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1. Introduction

Co-delivery of berberine and gold nanoparticles
on liposomes for photodynamic therapy against
3D lung cancer cells

Kave Moloudi, 2 Heidi Abrahamse (2 and Blassan P. George (2 *

Lung cancer is the second most common cancer diagnosed and is the leading cause of cancer-related
deaths globally. Even though there are established lung cancer treatment options including radiotherapy,
chemotherapy, and surgery, it remains a great challenge globally. Hence, it is important to explore new
procedures such as photodynamic therapy (PDT) to improve the therapeutic outcomes and/or modify
established protocol with conventional approaches. PDT is a non-invasive treatment with considerable
outcomes in cancer therapy. During PDT, photosensitizer (PS) agents absorb a certain wavelength of
laser light and produce reactive oxygen species (ROS), which kill cancer cells. PS agent is one of the
critical elements besides the tissue oxygen level and physical parameters of the laser to acheive high
treatment efficiency in PDT. Berberine (BBR) has potential as a PS but its free form has some limitations
such as limited tumor targeting, poor water solubility and systemic toxicity. However, the objective of
this study is the co-delivery of berberine (BBR) and citrate gold nanoparticles (AuNPs) on liposomes
(Lipo@AUuNPs@BBR) as a new PS compound for PDT on A549 lung cancer spheroid cells. Our hypothesis
was that AuNPs can have a synergistic effect on BBR in the Lipo@AuNPs@BBR complex, resulting in
more photodamage in PDT on A549 cells. Moreover, liposmes provide a platform for the co-delivery of
BBR and AuNPs to cells. Hence, the Lipo@AuNPs@BBR complex was synthesized via the thin-film
hydration method, and TEM characterization results showed that the size of the Lipo@AuNPs@BBR
complex was 100 nm. Moreover, energy-dispersive X-ray spectroscopy (EDS) confirmed that BBR and
AUNPs were co-loaded on liposomes while UV-vis spectroscopy showed that the maximum loading was
at concentrations of 14 pM (14%) and 11 ug mL™* (18.33%) for BBR and AuNPs, respectively. Furthermore,
the 1Cso (80 ug mL™Y) concentration of the Lipo@AuNPs@BBR complex combined with a 405 nm laser
at 15 J cm~2 fluency induced cytotoxicity on A549 spheroid cells and resulted in decreasing spheroid
cell viability to 34.12%. Finally, the Lipo@AUNPs@BBR complex is not only a potent PS drug in PDT at a
safe dose but also considered as a nanotheranositc agent in tumor diagnosis and therapy in vivo studies.

lung cancer therapy, the remedy remains a great challenge and
the survival rate is low.® However, the search for new modalities

Lung cancer is the second most commonly diagnosed cancer
and is the leading cause of cancer-related deaths globally."
There are two main types of lung cancer: non-small cell lung
cancer (NSCLC) and small cell lung cancer (SCLC).>* The risk
factors for lung cancer include smoking, exposure to second
hand smoke, exposure to radon gas, exposure to asbestos and
other carcinogens, and a family history of lung cancer.*’
Treatment for lung cancer depends on the type and stage of
the cancer as well as the patient’s overall health. Although some
treatment options such as surgery, radiation therapy, chemo-
therapy, targeted therapy, and immunotherapy can be used for

Laser Research Centre, Faculty of Health Sciences, University of Johannesburg,
P.O. Box 17011, Doornfontein 2028, South Africa. E-mail: blassang@uj.ac.za

© 2024 The Author(s). Published by the Royal Society of Chemistry

and strategies continues.

Photodynamic therapy (PDT) is a non-invasive treatment
option for lung cancer that uses a photosensitizing agent and
a specific wavelength of light to destroy cancer cells.””® In PDT,
reactive oxygen species (ROS) play a crucial role in the destruc-
tion of cancer cells. When photosensitizer (PS) agents are
exposed to specific wavelengths of light, the PS becomes
activated and transitions to a higher energy state. Then, the
activated PS interacts with molecular oxygen (O,) present in the
surrounding tissue, leading to the formation of singlet oxygen
(*0,). Singlet oxygen is a highly reactive ROS that can cause
damage to cellular components. The generated singlet oxygen
and other ROS, such as superoxide and hydroxyl radicals,
induce oxidative stress within the cancer cells. This oxidative
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stress disrupts cellular functions and damages cellular struc-
tures, ultimately leading to cell death.”'® PDT is typically used
for early-stage lung cancer or for palliative care in advanced
cases. Additionally, it may be used in combination with other
treatments such as surgery, radiation therapy, or chemo-
therapy.'""> However, it may be a good option for patients
who cannot undergo surgery or radiation therapy or who want
to avoid these more invasive treatments. Even though PDT has
been approved by World Health Organization (WHO) for the
treatment of some cancers such as head and neck cancer and
skin diseases, it has some challenges such as light penetration,
hypoxia, the cytotoxicity of PS and lack of efficient uptake
photosensitizing agents in cancer cells, inflammation."*™*
However, researchers have attempted to find new PS drugs
with suitable pharmacokinetics properties, stability as well as
low toxicity.

Berberine (BBR) is a natural compound found in several
plants, such as goldenseal, barberry, and Oregon grape.
It has been traditionally used in Chinese medicine to treat
various ailments, including bacterial infections, gastrointest-
inal disorders, and diabetes.'®'” Recent studies have also
shown its potential as an anticancer agent due to its ability to
induce apoptosis in cancer cells. Moreover, several studies have
shown that BBR has excellent potential in PDT with high
absorption light at 344-420 nm wavelength."®'® Hence, there
are some limitations of using BBR such as low solubility, high
toxicity, low bioavailability and low uptake by cancer cells
that may limit its use in combination with PDT for cancer
treatment.”>*' Additionally, more research is needed to fully
understand the safety and effectiveness of using BBR in cancer
PDT. While some studies have shown promising results,>"*>
more clinical trials are needed to determine its efficacy and
potential risks. However, the optimal concentration and dura-
tion of treatment for BBR in cancer therapy are still being
studied. One strategy to compensate the BBR is using other
agent in co-delivery. So, some studies have reported that gold
nanoparticles (AuNPs) have potential in photo-thermal therapy.
AuNPs can absorb light and produce ROS, leading to cancer cell
death via apoptosis and autophagy pathways.>*** To overcome
BBR limitations, researchers have developed a nanoformula-
tion of BBR using a combination of polyethylene glycol (PEG)
and chitosan.>**>?® Polymeric and lipid-based nanoparticles
are used for the co-delivery of anticancer co-drugs in delivery
and cancer therapy.”” In order to increase the BBR efficiency
and the synergistic effects of citrate AuNPs in PDT, we designed
and synthesized a new nanoformulation of BBR and citrate
AuNPs (Lipo@AuNPs@BBR) against A549 spheroid cells.

2. Materials and methods

2.1. Materials

BBR chloride (10006427, powder, purity >95%), dimethyl sulf-
oxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) (11465007001), cholesterol (Chol) (C8667),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (P1138-1G),
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citrate gold nanoparticles (AuNPs) (741957), Gibco Dulbecco’s
Modified Eagle Medium (DMEM) (D5796), chloroform (C2432),
methanol (439193), fetal bovine serum (FBS), phosphate buf-
fered saline (PBS), live-dead cell viability kit (CBA415), 96-well
ultra-low attachment plates (174929), and the CellTiter-GloTM
3D luminescence (G968A) Kit were purchased from Sigma (USA)
and Thermo Fisher in Johannesburg, South Africa.

2.2. Synthesis of the Lipo@AuNPs@BBR complex

Lipo@AuNPs@BBR were synthesized by the thin-film hydration
as well as using the active method.*®**° Briefly, a mixture of
DSPC (80 mg mL™ '), Chol (40 mg mL ') at 2:1 ratio, BBR
(100 uM or 3.36 mg) were dissolved in organic solvents chloro-
form and methanol (8:2, v/v), then evaporated in a rotary
evaporator (60 rpm at temperature 75 °C for 1 h) to form a
thin lipid layer; afterward, 1 mL citrate AuNPs (60 pg mL ") was
added for film hydration. Then, the obtained nanoparticles
were stored at 8 °C for characterization.

2.3. Characterization of the Lipo@AuNPs@BBR complex

2.3.1. UV-Vis spectrophotometry and determination of the
entrapment efficiency (EE) of BBR and AuNPs. To determine
the BBR and citrate AuNPs concentration and efficiency
entrapped (EE%) in Lipo@AuNPs@BBR complex, UV-Vis spec-
trophotometry (Jenway, 7315 spectrophotometer) was per-
formed at room temperature. Then, the comparison of the
spectra allows a rough estimation of the quantity of absorbed
BBR and citrate AuNPs strength of absorption. In short, the
spectrum of the prepared solution was measured to obtain the
initial concentration of the free form of BBR, citrate AuNPs, in
comparison with Lipo@AuNPs@BBR. For this, 5 mg mL ™' of
Lipo@AuNPs@BBR complex was centrifuged (18 000 rpm for 1
h) and the supernatant was discarded. Then, the UV-vis study
was repeated until the sample reported an almost zero absorp-
tion on the measured spectrum. For EE, the following formula
was used.

EE = (the drug loaded in Lip/total drug added to the system)
X 100%

2.3.2. Size and polydispersity index (PDI). To evaluate the
size distribution, surface charge and stability of liposomes,
citrate AuNPs, and the Lipo@AuNPs@BBR complex, dynamic
light scattering (DLS) was carried out using a Zetasizer Nano-zs
(Malvern Instrument, Zetasizer software 7.03, Malvern, UK).
Briefly, all samples were diluted with PBS to measure the size
and surface charge to obtain the concentrations. Then, the
pH values were measured using a SENTRON pH-meter
(Titan, Taiwan).

2.3.3. Fourier-transform infrared (FTIR) spectroscopy. The
chemical structure of each sample was evaluated with Fourier-
transform infrared (FTIR) spectroscopy using a PerkinElmer
Spectrum Version 10.03.02. For this purpose, samples includ-
ing liposome, BBR, citrate AuNPs and Lipo@AuNPs@BBR were
dried and freezed in a platinum pan (Olabo, Axiology labs).
Then, FTIR measurements were performed for the samples over

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00286e

Open Access Article. Published on 27 June 2024. Downloaded on 11/8/2025 3:42:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

the wavenumber range from 4000 to 400 cm after the disper-
sion of samples in KBr discs.

2.3.4. Microscopy imaging. To evaluate the morphology,
size, loading and uniformity of liposome, citrate AuNPs
and Lipo@AuNPs@BBR nanostructures, scanning electron
microscopy (SEM, VEGA3 TESCAN) and transmission electron
microscopy (TEM) were performed. In addition, energy-
dispersive X-ray spectroscopy (EDS) was used for confirming
the drug loading on the liposome.

2.3.5. In vitro dual-drug release (BBR and AuNPs) from
the Lipo@AuNPs@BBR complex. The dialysis technique was
carried out to study the in vitro release of BBR and AuNPs from
the Lipo@AuNPs@BBR complex in phosphate buffered saline
(PBS) (pH 7.4) at 37 °C. About 80 pg mL ™" of the Lipo@
AuNPs@BBR complex was added into the dialysis tube in a
thermo-controlled shaker with a stirring speed of 200 rpm
at 37 °C for 24 h. Then, the samples were centrifuged at
18000 rpm for 10 min. The supernatants were collected and
BBR and AuNPs concentrations were determined by UV-Vis
spectrophotometry at various time intervals (0, 4, 8, 12, 16, 20
and 24 h).

2.3.6. Spheroids uptake and penetration of the Lipo@
AuNPs@BBR complex. To determine the time of uptake and
penetration (qualitative penetration) of the NPs in A549 spher-
oids, we used the technique reported by Durand et al and
Tchoryk et al.*®*' Thereafter, an appropriate concentration of
Hoechst staining (0.1 pg mL™") was mixed with 80 pg mL™ " of
the Lipo@AuNPs@BBR complex for 4 h. Afterward, A549 spher-
oids were incubated with Hoechst dye and Lipo@AuNPs@BBR
for 24 h and then, various images of the spheroids were taken
by a fluorescence microscope (Carl Zeiss AXio Z1) fluorescence
microscopy (Oberkochen, Germany) at different time intervals
(0-24 h).

2.3.7. Cytotoxicity of the free form of BBR, citrate Au NPs
and Lipo@AuNPs@BBR complex

2.3.7.1. Cell culture. A549 human lung cancer cells were
seeded in 25-flask, including DMEM medium with 10% FBS
and 1% penicillin-streptomycin (P4458). After the third pas-
sage, the cells were harvested and counted. To best evaluate
spheroid formation and growth, the cells were plated at a
density of 2 x 10°,4 x 10% 6 x 10® and 1x 10" cells in 200 pL
of growth media per well using 96-well spheroid microplates
(Corning Cat. No. 4520). Spheroid cultures were analyzed at
0-10 days using an inverted Olympus microscope (USA).

2.3.7.2. Volume doubling time (VDT) for treatment. About 6 x
10 cells per well were seeded in 96-MW. Every day for 10 days,
the diameter of the spheroids was measured and the volume
was calculated with the formula: V = 4/3nr°, where © = 3.14 and
r is radius. Then, the growth curve was calculated with the
formula V=V, x e, where V is secondary volume, V, is primary
volume after duration (¢), e is Napier’s constant (2.71828) and
k is gradient of logarithmic phase of curve.

2.3.7.3. Morphology of 2D and spheroid (3D) cells. Post treat-
ment, 2D and 3D cells (spheroids) with free form of BBR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(14 uM), citrate AuNPs (11 pg mL™'), Lipo@AuNPs@BBR
(80 pg mL™"), and liposome (80 pg mL™") were subjected to
single (dark toxicity) and combination treatment with 405 nm
laser at 15 J em ? (60 mW cm > for 8 min). Then, the
morphology of the monolayer cells (2D) and spheroids (3D)
were examined using an inverted light microscope light
(Olympus).

2.3.7.4. Cytotoxicity of free form of BBR and citrate AuNPs and
co-loaded on liposome in single (dark toxicity) and combination
treatment with 405 nm laser irradiation. MTT assay was used to
measure the spheroid cells viability treated with the free
form of BBR at concentrations of 0-200 pM, citrate AuNPs
(0-60 pg mL "), and Lipo@AuNPs@BBR (0-120 pg mL ") for
one VDT (23.44 £ 1.41 h). In order to prepare single cells,
spheroids were disassociated with 300 pL trypsin/EDTA (0.25%)
for 5 min, then the medium was discarded, and the cells were
washed with PBS and 2 x 10* cells per mL seeded in 96-well
polystyrene tissue culture plates. The cells were then placed in a
humidified 5% CO, incubator at 37 °C for 24 h. After incuba-
tion, the medium was removed, and 20 uL aliquots of MTT
solution (5 mg mL™" in PBS, Sigma, USA) were added to each
well and re-incubated at 37 °C for 4 h. Next, 100 pL of the
supernatant culture medium was carefully aspirated, and
100 pL aliquots of DMSO were added to each well to dissolve
the formazan crystals, followed by 15 min incubation to dis-
solve the air bubbles. The culture plate was placed on a
microplate reader (PerkinElmer, HH35940080 EN, Madrand,
South Africa) and shaken for 15 min, and the absorbance was
then measured at 540 nm. Afterward, this process was repeated
for the combination treatment of BBR (14 uM), citrate AuNPs
(11 pg mL™Y), ICs, of Lipo@AuNPs@BBR (80 pg mL™') with
405 nm laser at 15 ] cm™> (60 mW c¢m ™ for 8 min). Then, the
spheroids were incubated for 24 h and the MTT assay protocol
was performed to evaluate the phototoxicity. The amount of
color produced is directly proportional to the number of the
viable cells. All assays were performed in three replicates for
each concentration, and each assay was repeated at least two
times. The cell viability rate was calculated as the percentage of
MTT absorption as per the equation

% survival = (mean experimental absorbance)/(mean control

absorbance) x 100.

2.3.7.5. Lactate dehydrogenase (LDH) assay. For the LDH
assay in A549 spheroid cells by ELISA, after three passages
of the culture, 6 x 10* cells per well were seeded in 96-well
ultra-low attachment plates (174929). When spheroids reached
300-400 pm diameters, then all groups including the control
(cells in dark and cells under laser irradiation), citrate AuNPs
(11 pg mL™"), free BBR (14 puM) and 80 pug mL ™" (ICso) of
Lipo@AuNPs@BBR (contain 11 pg mL ™" of citrate AuNPs and
14 pM of BBR) were treated with and without (dark toxicity)
laser for VDT. Each treatment was in triplicate and three
different experiments were performed. Then, 50 uL of media
was transferred to the 96-well plate and 50 pL of lactate
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substrate was added and incubated for 30 min in a dark place.
Finally, the absorbance measurement was done using a Victor
Nivo®™ multimode plate reader (PerkinElmer, Midrand, South
Africa) at 490 nm wavelength.

2.3.7.6. Adenosine triphosphate (ATP) luminescence assay. The
CellTiter-GloTM 3D luminescence (Promega, G968A, Madison,
WI, USA) Kit was used to determine the intracellular ATP
content of the A549 spheroids. Briefly, the spheroids were
transferred into microcentrifuge tubes and disintegrated with
300 puL of trypsin/EDTA (0.25%) and pipetted. Thereafter, the
cells were centrifuged at 3000 rpm for 5 min and washed with
200 pL of HBSS. Then, the supernatant was discarded and the
cells were resuspended in HBSS. In total, 50 pL of the cell
suspension for each sample was transferred to an opaque
96-well plate, an equal volume of the ATP substrate was added,
and the contents were agitated for 5 min to facilitate reagent
penetration, lysis, and ATP recovery. The samples were incu-
bated at 37 °C for half an hour, and the intracellular ATP
luminescence was recorded using a Victor Nivo® multimode
plate reader (PerkinElmer, Midrand, South Africa).

2.3.7.7. Live/dead assay. A live/dead kit from Sigma (Catalog
number: CBA415) was used to visualize the A549 spheroid cells
under a fluorescence microscope. According to the kit protocol,
the control (cells in dark and cells under laser irradiation only) and
treated groups were washed three times with PBS and then stained
with 1 pg mL™" of ethidium bromide (EtBr) in conjunction with
the same concentration of acridine orange (AO) for 10 min in PBS.
Consequently, the spheroid cells were rinsed three times with PBS
and the visualized images were taken for various groups using
Alexa fluor 488 and EtBr channels under a Carl Zeiss fluorescent
microscope using the Zen Pro (3.7) Carl Zeiss software.

2.3.8. Statistical analysis. All the tests were performed
three times (n = 3) and the average of the data was taken.
Control groups involved in the entire study and all the treated
groups were compared to those untreated groups using one-way
ANOVA (Tukey test) to determine the statistical significance.
Statistical analysis was performed using SPSS (Version 22), and
the mean, standard deviation and standard error were ascer-
tained. Statistical significance is defined as a p value less than
0.05 and 0.01 (**p < 0.01; *p < 0.05). Data are represented as
mean + standard deviation (SD).

3. Results

3.1. Characterization of the Lipo@AuNPs@BBR complex

3.1.1. UV-Vis spectrophotometry. The UV-Vis spectra
showed that BBR has three peaks in the range of 250-450 nm,
citrate AuNPs presented a peak in 530 nm and liposome has
a peak near 210 nm wavelength. Additionally, these peaks
have been repeated in the Lipo@AuNPs@BBR complex with
low intensity. The maximum concentration co-loading of BBR
and citrate AuNPs in the Lipo@AuNPs@BBR complex is 14 uM
(14 £ 2%) for BBR and 11 pg mL ™" (18.33 £ 3.45%) for citrate
AuNPs (Fig. 1).
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Fig.1 (A) UV visible spectra for BBR, liposome, citrate AuNPs and

Lipo@AUNPs@BBR show their specific peaks. Moreover, (B) the UV-
visible spectra illustrates various BBR and citrate AuNPs concentrations
loaded on the liposome in the Lipo@AuNPs@BBR complex. (C) and (D) Are
the standard absorbance curves of AuNPs and BBR at different concen-
trations, respectively.

3.1.2. FTIR, DLS and Zetasizer results. FTIR results illu-
strated that BBR showed four absorbance peaks near 1035,
1105, 1505 and 2850 cm'. In addition, citrate AuNPs showed
four peaks at 1098, 1382, 1638 and 3450 cm ™. Liposome and
Lipo@AuNPs@BBR illustrated four same important peaks at
1250, 1459, 1736 and 2907 cm " (Fig. 2(A)). Dynamic light
scattering (DLS) results showed that the surface charge and
zeta potential (mV) of liposome, citrate AuNPs and Lipo@
AuNPs@BBR was —17.9, —10.7 and —6.54, respectively
(Fig. 2(B)-(D)). The results of zeta potential and DLS of size
and polydispersity index (PDI), surface charge and stability
of the nanoparticle have been summarized in Fig. 3. However,
the size of each nanoparticle was measured by a Zetasizer and
showed that the size of liposome, AuNPs and Lipo@AuNPs@
BBR complex was 320.8 nm, 20.01 nm and 392.1 nm, respec-
tively (Fig. 3(A)-(C)). The zeta potential and Zetasizers are
summarized in Fig. 3(D).

3.1.3. Microscopy imaging. The SEM images and energy
dispersive spectroscopy (EDS) analysis showed the presence of
citrate AuNPs and BBR in the Lipo@AuNPs@BBR complex. In
addition, in terms of the morphology, the SEM image showed
that the citrate AuNPs are spherical and the BBR drug is in wavy

LIpoBAUNPEANR
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Fig. 2 (A) FTIR spectra of BBR, empty liposomes, citrate AuNPs and
Lipo@AuNPs@BBR complex. Zeta potential distribution for citrate AuNPs
(B), liposome (C) and Lipo@AuNPs@BBR (D).
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Fig. 4 TEM and SEM images and EDS spectra of liposome (A), citrate
AuNPs (B) and Lipo@AuNPs@BBR (C) nanoparticles. (D) The in vitro drug
release of citrate AuNPs and BBR from the Lipo@AuNPs@BBR complex
was measured via dialysis in PBS (pH = 7.4) at room temperature for 24 h.
As can been seen, citrate AuUNPs were released with more speed than BBR
from the Lipo@AuNPs@BBR complex.

crest shape in the Lipo@AuNPs@BBR complex. The TEM data
illustrated that the size of liposome (A), citrate AuNPs (B)
and Lipo@AuNPs@BBR complex (C) was 100 nm, 20 nm and
100 nm, respectively (Fig. 4).

3.1.4. In vitro dual-drug release (citrate Au NPs and BBR)
from the Lipo@AuNPs@BBR complex. The in vitro release
kinetics of citrate Au NPs and BBR from the Lipo@AuNPs@BBR
complex were measured via dialysis in PBS (pH = 7.4) at 37 °C
for 24 h. It is considerable that the amount of citrate AuNPs and
BBR burst release was observed at 2 h, then the release rate also
gradually increased. Also, it is clear that the burst release
phenomenon for citrate AuNPs is more than BBR. However,
as shown in Fig. 4D in the first 4 h, the drug release rate for
citrate AuNPs is 52% while this rate for BBR is 38%.

3.1.5. Spheroids uptake and penetration of Lipo@
AuNPs@BBR complex. Time and qualitative penetration of
Lipo@AuNPs@BBR in spheroids were measured by mixing with
0.1 pg mL ™" of Hoechst dye and incubated with spheroids for
24 h. Then, the penetration for dye and Lipo@AuNPs@BBR in
the spheroids was followed by a fluorescence microscope.
Penetration and whole colored spheroids were visualized after
24 h and are shown in Fig. 5.

3.2. Cellular response

3.2.1. Volume doubling time (VDT) and growth curve. The
diameter and volume of A549 spheroid growth curve has been
shown in Fig. 6A. The volume doubling time was calculated to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Time and qualitative penetration of Lipo@AuNPs@BBR mixed with
Hoechst dye in the spheroids for 24 h.
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Fig. 6 Diameter (A) and volume growth (B) curve of A549 spheroid cells in
10 days, which shows VDT = 23.44 + 1.4 h, mean £ SD (n = 3). Also, the
shape of the spheroid has been shown in 200 um resolution (Olympus
microscope, USA) (C).

be 23.44 + 1.41 h, which was applied for treatment (Fig. 6B).
The maximum diameter of the spheroids reached to near
1200 um after 10 days.

3.2.2. Morphology of the cells. The morphology of
A549 monolayer (2D) cells and spheroids (3D) after the single
(dark toxicity) treatment of BBR, citrate Au NP and Lipo@
AuNPs@BBR as well as combination treatment with laser
visualized and images was captured by an Olympus microscope
(USA) in 200 pm resolution (Fig. 7). As can be seen, 2D and 3D
images of A549 cells treated by the free form of AuNPs and BBR

Free BBR Free BBR

+Laser

Con Liposome Citrate AuNPs. AuNPs

+Laser

Lipo@AU@BBR
+Laser

Fig. 7 Morphology of 2D and 3D A549 cells treated with liposome, free
BBR (16 pM), citrate AUNPs (11 ug mL™Y and Lipo@AUNPs@BBR (ICsq =
80 pg mL™Y alone and in combination treatment with 405 nm laser
(15 J cm™?) after VDT (23.44 + 1.4 h). Treated groups were compared
with the control groups visually.
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did not show considerable change in the morphology, while
in combination with 405 nm laser at 15 J cm™2, it caused
dissociation and shrinkages in the cells after VDT treatment.
In addition, the ICs, concentration of Lipo@AuNPs@BBR in
combination treatment with laser caused more photodamages
and metastasis in the cells morphology in comparison with the
treatment alone.

3.2.3. Cytotoxicity of the free form of AuNPs and BBR and
nanoformulation of the Lipo@AuNPs@BBR complex. A549
cells viability and cytotoxicity were investigated by the MTT
assay. Fig. 8 shows the viability rate (%) of the treated groups
after one VDT. As shown in Fig. 8(A), citrate AuNPs presented
the percentage of viability for various groups such as the
control, 10, 20, 30, 40, 50 and 60 pg mL™* (100%, 98.6%,
98%, 97.5%, 97.02%, 96.2% and 94.3%, respectively). Further-
more, in Fig. 8(B), a low concentration (<16 uM) of BBR did not
show effective toxicity on A549 spheroids, significantly. The
viability of different groups including control and the groups
treated with 4, 8, 12, 16, 20, 25, 50, 75, 100, 125, 150, 175,
200 uM concentrations of BBR was 100%, 98.5%, 98%, 97.5%,
97.01%, 90.02%, 81.2%, 76.08%, 62.60%, 51.25%, 39.53%,
31.32%, 23.04% and 19.08%, respectively. Afterward, to assess
the ICs, of Lipo@AuNPs@BBR, A549 spheroid cells were trea-
ted with concentrations of 0-120 pg mL™'. The MTT results
showed that the ICs, of Lipo@AuNPs@BBR was 80 + 2 ug mL ™"
in single (dark toxicity) treatment while in combination treat-
ment, it is 60 & 4 ug mL~" (Fig. 8C).

In addition, Fig. 9 shows the photo-toxicity of the free form
of BBR (14 uM), citrate AuNPs (11 pg mL™') and
Lipo@AuNPs@BBR (80 pg mL™") in single (dark toxicity) and
combination treatment with 405 nm laser at an energy of
15 J ecm™ 2. Consequently, the viability of different groups
compared with the control was determined. The viability for
various groups including the control (cells in dark and cells
under laser irradiated only) and single (dark toxicity) treated
with BBR (14 uM), single doses of citrate AuNPs (11 pg mL ")
and ICs, of Lipo@AuNPs@BBR (80 pg mL™') contain 14 uM
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Fig. 8 Cytotoxicity of various concentrations of citrate AuNPs (A), BBR (B)
and Lipo@AuNPs@BBR (C) complex on A549 spheroid cells after VDT
(2344 + 14 h) treatment, respectively. (D) IC50 graph of Lipo@
AuNPs@BBR. Although the concentration of BBR was low (<16 puM), the
cytotoxicity was not significant but the ICsq of free BBR and Lipo@
AUNPs@BBR was 100 pM and 80 + 2 ug mL™, respectively. Data has been
reported as mean values £+ SD (n = 3) (**p < 0.01; *p < 0.05).
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Fig. 9 (A) Cytotoxicity of Lipo@AuNPs@BBR complex with and without
((dark toxicity)) 405 nm laser (15 J cm™2) on A549 spheroid cells after VDT
treatment. In the treated groups without (dark toxicity) laser, the ICsq of
Lipo@AuNPs@BBR was 80 + 2 pug mL~%, while in combination with laser, it
was 60 + 4 pg mL™L. The ICso of the Lipo@AuNPs@BBR complex at
concentrations of 40, 60, 80 and 120 ug mL™* groups was significantly
different in comparison to combination with laser but was not significant at
low concentration of Lipo@AuNPs@BBR (<20 pg mL™) with laser treat-
ment. (B) Cytotoxicity of citrate AUNPs (11 pg mL™3), free BBR (14 uM) and
Lipo@AuNPs@BBR complex (60 ng mL~* as ICs;) alone and in combination
with laser is shown in the figure. Data represented as mean values + SD (n
=3) (**p < 0.01; *p < 0.05).

BBR and 11 pug mL ™" citrate AuNPs, which was 100%, 98.01%,
97.27% and 52.12%, respectively (Fig. 9A). Moreover, the viabi-
lity for different groups in combination with the 405 nm laser,
including the control, free BBR, citrate Au NPs and Lipo@
AuUNPs@BBR (80 ug mL ") was 100%, 90.12%, 77.08%, 84.27%
and 34.12%, respectively (Fig. 9B).

3.2.4. LDH cytotoxicity. The ICs, of Lipo@AuNPs@BBR in
single (dark toxicity) and combination treatment with laser
caused the release of LDH more than the control (cells in dark
and cells under laser irradiated only), BBR and citrate Au NP,
significantly. However, the LDH release rate in A549 spheroids
treated with 11 pg mL™" of citrate Au NPs, 14 uM of BBR and
ICs5, of Lipo@AuNPs@BBR in comparison with the control
(cells only in darkness) was 1.4 (0.56:0.4), 1.67 (0.67:0.4) and
2.92 times (1.17:0.4), respectively. On the other hand, in
combination treatment with laser, the LDH rate for various
groups including laser alone, citrate Au NPs, BBR and ICs, of
Lipo@AuNPs@BBR reached 1.67 (0.67:0.4), 1.17 (0.66:0.56),
1.32 (0.89:0.67) and 1.42 (1.67:1.17), respectively, in compar-
ison with the single (dark toxicity) treatment, as shown in
Fig. 10.

3.2.5. ATP luminescence. The untreated spheroids exhib-
ited a notable amount of luminescence signal, which was
positively connected with higher ATP synthesis and eventually,
enhanced metabolic activity (Fig. 11(A) and (B)). However,
compared to single (dark toxicity) treatment and control groups
(cells in dark and cells under laser irradiated only), the spher-
oids treated with laser irradiation in combination with free
BBR, AuNPs, and the IC5, of Lipo@AuNPs@BBR displayed
appreciable levels of luminescence signal. These findings pre-
sented that laser irradiation alone and/or in combination with
an ICs, of the Lipo@AuNPs@BBR complex exerted inhibitory
effects on the spheroids. In other words, the spheroids treated
with the photoactivated Lipo@AuNPs@BBR demonstrated a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 LDH release level of A549 spheroids in different treated groups in
comparison with the control. LDH release in the control group of A549
spheroids has been compared with citrate AuNPs (11 pg mL™Y), free BBR
(14 pM) and Lipo@AuNPs@BBR complex (ICso = 80 pg mL™Y in single (dark
toxicity) and combination with 405 nm laser (15 J cm™2) after VDT.

Con Free BBR AuNPs Free BBR AuNPs. Lipo@Au

NPs@BBR
(A) Groups. (8) Groups.

AuNpss  LIPOBAUNPS@BERL  Lipo@AuNPs@BBRHL

Fig. 11 ATP luminescence assay (A) and cell viability of spheroids after
VDT treatment (B), (**p < 0.01; *p < 0.05). A549 spheroids labelled with
AO/EtBr post VDT treatment with (+L) and without laser (—L). Live cells
were stained with AO/green while photo-damaged cells were stained with
EtBr/red (C).

(C) Live and death assay

statistically significant decrease in the ATP production as
compared to the untreated control spheroids as well as AuNPs
and BBR (**p < 0.01; *p < 0.05). However, the most potent
inhibitory effect was achieved with Lipo@AuNPs@BBR, sug-
gesting that the NPs increased the solubility and cellular uptake
of the Lipo@AuNPs@BBR spheroids.

3.2.6. Live and dead assay. The A549 spheroids were
stained with 0.1 ug mL~" of AO/EtBr after VDT treatment. Dual
staining was visualized under a fluorescence microscope. The
AO and EtBr stain can show live and dead cells with green and
red color, respectively. Furthermore, the AO stain penetrated in
all the spheroid cells and caused the nuclei to emit green
fluorescence, while EtBr only permeated the cells with dis-
rupted cytoplasmic membranes and stained the nuclei red.*?
As shown in Fig. 11C, the untreated spheroids (control) did not
take up the EtBr staining, resulting in a negative cytotoxicity,
while the spheroids treated with (+L) and without (—L) 405 nm
laser (15 J em ?) including laser alone, BBR—L, BBR+L,
AuNPs—L, AuNPs+L,Lipo@AuNPs@BBR—L and Lipo@AuNPs@
BBR+L, the EtBr stain presented intact cytoplasmic membrane
and cell death. However, in the combination group (PDT),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spheroids absorbed the EtBr stain more than the control and
single treated groups (dark toxicity) due to a compromised cyto-
plasmic membrane integrity. The ICs, of the Lipo@AuNPs@BBR
complex with laser caused the most severe photo-damage and
dissociation of cells.

4. Discussion

Even though PDT is a non-invasive and highly effective cancer
therapy adjuvant to other modalities like chemotherapy, radia-
tion, and target therapy, there are still certain obstacles and
limits that need to be overcome, like the PS agent’s low
solubility, the tumor’s hypoxia, and light penetration.'®333
In order to address these problems, a variety of nanoparticles,
including AuNPs, have been widely employed in PDT to boost
PS delivery in cancer cells, hence encouraging more potent
inhibitory effects and better clinical results.'®*® Furthermore,
spheroid cell culture can better predict the in vivo responses
compared to the monolayer cultures due to the gap-junction of
cell-cell interactions and cell-matrix interactions and more
physiologically relevant results.>®*” This study was aimed at
investigating the safe co-delivery concentrations of BBR and
citrate AuNPs on liposome (Lipo@AuNPs@BBR complex) as the
nano-photosensitizer in PDT on A549 spheroid cells. Although
BBR has excellent potential as a PS agent in PDT, it has low
cancer therapeutic efficiency due to some limitations such as
low water solubility and biodegradation.”™***° To overcome
these problems, we synthesized the nanoformulation complex
from BBR co-loaded with citrate AuNPs on liposome. However,
for this purpose, the Lipo@AuNPs@BBR complex was designed
and synthesized by the thin-film layer method as well as the
active procedure due to the hydrophobic features of the BBR
drug.*®*° UV visible spectroscopy confirmed that liposome
presented a peak at 210-220 nm,*"*> BBR showed three peaks
at 250, 350 and 430 nm**** and citrate AuNPs showed a peak at
525-530 nm.*>*® UV-vis showed that 14 uM (14%) of BBR and
11 pg mL ™" (18.33%) of citrate AuNPs had been loaded into the
liposome during co-loading, respectively. The free forms of
these concentrations of BBR and citrate AuNPs indicated the
safe toxicity towards 3D A549 cells. Both BBR and AuNPs had
EE% of 14% and 18.33%, respectively, which is lower than
those found in the published literature.*”"*° The possible
reasons for this could be the poor water solubility and positive
charge of cholesterol in liposome, which in turn reduced the
amount of BBR that was transmembrane with the same positive
charge.® FTIR results, on comparing with other studies,
showed all specific peaks for free BBR, citrate AuNPs, liposome
and Lipo@AuNPs@BBR.”">> However, for BBR, the absorption
peaks was detected near 1035 (corresponds to C11H, C12H,
C13H oop bend), 1105 (corresponds to C-0), 1505 (furyl group)
and 2850 cm ™' (corresponds to the methoxyl group).>¢>! Also,
citrate AuNPs showed four peaks at 1098 (corresponds to C-O
stretching), 1382 (corresponds to the symmetric and anti-
symmetric of COO™), 1638 (C=O stretching) and 3450 cm ™"
(corresponds to O-H and N-H stretching).”® Additionally,
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liposome and Lipo@AuNPs@BBR illustrated four same peaks
at 1250 (C-O of ester groups), 1459 (CH, of alkyl groups),
1736 (C=O0 of ester groups) and 2907 cm ' (symmetric CH,
stretching of the alkyl groups).’>>*3*°® Furthermore, DLS data
revealed that all samples of nanoparticles have a negative
surface charge and were confirmed with other studies.®*>°
PDI and zeta potential (mV) of all the samples are in the
acceptable range referencing to other studies.’” In addition,
the EDS analysis of SEM confirmed that BBR and citrate AuNPs
were loaded into the liposome and have a wavy crest and
spherical shape in the Lipo@AuNPs@BBR complex.>>>®
In vitro drug release test from Lipo@AuNPs@BBR was per-
formed with UV-Vis spectroscopy and showed that AuNPs burst
release is faster than BBR, which is due to the hydrophilic
feature and samples size of AuNPs.>>®" Finally, the quality
penetration of the Lipo@AuNPs@BBR complex in the spher-
oids was confirmed by Hoechst dye after 24 h, similar to the
reports of Durand et al. and Tchoryk and co-workers.*®*
Additionally, the surface charge of nanoparticles is a sign of
the stability of the NPs distribution, which reveals the strength
of the particles’ electrostatic repulsion. This means that
because of the strong electric repulsion forces between the
molecules, the highly charged particles have a high zeta
potential value and are regarded as stable.®’ It’s interesting to
note that the average hydrodynamic diameter of Lipo@
AuNPs@BBR (392.1 + 0.8 nm, hydrated form) was compara-
tively larger than their TEM diameter (100 nm, dry form). In
contrast to the TEM studies, the Lipo@AuNPs@BBR complex
diameter rose when water was present surrounding them
during the DLS tests.%>

The cytotoxicity assay was evaluated by various techniques
such as MTT assay, LDH release, ATP assay and live/dead cells
following VDT (23.44 £+ 1.41 h) for free forms of BBR, citrate
AuNPs and Lipo@AuNPs@BBR in single treatment (dark toxi-
city) and combination with 405 nm laser irradiation. However,
first VDT of A549 spheroid cells was calculated from the volume
growth curve. VDT helps to present the dynamic behaviors of
A549 spheroid cells and allows the spheroid cells to have
enough time for the uptake of drugs.®**° In agreement, several
previous reports, BBR and AuNPs have not shown cytotoxicity
in low doses.*®® However, according to the MTT results, BBR
at a concentration of 0-16 pM and citrate AuNPs at a concen-
tration of 0-60 ug mL ™" did not present significant cytotoxicity
in comparison with the control group after a VDT. Further-
more, the ICs, of Lipo@AuNPs@BBR was about 80 pg mL™!
while in combination with the laser, it was 60 pg mL~". Hence,
in comparison with the control groups, free BBR (14 uM) and
citrate AuNPs (0-60 pug mL™ ") did not present cytotoxicity while
the Lipo@AuNPs@BBR group at 80 ug mL ™" (ICs,) caused cell
death, and the cell viability reduced to 52.12%. In addition, the
IC5, of Lipo@AuNPs@BBR in combination with laser induced a
reduction in cell viability to 34.12%. According to the LDH
assay results, the ICs, of Lipo@AuNPs@BBR in both single
(dark toxicity) and combination laser treatment led to a con-
siderable increase in the LDH release compared to the control,
BBR, and citrate AuNPs. Also, referring to Fig. 11C, the
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untreated spheroids exhibited a notable amount of luminous
signal, which was positively connected with higher ATP synth-
esis and metabolic activity.®” However, the spheroids that were
exposed to laser irradiation alone or in combination with free
BBR, AuNPs, and the ICs, of Lipo@AuNPs@BBR showed less
luminescence signal in comparison with the control groups.
These findings suggested that laser irradiation alone and or
combined with the IC;, of the Lipo@AuNPs@BBR complex
exerted inhibitory effects on the spheroids. Finally, cell death
and photo-damages of the Lipo@AuNPs@BBR complex in PDT
was confirmed by live/dead cell assay with a fluorescence
microscope. We concluded that the cytotoxicity of Lipo@
AuNPs@BBR on A549 spheroid cells in compared to the con-
trol, free BBR and citrate AuNPs groups resulted in more uptake
and synergistic effects of BBR and Au NPs. All the mentioned
experiments above (MTT assay, LDH assay, ATP assay and live/
dead assay) confirmed that the Lipo@AuNPs@BBR complex
with 405 nm laser (15 J cm™?) induced mitochondrial damage,
cells and nucleus membrane damage in A549 cells. Hence,
as several articles have reported, the BBR compound has been
shown to possess cytotoxic effects when used in PDT. During
PTD, BBR is activated by light at a specific wavelength, resulting
in ROS generation, which can induce cell death via mitochon-
drial dysfunction, apoptosis and cell cycle arrest,'®¢%%°
In contrast, literature reports show that BBR did not show dark
toxicity at a low concentration.®®”°

Compared to free medications, the encapsulation of drugs
in liposomes has a number of benefits. Liposomes are easily
absorbed by cells because of their colloidal form, which makes
them recognizable as foreign particles. Furthermore, liposome
physicochemical characteristics, such as membrane charge and
particle size, are important factors to target specific tissues and
have an impact on the pharmacokinetics and antileishmanial
efficacy of medications encapsulated in liposomes.”"”* In contrast,
even though Lipo@AuNPs@BBR demonstrated anti-cancer effi-
cacy and increased the drug concentration in A549 cells when
compared to the free drug, it is interesting to mention that the co-
loaded drug concentrations on liposomes were significantly lower
than the single loading values. In our study, similar to other
studies, AuNPs did not show significant cytotoxicity without laser
treatment (dark toxicity). In this regard, Keshavarz et al. used
alginate hydrogel co-loaded with cisplatin and AuNPs (abbreviated
as ACA) on the CT 25 cell line, and they reported that the free form
of AuNPs does not show significant cytotoxicity in low doses but
illustrated significant synergistic effect with cisplatin in cancer
therapy.*® In addition, in a recent study by Vijayakumar, AuNPs
were utilized for thermal therapy on MCF-7 cancer cells in vitro and
in vivo. The results showed that AuNPs did not show cytotoxicity at
doses less than 20 ug mL™" but in combination with laser, it was
effective and induced tumor suppression.”* Moreover, several
studies reported that BBR in single and co-loading with other
drugs such as curcumin (Cur) has been used for cancer
therapy.>®’* For instance, Wu. J, et al. synthesized the Lipo@
Cur@BBR nanocomplex, and their findings showed that EE%
was 93.66 + 3.08 (CUR) and 92.59 £ 5.45 (BBR), while the
IC5o was 10 ug mL ™~ *.”* But Sergio et al. illustrated that EE% was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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17-30% in the single loading of BBR on liposomes (Lipo@BBR)
and the IC5, was 100 ug mL ™ "% In the present study, the co-
loading of AuNPs and BBR was 18.33% and 14%, respectively.
However, IC5, was 80 pg mL ', which is more than that of other
studies, and the cytotoxicity of the whole complex depends
on the amount of drug loading. Overall, we found that
Lipo@AuNPs@BBR complex at 80 pug mL~' concentration
could be effective in PDT on A549 lung cancer.

5. Conclusion

The co-loading of BBR and citrate AuNPs on liposome
(Lipo@AuNPs@BBR complex) presented low cytotoxicity in
single (dark toxicity) treatment on A549 cells, but its synergistic
effect in combination PDT is considerable in cancer therapy.
Additionally, this single nano-complex (Lipo@AuNPs@BBR
complex) well-controlled the optimal dual-drug ratio to dual
medications separately, and the single NP showed a greater
antitumor activity. Overall, our research solves the challenges
associated with designing hydrophobic drug classes, such as
berberine, for ratiometric combination therapy. As a result, we
have identified this single nanoparticulate delivery platform as
an effective and generally safe option for the treatment of
human lung cancer. To sum up, this complex due to the exiting
AuNPs not only has synergistic effect with BBR in PDT but it can
also be employed as a nanotheranostic agent in tumor diag-
nosis. Finally, it is important to mention that the authors faced
a few challenges such the low co-loading of BBR and AuNPs on
the liposomes as well as the large size of the nanomaterials in
the Zetasizer test in comparison with the TEM results. These
limitations should be considered for future in vivo studies for
more investigations.
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