12 (7) (2023) 1434.

[2] A.-G. Niculescu, A.M. Grumezescu, Photodynamic therapy—an up-to-date review, 
Appl. Sci. 11 (8) (2021) 3626.

[3] A. Chota, B.P. George, H. Abrahamse, Recent advances in green metallic 
nanoparticles for enhanced drug delivery in photodynamic therapy: a therapeutic 
approach, IJMS 24 (5) (2023) 4808.

[4] K. Moloudi, H. Abrahamse, B.P. George, Nanotechnology-mediated photodynamic 
therapy: focus on overcoming tumor hypoxia, Wiley Interdisciplinary Reviews: 
Nanomedicine and Nanobiotechnology 16 (1) (2024) e1937.

[5] Y. Wan, L.H. Fu, C. Li, J. Lin, P. Huang, Conquering the hypoxia limitation for 
photodynamic therapy, Adv. Mater. 33 (48) (2021) 2103978.

[6] Y. Sun, D. Zhao, G. Wang, Y. Wang, L. Cao, J. Sun, Q. Jiang, Z. He, Recent progress 
of hypoxia-modulated multifunctional nanomedicines to enhance photodynamic 
therapy: opportunities, challenges, and future development, Acta Pharm. Sin. B 10 
(8) (2020) 1382–1396.

[7] L. Hong, J. Li, Y. Luo, T. Guo, C. Zhang, S. Ou, Y. Long, Z. Hu, Recent advances in 
strategies for addressing hypoxia in tumor photodynamic therapy, Biomolecules 12 
(1) (2022) 81.

[8] M. Scholz, A.F. Petusseau, J.R. Gunn, M.S. Chapman, B.W. Pogue, Imaging of 
hypoxia, oxygen consumption and recovery in vivo during ALA-photodynamic 
therapy using delayed fluorescence of Protoporphyrin IX, Photodiagnosis 
Photodyn. Ther. 30 (2020) 101790.

[9] H. Sun, W. Yang, Y. Ong, T.M. Busch, T.C. Zhu, Fractionated photofrin-mediated 
photodynamic therapy significantly improves long-term survival, Cancers 15 (23) 
(2023) 5682.

[10] K. Khan, A.U. Khan, A. Khan, M. Khan, I. Ahmad, Fractionated illumination 
improves the treatment outcomes of photodynamic therapy for high grade 
cutaneous leishmaniasis, Photodiagnosis Photodyn. Ther. 29 (2020) 101622.

[11] L.C. van Delft, P.J. Nelemans, J.P. Kessels, H. Kreukels, M.H. Roozeboom, M.J. de 
Rooij, K. Mosterd, E.R. de Haas, N.W. Kelleners-Smeets, Long-term efficacy of 
photodynamic therapy with fractionated 5-aminolevulinic acid 20% versus 
conventional two-stage topical methyl aminolevulinate for superficial basal-cell 
carcinoma, Dermatology 238 (6) (2022) 1044–1049.

[12] A. Srivastava, A. Sinha, R. Lall, R.C. Gupta, Berberine, Nutraceuticals in Veterinary 
Medicine, 2019, pp. 71–81.

[13] A.F. Cicero, A. Baggioni, Berberine and its role in chronic disease, Anti- 
inflammatory nutraceuticals and chronic, Diseases (2016) 27–45.
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