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Photodynamic therapy (PDT) is a well-established cancer treatment method that employs light to generate
reactive oxygen species (ROS) causing oxidative damage to cancer cells. Nevertheless, PDT encounters
challenges due to its oxygen-dependent nature, which makes it less effective in hypoxic tumor
environments. To address this issue, we have developed a novel nanocomposite known as
AuNC@BBR@Ghost. This nanocomposite combines the advantageous features of erythrocyte ghost
membranes, the photoresponsive properties of gold nanoclusters (AuNC) and the anticancer
characteristics of Berberine (BBR) for cancer treatment. Our synthesized AuNC efficiently produce ROS,
with a 25% increase in efficiency when exposed to near-infrared (NIR) irradiation. By harnessing the
oxygen-carrying capacity of erythrocyte ghost cells, AUNC@BBR@Ghost demonstrates a significant
improvement in ROS generation, achieving an 80% efficiency. Furthermore, the AuNC exhibit tunable
emission wavelengths due to their excellent fluorescent properties. In normoxic conditions, treatment of
A549 lung carcinoma cells with AuNC@BBR@Ghost followed by exposure to 808 nm NIR irradiation
results in a notable increase in intracellular ROS levels, accelerating cell death. In hypoxic conditions,
when A549 cells were treated with AuUNC@BBR@Ghost, the erythrocyte ghost acted as an oxygen
supplement due to the residual hemoglobin, alleviating hypoxia and enhancing the nanocomposite's
sensitivity to PDT treatment. Thus, the AuNC@BBR@Ghost nanocomposite achieves an improved effect
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generation and adaptability to hypoxic conditions. This innovative approach successfully overcomes
DOI: 10.1039/d3ra08299g PDT's limitations, making AuNC@BBR@Ghost a promising nanotheranostic agent with significant
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silver and copper, as biosensors* and for imaging-guided cancer
therapy.® Metal nanoclusters which have sizes comparable to
the Fermi wavelength of electrons (~2 nm) and consist of a few
to hundred atoms, serve as a bridge between individual metal
atoms and larger nanoparticles.* The physicochemical proper-
ties of NCs are significantly different from those of nano-
particles due to their discrete energy levels and molecular-like
properties.*®

Metal nanoclusters serve as excellent agents for intracellular
localization, demonstrating deeper penetration into tumor
spheroids® and eliminating the need for dyes in imaging.” The

1. Introduction

Nanoparticles have shown great potential in medicine and hold
a promising role in nanotheranostics." They are no longer
regarded solely as simple drug carriers or vehicles for biomed-
ical applications; instead, they actively mediate biological
effects. Advanced theranostic nanomedicine focuses on the
applications of noble metal nanoclusters (NC), including gold,
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use of fluorescent nanoclusters in sensing and bioimaging
applications has gained popularity due to their attractive optical
properties, such as tunable fluorescent wavelengths, long fluo-
rescence lifetimes (>200 ns) and large Stokes shift (>100 nm).”®
Therefore, metal nanoclusters offer numerous advantages over
organic fluorophores and quantum dots.>'® Among metal
nanoclusters, gold nanoclusters (AuNC) exhibit a distinct
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features, including good photostability, biocompatibility,® facile
synthesis with flexible size tunability,"* and convenient surface
modification options.*»** These unique, stable optical and
structural properties of AuNC make them highly applicable in
various biomedical fields, including imaging, detection, and
therapy-11’14_16

In recent years, there has been a growing focus on the use of
nanoclusters in photodynamic therapy (PDT) for cancer treat-
ment, particularly in the context of generating reactive oxygen
species (ROS)."”*®* ROS are highly reactive oxygen-containing
free radicals produced during the metabolic activities of cells.
In normal cells, ROS generation is balanced by biochemical
antioxidants.' However, for cancer treatments, an excess of
ROS is generated to induce cell death. The effectiveness of PDT
using conventional fluorophores or photosensitizers (PS)
depends on several factors. These factors include their chemical
purity, which should be minimally toxic in darkness but cyto-
toxic when exposed to light, intracellular localization, rapid
excretion to reduce systemic toxicity, efficiency in generating
ROS, and the quality of illumination conditions.*® Despite the
abundance of conventional PS in various colors and reactive
forms, they have limitations, such as poor water solubility, low
singlet oxygen quantum yield, low selectivity for the tumor site
and the need for irradiation with a UV or visible wavelength
laser.? Studies on the interaction of light with biological tissue
have revealed that high-energy laser beams have limited tissue
penetration and can cause side effects. Therefore, PDT using UV
or visible range excitation has corresponding limitations,
especially in treating large or deep-seated tumors.”" In contrast,
NIR light offers enhanced spatial selectivity and results in
minimal damage to normal tissues.?** It can be considered as
a solution to overcome the limitations of conventional PDT. The
spectral range from 700 to 1400 nm is known as the biological
window because within this range, biological tissues have
a much lower molar extinction coefficient. This makes it suit-
able for deep tissue treatments without harming neighboring
tissues.”® Consequently, a photodynamic agent capable of
generating ROS in cancer environment within this range of
excitation enables NIR-triggered PDT.

As PDT strongly relies on the local oxygen content within the
tumor environment, its efficacy is significantly hampered by
hypoxic microenvironments. Therefore, to enhance the efficiency
of PDT in hypoxic tumor environments, the delivery of PS along-
side oxygen carriers into tumor tissues becomes crucial. Herein,
inspired by the nature of erythrocyte ghosts, which serve as novel
drug carriers®>® and oxygen supplements due to their residual
hemoglobin content,**” we present an approach aimed at allevi-
ating hypoxia in tumors and increasing PDT efficiency. Red Blood
Cells (RBC), or erythrocytes, constitute the most abundant cell
type in the blood and have garnered substantial attention in the
field of drug delivery due to their natural compatibility with the
immune system. They serve as ideal carriers capable of circulating
in the body for an extended period, typically between 70 and 140
days.”® RBC can undergo reversible swelling when exposed to
a hypotonic solution. During this process, the cellular contents are
removed, which includes free hemoglobin released from ruptured
RBC, and what remains inside the RBC membranes is referred to
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as residual hemoglobin. This remnant is termed as erythrocyte
ghost. The swelling feature permits the drug/nanomaterials to
accumulate within RBC. Subsequently, upon incubation, the cells
recover their original shape and impermeability.* Furthermore,
tissue-specific targeting strategies can be enabled by improving
the nanoparticle design and the site of injection.*

In this study, we synthesized AuNC using the protocol re-
ported by Duff et al.** These AuNC were then surface-decorated
on the Berberine molecules, a co-agent used to achieve highly
efficient cancer treatment. Berberine (BBR) is a bitter-tasting,
yellow-colored chemical naturally found in the roots,
rhizomes, and stem bark of several medicinal plants. It has
a long history of use in Chinese and Ayurvedic medicine® and is
known for its significant antimicrobial, antioxidant, anti-
inflammatory, antidiabetic, and anti-cancer properties.****
Berberine's fluorescent properties make it a potential agent for
photodynamic activities.** In 1984, Philogene et al.** were the
first to demonstrate the generation of singlet oxygen (*O,) by
BBR. Subsequently, BBR's photodynamic activity in cancerous
cells was reported: it generates reactive oxygen species and
other radicals in the presence of a light source, leading to
mitochondrial dysfunction, DNA damage and the activation of
apoptosis for cancer treatment.**** The focus of our present
study is on the fabrication of a novel oxygen-evolving nano-
composite, AUNC@BBR@Ghost and the assessment of its
potential for PDT under NIR irradiation. We observed that the
efficiency of ROS generation by BBR was relatively low when
excited at 808 nm. However, when AuNC were introduced as
surface decorations, the resulting complex (AuNC@BBR) pre-
sented intriguing opportunities for future investigations.

2. Experimental section
2.1 Materials and reagents for synthesis

The following materials and chemicals were purchased and
used. Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0;
99%, Sigma-Aldrich), Sodium hydroxide (NaOH, Sigma-
Aldrich),  tetrakis(hydroxymethyl)phosphonium  chloride
(THPC, Fluka), thiolated polyethylene glycol (PEG-SH, My, =
5000, Creative PEGWorks), Berberine (2,3-methylenedioxy-9,10-
dimethoxyprotoberberine chloride, Sigma-Aldrich), Dimethyl
sulfoxide (DMSO, Sigma-Aldrich).

2.2 Gold nanoclusters synthesis and AuNC@BBR complex
preparation

Gold nanoclusters, 3 nm in size, were synthesized following the
protocol reported by Duff et al*>* with slight modifications from
our previous work.* Briefly, 50 ml of water was taken in a round
bottomed flask and then 1.1 ml of 1% THPC (the reducing agent)
and 275 pl of 2 M sodium hydroxide were added. The mixture was
stirred at 1000 rpm. After two minutes, 2.1 ml of 1% hydrogen
tetrachloroaurate was added, leading to a color change from
yellow to orange-brown, indicating the formation of gold nano-
clusters. Subsequently, 1 mM PEG-SH was added as a capping
agent, followed by 1 h incubation at room temperature. The
solution was then filtered through a 0.22 um nitrocellulose

© 2024 The Author(s). Published by the Royal Society of Chemistry
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membrane and stored at 4 °C. The estimated AuNC concentra-
tion was approximately 6.7 x 10° nanoparticles per ml.

Berberine was initially dissolved in dimethyl sulfoxide
(DMSO) to create stock solutions. To achieve the desired
concentration of BBR solution, the stock solution was diluted
with DD water. The AuNC@BBR complex was formed by
combining 0.01 uM of AuNC and 20 uM of BBR in 2 ml of DD
water, followed by 2 h of agitation. This resulted in an AuNC-to-
BBR concentration ratio of 0.01:20 uM. Subsequently, the
mixture was centrifuged at 8000 rcf for 20 minutes, the super-
natant was discarded, and the pellet was resuspended in DD
water for its intended biological applications.

2.3 Methods of the AuUNC@BBR characterizations

The UV-visible absorption spectra of AuNC, BBR and
AuNC@BBR complex solutions were measured using UV-visible
spectrometer (JASCO V-550, Japan). The morphology and size of
AuNC and AuNC@BBR complex were visualized using High-
resolution Transmission Electron Microscope (HR-TEM, JEOL
JEM-F200). Samples for HR-TEM were prepared on copper grids.
Samples were prepared by adding a drop of a solution on a grid
placed on filter paper and allowing the solvent to evaporate. The
hydrodynamic particle size and zeta potential were character-
ized using the Zetasizer Nano ZS (Malvern Instruments, Mal-
vern, UK) with a 633 nm wavelength He-Ne laser source on the
dynamic light scattering method.

2.4 Preparation of erythrocyte ghost membrane and loading
of AUNC@BBR

Fresh mice blood was collected from C57BL/6 mice (5 months
old) and was transferred into the EDTA-covered anticoagulant
tubes to prepare erythrocyte ghosts. The research methods were
approved by the Research Ethics and Use Committee of
Buddhist Tzu Chi General Hospital (IACUC no. 110081).
Erythrocyte ghosts were prepared with modifications from
previous reports.*®** Initially, whole blood was centrifuged at
1500 rcf for 5 min at room temperature (HERMLE Z 323 K,
Germany), and the colorless plasma was discarded. The resul-
tant RBC were washed thrice with a 1:3 ratio of 1 x PBS and
then collected by centrifugation at 3400 rcf at room temperature
for 1 minute. RBC ghosts were obtained by treating the RBC
with a hypotonic solution (0.1 x PBS), which led to the release
of cellular contents such as free hemoglobin, enzymes, lipids,
and electrolytes. This mixture was centrifuged at 20 000 rcf for
40 min at 4 °C to collect the remnant RBC ghosts, removing
intracellular components. The resulting RBC ghosts were
washed thrice with PBS buffer and stored in PBS at 4 °C.
Loading of AUNC@BBR with erythrocyte ghosts involved
mixing 200 pl of AuNC@BBR solution (0.01:20 pM concentra-
tion) with 500 pl of RBC ghosts. The mixture was thoroughly
agitated in an orbital shaking incubator at 4 °C for 24 h.

2.5 Assessing oxygen-carrying capacity of RBC ghosts with
AuNC@BBR loading

To investigate the deoxygenation and oxygenation abilities of
erythrocyte ghosts, with and without AuNC@BBR, we employed
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a UV-visible absorption spectrometer. Deoxygenation was ach-
ieved by purging with nitrogen gas, using a 5 ul : 1000 pl ratio of
ghost suspension in PBS. The oxygenation-deoxygenation
process was conducted, and absorption spectra of erythrocyte
ghost solutions, with and without AuNC@BBR, were recorded at
3 minute intervals in the 350 to 650 nm wavelength range. Data
analysis was performed using Excel's LINEST function,
following the methods outlined in the earlier study.” The
oxygen saturation was calculated using the following formula:

. A, —A
% O, saturation = <M) x 100
ony - Adeoxy
where Agample is the measured absorbance of the ghost sample,
Adeoxy 18 the absorbance of the deoxygenated reference, and Ay,
is the absorbance of the fully oxygenated reference.

2.6 Cell culture

The A549 human lung carcinoma epithelial cell line (ATCC
number: CCL-185) was cultured in a RPMI 1640 medium sup-
plemented with 10% foetal bovine serum (Gibco, Invitrogen,
UK). Normoxic cells were incubated at 37 °C in a humidified
incubator (310/Thermo, Forma Scientific, Inc., Marietta, OH)
with 5% CO,, while hypoxic cells were incubated in an anaer-
obic chamber (Don Whitley DG250 Anaerobic workstation, UK)
at 37 °C with 95% nitrogen, 5% CO, and 0.2% O,. The culture
medium was replaced with fresh medium every 48 or 72 h, and
cells were subcultured when reaching approximately 80%
confluence.

2.7 Confocal fluorescence microscopic imaging

A549 cells (1 x 10* cells per well) were seeded in Petri dishes with
coverslips and incubated at 37 °C for 24 h. Subsequently, the
medium was replaced with fresh medium containing AuNC and
BBR solutions, followed by a 6 h incubation. Afterward, the cells
were washed with PBS and fixed in 4% formaldehyde in PBS.
Fluorescence images were captured using a Leica laser-scanning
confocal fluorescence microscope (TCS SP5, Mannheim Ger-
many) equipped with 40 x 1.25 oil immersion objective. AuNC
and BBR were excited at 514 nm and 405 nm wavelengths,
respectively, with signal collection in the spectral range of 610-
660 nm for AuNC and 540-565 nm wavelength for BBR.

2.8 Bio-interaction of AuUNC@BBR complex with ghost cells

To observe the interaction of the AuUNC@BBR complex with
ghost cells, we utilized a Leica laser-scanning confocal fluores-
cence microscope (TCS SP8 X, Mannheim, Germany) equipped
with 100 x 1.25 oil immersion objective (Leica, Mannheim,
Germany). Fluorescence from AuNC and BBR was excited using
514 and 405 nm wavelength lasers, respectively. Signal was
collected in the spectral range of 610-660 nm for AuNC and
540-565 nm for BBR.

2.9 Measuring reactive oxygen species generation

To assess the efficiency of ROS generation by AuNC, BBR,
AuNC@BBR and AuNC@BBR@Ghost, we employed 2'-7'-
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dichlorofluorescein diacetate (DCFDA) as a probe (CAS number:
4091990, Sigma-Aldrich) under 808 nm excitation. We used
Methylene Blue (MB) as a reference for evaluating ROS gener-
ation efficiency.*** DCFDA, a fluorogenic dye, detects hydroxyl,
peroxyl and other ROS activities. It involves intracellular diffu-
sion of DCFDA, which is deacetylated by intracellular esterases
into a non-fluorescent compound. In the presence of ROS, this
compound is oxidized into a fluorescent compound, 2'7'-
dichlorofluorescein (DCF),* observable at a 502 nm wavelength.

Initially, the UV-vis absorption of the sample solution was
adjusted to an optical density (OD) of approximately 0.2.
Subsequently, 20 pl of 10 mM DCFDA solution was added to
1 ml of the sample solution, followed by NIR irradiation
(808 nm, 0.75 W cm™?) for 30 min. Changes in the absorbance
intensity of DCF induced by the samples were recorded every 3
minutes. The efficiency of ROS generation by the sample was
calculated using the following equation, with modifications
from previous reports:*®

rs/As
VMB/AMB

¢s = MB

where ¢s and ¢\ are the efficiency of ROS generated by the
sample and MB respectively. Similarly, rs and ryp denote the
absorption rates of DCFDA under NIR irradiation by the sample
and MB, while A5 and Ay represent the integrations of optical
absorption bands in the wavelength range of 550 to 800 nm.

2.10 Cell viability study

Cell viability of A549 cells (normoxic and hypoxic) treated
separately with AuNC and BBR was assessed using the MTT
Assay Kit (Thermo Fisher Scientific, Life Technologies Corpo-
ration, Oregon). Cells were seeded at 5 x 10° cells per well in
a 96 well plate and incubated for 24 h under their respective
conditions. Various concentrations of AuNC (2-10 nM) and BBR
(5-80 uM) were added, and after 24 and 48 hours, MTT assays
were performed. Viable cells converted MTT to purple for-
mazan, which was then solubilized with DMSO, and absorbance
was measured at 570 nm using a microplate reader.

2.11 Measurement of reactive oxygen species (ROS assay)

Intracellular ROS generation was analyzed using the DCFDA
ROS assay kit. Different groups of samples were prepared in
both normoxic and hypoxic conditions, including control
groups, groups treated with AuNC, BBR, AuNC@BBR and
AuNC@BBR@Ghost solutions with and without NIR laser irra-
diation. After 10 minutes of NIR laser irradiation (808 nm,
0.75 W cm™2), the cells were incubated for 6 hours, followed by
DCFDA staining. Subsequently, we conducted live cell confocal
fluorescence imaging and measured fluorescence intensity.
These experiments were performed in triplicate across three
independent assays.

2.12 Intracellular PDT treatment and live/dead assay

Intracellular PDT treatment and live/dead assay were analyzed
to evaluate the PDT efficiency. A549 cells in both normoxic and
hypoxic conditions were cultured and treated with solutions

3324 | RSC Adv,, 2024, 14, 3321-3334

View Article Online

Paper

containing AuNC, BBR, AuNC@BBR and AuNC@BBR@Ghost
solutions for 24 h. Subsequently, these samples underwent
photodynamic treatment using NIR laser irradiation (808 nm,
0.75 W cm?) for 10 minutes and were then incubated for an
additional 24 h. Following incubation, cell viability was
assessed using the MTT assay for samples both with and
without NIR irradiation. To visualize photocytotoxicity, cells
were stained with the LIVE/DEAD™ Fixable Violet Dead Cell
Stain Kit (L34963) and DiOC5(3). Imaging was conducted using
a confocal fluorescence microscope equipped with a 40 x 1.25
oil immersion objective. These experiments were performed in
triplicate across three independent assays.

3. Results and discussion
3.1 Characterization of AuNC, BBR, and AuNC@BBR

The fabrication process of AUNC@BBR nanocomposite, illus-
trated in Fig. 1a, involves two key steps: the synthesis of AuNC,
and the surface coating of AUNC onto the BBR molecules. In the
initial step, AuNC were prepared and capped with PEG-SH.
Subsequently, when these AuNC were introduced to the BBR
solution, they adorned the surface of BBR aggregate molecules.
Fig. 1(b) presents the UV-visible absorption spectra of AuNC,
BBR and AuNC@BBR composite. The absorption spectrum of
AuNC exhibits a shoulder around 500 nm, which is the vestiges
of the plasmon resonance characteristic peak of a bulk colloidal
gold.** As THPC-based AuNC are exceedingly small, the surface
plasmon resonance absorption peak at 520 nm is suppressed.
The UV-vis absorption spectra of the BBR solution reveal three
characteristic bands: two maxima bands at around 250 and
350 nm wavelengths and one weaker band at approximately
430 nm. The absorption bands in the 250-350 nm range are
attributed to the mw — =* transition within the Berberine
molecule.” The UV-vis absorption spectra of AuNC@BBR shows
the characteristic absorption peaks of both AuNC and BBR.

In Fig. 1(c), the hydrodynamic particle sizes of AuNC, BBR
and AuUNC@BBR are displayed. AuNC exhibited an approximate
size of 2 £ 1 nm, indicating minimal aggregation and well-
dispersed nanoclusters. The hydrodynamic molecular size of
BBR was measured at about 103 + 18 nm, resulting from the
self-assembly of diluted BBR in an aqueous solution, forming
nano-sized aggregates. This phenomenon is common among
organic T-conjugated systems, which involves a system of
alternating single and multiple bonds and tend to form
molecular aggregates or stacking structures.*®** BBR possesses
aromatic rings with positive charges and counter anions. When
in an aggregated state, the anions are positioned between the
positively charged aromatic rings to hinder mw-m stacking. The
intermolecular distances of BBR arranged in a parallel manner
are measured at 3.851 and 4.090 A, which exceeds the m-7
stacking distance (3.5 A).* For AUNC@BBR, the average particle
size was observed to be around 113 + 22 nm. This increase in
size is attributed to the adsorption of AuNC onto the surface of
BBR. Importantly, these sizes obtained from DLS align with the
observed sizes estimated from HR-TEM images. Moreover, the
zeta potential of the particles shifted from —10.5 mV (AuNC)
and —13.8 mV (BBR) to —27.1 mV (AuNC@BBR), as depicted in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis and characterization of AUNC@BBR nanocomposite: (a) schematic depicting the preparation process of AUNC@BBR; (b) UV-
visible absorption spectra of AuNC, BBR and the AuNC@BBR composite; (c) hydrodynamic particle sizes and (d) zeta potential of BBR, AuNC and
AuNC@BBR in aqueous media; high-resolution transmission electron microscopy (HR-TEM) images of (e) AuNC, (f) a single AuNC, and (g) the
AuNC@BBR composite. Scale bar represents 15 nm, 3 nm and 100 nm respectively.

Fig. 1(d). The surface decoration on BBR with AuNC rendered
the zeta potential more negative. This increase in negativity
signifies that the AUNC@BBR are more stable due to the
stronger repulsive forces between them. The HR-TEM image,
displayed in Fig. 1(e) and (f), depicts the particle structure of
AuNC, indicating an average size of about 1-3 nm, with no signs
of aggregation, and well-separated nanoclusters. Upon conju-
gation of AuUNC and BBR, the AuNC are absorbed onto the
aggregated BBR, as shown in Fig. 1(g).

Additionally, the average size determined from HR-TEM
images was compared with the hydrodynamic particle size
measured using the DLS and found to be in good agreement.
Using Image] software, the coverage of AuNC on the BBR
aggregate was quantified from the HR-TEM image, yielding
a value of approximately 14.6 + 3.2%. The quantification
process is detailed in Fig. S1 and Table S1.}

3.2 Oxygen-carrying ability of ghosts before and after
loading AuUNC@BBR

Erythrocyte ghost preparation is depicted in Fig. 2(a). These
ghost cells are essentially the remnants of red blood cells
stripped of their contents, retaining residual hemoglobin that
can serve as a marker for erythrocyte ghost.”>** The absorption
spectrum in Fig. 2(b) displays key peaks of hemoglobin in

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

oxygenated state: one around 412 nm (Soret band) and bimodal
peaks around 540 and 575 nm (Q band) for erythrocyte ghosts.
During ghost preparation, each wash step reduces hemoglobin
content, leading to decreasing absorption intensity from 100%
to 4.8%.

Fig. 2(c) presents hydrodynamic particle sizes: AuNC@BBR
at approximately 113 £ 22 nm, ghost at about 829 + 213 nm,
and AUNC@BBR@Ghost at 1099 + 216 nm. The zeta potential
of Ghost is —33.1 mV, indicative of the typical negative charge
associated with lipid vesicles.*® Both intact RBC and ghosts tend
to have negative zeta potentials, primarily due to the negative
charge associated with the lipid and protein components on
their surfaces.”*** However, the specific zeta potential of ghost
values can vary depending on factors such as the presence of
specific lipid components, pH, and ionic strength. For
AuNC@BBR@Ghost, the zeta potential is —31.3 mV, suggesting
that the AuUNC@BBR complex is associated with the ghost.

The deoxygenation and oxygenation ability of hemoglobin in
bare ghost and AUNC@BBR@Ghost were examined using UV-vis
spectroscopy. In Fig. 2(e) and (f), both bare ghost and
AuNC@BBR@Ghost exhibit two absorption peaks located at
428 nm and 565 nm after deoxygenation under nitrogen purging.
Three maximum peaks at 412 nm, 540 nm and 575 nm indicate
oxygenation.**® Additionally, a time-dependent study of UV-vis

RSC Adv, 2024, 14, 3321-3334 | 3325
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Fig. 2 Characterization of hemoglobin-lysed erythrocyte blood fraction: (a) schematic illustrating the preparation process of ghost and
AuNC@BBR-loaded ghost; (b) comparison of UV-vis absorbance spectra at different stages of ghost preparation (inset: color changes during
sequential centrifugation and washes); (c) hydrodynamic particle size and (d) zeta potential of AUNC@BBR, ghost and AuUNC@BBR@Ghost in
aqueous solution; UV-vis absorbance spectra of (e) ghost and (f) AuNC@BBR@Ghost in oxygenated, deoxygenated and reoxygenated condi-
tions; and (g) oxygen-dissociation curves of ghost and AuNC@BBR@Ghost.

absorbance intensity (Fig. 2(g), S3a and bt) shows a similar trend
for ghost and AuNC@BBR@Ghost, with AuNC@BBR@Ghost
displaying slower reoxygenation. The time difference in half-
oxygen saturation time for bare ghost and AuNC@BBR@Ghost
are about 20 minutes. This difference likely occurred due to the
interaction of AUNC@BBR with the ghosts, which could influ-
ence various factors, such as altered binding affinity of hemo-
globin for oxygen, diffusion of oxygen in and out of the ghost
cells, and the overall oxygenation kinetics. Similar study has been
discussed in the ref. 55, 57 and 58 However, the exact

3326 | RSC Adv, 2024, 14, 3321-3334

mechanisms and factors involved would require further investi-
gation and analysis to understand in detail.

3.3 Fluorescence emission of AuNC and BBR

AuNC exhibit a remarkable and size-dependent fluorescence
behavior, a distinctive feature driven by their size-dependent
energy levels and electronic transitions. This size-dependent
behavior give rise to diverse emission wavelengths in the
visible range.* To examine the fluorescence properties of the
synthesized AuNC, we undertook confocal fluorescence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fluorescence microscopic images: (a) A549 cells incorporated with AuNCs, emitting RGB fluorescence. With an increasing excitation
wavelength, the emission band shifts to longer wavelength, confirming the distribution of nanoclusters sizes. (i) Optical image, (ii) AUNC (ex/em:
405/430-460 nm range, shown in blue), (i) AUNC (ex/em: 488/510-560 nm range, shown in green), (iv) AUNC (ex/em: 514/610-660 nm range,
shown in red) and (v) merged image of (i) to (iv); and (b) fluorescence microscopic images of A549 cells incorporated with BBR (20 pm). (i) Optical
image, (ii) BBR (ex/em: 405/540-560 nm) and (iii) merged image of (i) and (ii). Scale bar represents 25 um. Objective: 40x (oil immersion).

microscopy studies. Fig. 3a illustrates the homogeneous
distribution of AuNC within the perinuclear region of A549
cells, emitting fluorescence signals spanning various wave-
lengths across the visible spectrum, from blue and green to red.
As previously noted, both TEM and DLS studies confirmed the
average size of these AuNC to be approximately 2-3 nm. Such
variations in size could potentially account for the emission
tunability, as the energy levels and electronic transitions vary.
This tunability makes AuNC promising candidates for applica-
tions in areas such as biological imaging, sensing, and
optoelectronics.*®

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

Berberine is endowed with inherent fluorescent properties,
prompting us to employ confocal fluorescence imaging to
delve into its cellular uptake. Using a 405 nm wavelength laser,
we excited BBR's fluorescence, capturing the emitted signal
within the spectral range of 545-560 nm. In Fig. 3b, the image
reveals the accumulation of BBR in the perinuclear region of
cells after 6 h of incubation. Nevertheless, after a 12 h incu-
bation period, the fluorescence of BBR was observed within
the nucleus, with noticeable changes in cellular morphology.
This underscores BBR's capacity to induce alterations in the
morphology of cancerous cells, further highlighting its
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potential in anti-cancer applications.®>** Therefore, the
cellular uptake of AuNC and BBR represents a comprehensive
exploration of their fluorescence properties, shedding light on
the size-dependent behaviors of AuNC and the distinctive
property of BBR.

3.4 Interaction of AuNC@BBR with ghost cells

Given the fluorescence properties of AuNC and BBR, we employed
confocal fluorescence imaging to investigate the integration
between AUNC@BBR and ghost cells in Fig. 4. Mice blood smear

View Article Online

Paper

samples were obtained to observe red blood cells under an optical
microscope (Fig. 4a). These erythrocytes, measuring approxi-
mately 5 pum, exhibited the characteristic biconcave shape. In
Fig. 4b, we present the erythrocyte membranes, or ghost cells,
obtained from the mice blood. The process of preparing erythro-
cyte ghosts involves hemolysis of the erythrocytes with a hypotonic
medium, which releases cellular contents and free hemoglobin.
When these membranes are placed in an isotonic medium, they
self-seal, a phenomenon driven by the amphipathic nature of
membrane phospholipids.** Fluorescence images in Fig. 4c
demonstrate the presence of the AUNC@BBR complex within the

Fig. 4 Structural analysis of RBC, ghost and AuNC@BBR@Ghost: (a and b) optical microscopic images of RBC and ghost respectively. Objective:
40x and the embedded scale bar represents 20 um; and (c) fluorescence microscopic images of ghost cells incorporated with AUNC@BBR
complex at different focal planes. (i) Optical image, (ii) AUNC (ex/em: 514/610-660 nm, shown in red) and (i) BBR (ex/em: 405/540-560 nm,
shown in yellow) (iv) merged image of (i) to (iii). Scale bar represents 5 um. Objective: 100x (oil immersion).
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ghost cells. The z-stacking technique, collecting images at
different focal planes, reveals the incorporation of AuNC@BBR
complex within the ghost cells. Notably, this incorporation does
not affect the structural integrity of the ghost cells, as evidenced by
Fig. 4c, 2f and S2,7 indicating that the ghost cells maintain their
structure, photostability, and oxygen-carrying capacity even after
the complex's loading. This observation is crucial for under-
standing the behavior of AUNC@BBR in biological applications,
as it shows that the interaction with ghost cells does not negatively
impact their structural and functional properties.

3.5 ROS generation capacity by AuNC@BBR@Ghost
nanocomposite under NIR irradiation

The examination of ROS generation was conducted using the
commercially available ROS marker DCFDA. Fig. 5 shows the
influence of AuNC, BBR and their combination (AuNC@BBR) in
the presence or absence of ghost cells (AuNC@BBR@Ghost) on
ROS production under NIR irradiation in a PBS buffer solution
mixed with DCFDA probe. Fig. 5a illustrates that the control
samples, consisting of a PBS buffer solution mixed with DCFDA
probe, did not exhibit any increase in DCF absorbance at
502 nm during a 30 minute period of NIR irradiation (808 nm,
0.75 W cm™?). In contrast, when AuNC, BBR, AuNC@BBR and
AuNC@BBR@Ghost were mixed with PBS and the DCFDA probe
under the same experimental conditions, they all showed an

View Article Online
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enhancement in DCF absorbance intensity. This suggest that
AuNC produces ROS, and AuNC@BBR retains significant ROS
generation capabilities. Additionally, the presence of ghost cells
led to around a 25% increase in ROS generation by
AuNC@BBR@Ghost compared to AuNC@BBR without ghost
cells under NIR irradiation. AuNC exhibit unique electrical and
optical properties, encompassing size-dependent energy levels,
quantum confinement effects, surface plasmon resonance and
electron transfer capability. These characteristics collectively
enable AuNC to be highly effective in the production of ROS via
a mechanism known as photo-induced electron transfer (PET).**
Upon excited by light energy, the electrons in the nanoclusters
are excited to higher energy levels and transfer their energy to
surrounding oxygen molecules, resulting in the formation of
ROS.

To further quantify the ROS generation capacity of AuNC,
we performed a time-dependent analysis of the UV-vis absor-
bance of DCF, induced by AuNC in a PBS buffer solution mixed
with DCFDA probe under NIR irradiation, and employed the
commercial photosensitizer Methylene Blue (MB) as a refer-
ence (¢yp = 0.5) to gauge the efficiency of ROS generation. As
seen in Fig. 5b-d and S4a,7 the DCF absorption increases,
indicative of ROS, gradually increased under NIR irradiation
for AUNC, AUNC@BBR@Ghost and MB solutions. Their cor-
responding rate constants are 0.028 min—', 0.021 min~" and
0.078 min~", respectively (Fig. 5b inset, 5d and S4bt). We
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(3)5100 - BBR T : (b) 14 Intercept | 0.05503 o.Eorzrm AuNC
g sob - AuNC I - _ Slope 002878 0.00121
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: & § 8103
;I 5
S 40f T * ¥ i Sosl oo} s
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Fig.5 Time-dependent measurement of ROS generation under NIR irradiation using DCF probe: (a) time-dependent DCF absorbance changes
induced by control, BBR, AUNC, AUNC@BBR and AuUNC@BBR@Ghost; (b) time-dependent DCF absorbance changes induced by AuNC. The inset
shows the rate constants for the AuNC sample under NIR irradiation; (c) time-dependent DCF absorbance changes induced by
AuNC@BBR@Ghost; and (d) the rate constants for the AUNC@BBR@Ghost sample under NIR irradiation.
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determined that the ROS generation efficiency of AuNC was
25% (see the experimental section and Fig. S4a-d in the ESI}
for a detailed explanation of the calculation). Table 1 displays
the ROS generation efficiency values obtained for the respec-
tive samples. Remarkably, the inclusion of ghost cells
increased ROS generation in AuNC@BBR@Ghost, with an ROS
generation efficiency of 80%.

3.6 Cytotoxicity study of AuNC and BBR on A549 cells

Fig. 6 presents A549 normoxia and hypoxia cell lines
treated with various concentrations of AuNC, revealing no

Table 1 ROS generation efficiency percentage for the following
samples under NIR irradiation (808 nm, 0.75 W cm~2) for 30 min

ROS generation efficiency

Sample (%)
BBR 16
AuNC 25
AuNC@BBR 25
AUNC@BBR@Ghost 80

(a)

Normoxia (24 h)

150
3
g 100 7
3 %
3 %
oe""o\ :q. > © \0::9’ © S O Q,Q:
o AuNC (nM) BBR (uM)
(c) 150 Hypoxia (24 h)
£
Z
él’
3

C AuNC (nM)
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discernible impact on cell viability after 24 and 48 h of
incubation. However, it is noteworthy that the cell viability
percentage decreases in both the A549 normoxia and hypoxia
cell lines as the concentration of BBR increases. This
reduction in cell viability can be attributed to BBR's well-
known anticancer properties. Berberine directly targets the
nucleic acids and certain proteins within the cell, leading to
cell cycle arrest and the activation of apoptosis signalling
pathways.*%

3.7 The intracellular ROS generation in A549 cells by
AuNC@BBR@Ghost associated PDT

To evaluate the potential of AUNC@BBR@Ghost in PDT for
cancer cell treatment, we utilized DCFDA staining to measure
intracellular ROS levels before and after irradiation in both
normoxia and hypoxia cells, as shown in Fig. 7. ROS production
is the primary driver of cytotoxicity in cancer cells when exposed
to light or laser irradiation in the presence of a PDT agent.*
Therefore, we utilized DCFDA staining to quantify ROS gener-
ation induced by AuNC@BBR@Ghost following PDT treatment
in both normoxia and hypoxia cells.

(b)
Normoxia (48 h)

-
(o]
(=]

-
o

7

Cell Viability (%)
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AMhhincsc-s
RN
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S i i
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(d)  4s0. Hypoxia (48 h)

Fig. 6 Cell viability study using MTT assay for A549 cells treated with various concentration of AuNC and BBR for incubation periods of 24 h and
48 h. (a and b) cells under normoxic conditions and (c and d) cells under hypoxic conditions (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. Data are

mean + SD.
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Fig. 7 Detection of intracellular ROS generation in A549 cell line under both normoxia and hypoxia conditions. The detection was performed
using an oxidized DCFDA probe incorporated into samples with and without NIR irradiation (wavelength: 808 nm; power density: 0.75 w cm™2).
(a) Fluorescence microscopic images (ex/em: 488/520-550 nm; objective: 20x) scale bar represents 100 um; and (b) measurement of DCF
fluorescence intensity (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 indicate significant difference between untreated and treated samples. Data are

mean + SD.

In Fig. 7(a), we observe the fluorescence signal of DCF.
Control cells and cells subjected solely to laser treatment dis-
played no DCF fluorescence signal. Similarly, cells treated with
AuNC@BBR in the absence of laser irradiation showed no DCF
fluorescence. However, cells treated with AuNC@BBR-
associated PDT exhibited ROS generation in normoxia cells.
In contrast, hypoxia cells, deprived of oxygen, did not show
a ROS signal in the AuNC@BBR-associated PDT sample.
Intriguingly, when AuNC@BBR@Ghost was introduced into
hypoxia cells, DCF fluorescence signals were observed in both
normoxia and hypoxia cells. The corresponding fluorescence
intensity of DCF in normoxia and hypoxia cells was quantified
using a microplate reader, as presented in Fig. 7(b). Impor-
tantly, the fluorescent intensity data aligned well with the
observations made in the confocal fluorescence images. It's also
worth noting that AuNC can generate ROS when exposed to NIR
irradiation, while BBR did not generate ROS when exposed to
NIR light, as demonstrated in Fig. 3a and S5.t This correlation
further supports the findings presented in the study.

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

3.8 Effects of the phototoxicity of AuNC@BBR@Ghost on
A549 cells

To assess the phototoxicity of AuNC@BBR@Ghost in the
context of PDT for cancer cell treatment, we employed a live/
dead staining kit and MTT assay to distinguish between living
and deceased cells before and after irradiation in both nor-
moxia and hypoxia cells, as depicted in Fig. 8.

A live/dead assay utilizing violet fluorescent and DiOC5(3)
was conducted to validate the therapeutic benefits of
AuNC@BBR@Ghost photodynamic therapy in both normoxia
and hypoxia cells, as illustrated in Fig. 8a. Strikingly, control
cells and cells exposed exclusively to laser treatment did not
exhibit any violet fluorescence signal. Similarly, cells treated
with AuUNC@BBR without laser irradiation did not display violet
fluorescence. However, cells subjected to AuNC@BBR-
associated PDT exhibited a limited violet fluorescence signal
in the AuNC@BBR-associated PDT sample. Conversely,
a substantial number of deceased cells were observed in the
AuNC@BBR@Ghost group when exposed to NIR laser

RSC Adv, 2024, 14, 3321-3334 | 3331
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Fig. 8 Comparison of the PDT efficacy of AuNC@BBR with and without ghost treatment under NIR irradiation (wavelength: 808 nm; power
density: 0.75 w cm™2); (a) discrimination of live and dead A549 normoxia and hypoxia cell line using violet fluorescent and DIOC5(3) staining,
observed through confocal fluorescence microscopy (objective: 20x). The scale bar represents 100 um; (b) cell viability of A549 cells assessed
through MTT assay. Cells were treated with AUNC, BBR, AUNC@BBR, and AuNC@BBR@Ghost associated PDT treatment (n = 3). *p < 0.05, **p <
0.01, ***p < 0.001 indicate significant difference between untreated and treated samples. Data are mean + SD.

compared to the AuNC@BBR@Ghost without NIR irradiation.
This finding indicates the effective therapeutic potential of
AuNC@BBR@Ghost against cancer cells.

The phototherapeutic effectiveness of AuUNC@BBR@Ghost
against A549 cells under normoxia and hypoxia conditions was
evaluated through the MTT assay, as depicted in Fig. 8b. The
A549 cell line without any particle integration served as the
control and displayed high cellular viability. Similarly, the cell
line treated only with laser, without any particle application,
showed high cellular viability. In Fig. 8(b), there is a noticeable
reduction in cell viability percentage for cells subjected to
AuNC@BBR@Ghost-associated PDT, compared to those treated
with bare AuNCs, BBR-associated PDT, and the AuUNC@BBR
complex-associated PDT.

Based on these results, we propose that the AuNC@BBR@-
Ghost composite holds significant promise as a potential PDT
agent. Further research, involving the delivery of
AuNC@BBR@Ghost into a mice model, is crucial to gain
a deeper understanding of how ghost cells enhance PDT

3332 | RSC Adv, 2024, 14, 3321-3334

efficiency in hypoxic tumor environments and to advance
biomedical applications.

4. Conclusions

In this study, we synthesized and characterized a novel biomi-
metic nanocomposite, AUNC@BBR@Ghost, which incorporates
AuNC@BBR complex into ghost cells. The synthesized AuNC
demonstrated remarkable capability in generating ROS under
NIR irradiation. This feature is crucial for its application in
PDT, a promising approach for cancer treatment.
AuNC@BBR@Ghost exhibited the ability to generate ROS even
in hypoxic conditions, which are commonly found in the tumor
microenvironment. This attribute is particularly valuable as it
addresses a significant challenge in cancer therapy. Our results
clearly demonstrate that AuUNC@BBR@Ghost-associated PDT is
highly effective in reducing the viability of A549 cancer cells,
both in normoxic and hypoxic conditions. This effectiveness
surpasses that of treatments with bare AuNC, BBR, or
AuNC@BBR individually, indicating a collectively enhanced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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therapeutic effect. Furthermore, the preservation of the ghost
cell structure and its oxygen-carrying capacity suggests that
AuNC@BBR@Ghost can serve as an efficient drug delivery
system. In conclusion, AuUNC@BBR@Ghost is a promising
nanocomposite with the potential for selective and effective
cancer therapy. Its ability to generate ROS in both normoxia and
hypoxia, coupled with its biocompatibility and structural
integrity, establishes it as a valuable candidate for further
exploration in preclinical and clinical studies for cancer treat-
ment. Additionally, the potential for targeted drug delivery
through erythrocyte ghost cells opens avenues for personalized
and precision medicine in cancer therapy.
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