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Purpose: Multi-walled carbon nanotubes (MWCNTs) were used as carriers for silver nanoparticles (AgNPs). In this process,
MWCNTs were coated with mesoporous silica (MWCNT-Silica) for uniform and regular loading of AgNPs on the MWCNTs. In
addition, astaxanthin (AST) extract was used as a reducing agent for silver ions to enhance the antioxidant, antibiofilm, and anticancer
activities of AgNPs. In this process, AST was extracted from Haematococcus pluvialis (H. pluvialis) and processed by hot melt
extrusion (HME) to enhance the AST content of H. pluvialis. AST has strong antioxidative properties, which leads to anticancer
activity. In addition, AgNPs are well known for their strong antibacterial properties. The antibiofilm and anticancer effects were
studied comprehensively by loading the AST AgNPs onto MWCNT-Silica.

Methods: AgNPs-loaded MWCNT-silica (MWCNT-Ag) was prepared through the binding reaction of TSD and silanol groups and
the aggregation interaction of Ag and TSD. To enhance the antioxidant, antibiofilm, and anticancer activities of AgNPs, HME-treated
H. pluvialis extract (HME-AST) was used as a reducing solution of silver ions. The increased AST content of HME-AST was
confirmed by high-performance liquid chromatography (HPLC) analysis, and the total phenol and flavonoid content analysis confirmed
that HME enhanced the active components of H. pluvialis. The antibiofilm activity of MWCNT-AST was investigated by biofilm
inhibition and destruction test, SEM, and CLSM analysis, and the anticancer activity was investigated by WST assay, fluorescent
staining analysis, and flow cytometry analysis.

Results: MWCNT-AST showed higher antioxidant activity and antibiofilm activity than MWCNT-Ag against E. coli, S. aureus, and
methicillin-resistant S. aureus (MRSA). MWCNT-AST showed higher anticancer activity against breast cancer cells (MDA-MB-231)
than MWCNT-Ag, and lower toxicity in normal cells HaCaT and NIH3T3.

Conclusion: MWCNT-AST exhibits higher antioxidant, antibiofilm, and anticancer activities than MWCNT-Ag, and exhibits lower
toxicity to normal cells.

Keywords: Haematococcus pluvialis, astaxanthin, silver nanoparticles, multi-walled carbon nanotubes, anticancer, antibiofilm, multi-
drug resistance

Introduction

The beneficial effects of microalgae components and their biological properties such as antioxidant and anticancer
properties are being studied.'™ Among these, Haematococcus pluvialis (H. pluvialis) is considered one of the most
important microalgae as a source of astaxanthin (AST).” H. pluvialis contains many bioactive compounds such as
carotenoids, proteins, lipids, carbohydrates, and other substances.” AST (3,3’-dihydroxy-B, B’-carotene-4,4’-dione) is one
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of the xanthophyll carotenoids.® AST, the main carotenoid produced in aquaculture, has the highest oxygen radical
absorption capacity compared to other carotenoids.”® It has also been reported to have a much higher antioxidant
capacity than a-tocopherol (vitamin E),” inhibits mitochondrial lipid peroxidation, and contributes to the inhibition of cell
membrane peroxidation.'®'" As interest in products made from biological raw materials increases, the natural AST
market is forming, but it is a very small percentage compared to the synthetic AST market. Chemically synthesized AST
has lower antioxidant efficacy than natural AST and is not yet approved for human consumption.'*'*> However, the
amount of AST contained in H. pluvialis is very small, 1-5%.° We suggest Hot melt extrusion (HME) as a method to
increase the content of AST from H. pluvialis.

HME has been proven as an effective technology in various fields, including its utilization in pharmaceutical
formulations, for improving the solubility of hydrophobic substances, target delivery, drug release, and the production
of nanoparticles (NPs).'*!> The advantage of HME lies in its eco-friendly nature, as it eliminates the need for organic
solvents. Moreover, it promotes the dispersion of drugs and enhances the solubility of poorly soluble compounds, thereby
increasing their bioavailability."> Furthermore, incorporating suitable additives during HME processing can imbue
distinct characteristics to the final product through the extrusion process.'®!” Ascorbyl palmitate serves as a bio-
friendly antioxidant in the food industry.'® Hydroxypropyl methylcellulose (HPMC) polymer is frequently used to
manufacture sustained-release matrix systems due to its high safety and ease of use.'” Lecithin, when used as an
emulsifier, increases the ability of an active ingredient to dissolve by improving its dissolution.?® Previous studies have
reported that the extraction yield of microalgae components can be increased using the extrusion process.”’

Silver nanoparticles (AgNPs) synthesized via components extracted from microalgae are continuously being
studied.”** Pigments, polysaccharides, peptides, and enzymes present in cell extracts or supernatants can reduce silver
ions to nanoparticles.>>*° Biomolecules contained in microalgae are responsible for the reduction of silver ions and can
also act as capping agents to prevent aggregation, reduce toxicity, and increase the stability of nanoparticles.?’
Astaxanthin can scavenge free oxygen radicals, and AST extracted from H. pluvialis exhibits higher antioxidant activity
than synthetic AST.*® In addition, AST exhibited anticancer activity against bladder cancer, colon cancer, oral cancer, and
breast cancer.”” >? AgNPs are proposed as one of the treatments for biofilms of bacteria and multidrug-resistance (MDR)
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bacteria.>* 7 In recent times, the utilization of nanoparticles (NPs) has markedly broadened across diverse domains. NPs
have proven efficacious in medical and pharmaceutical nanoengineering, particularly for facilitating therapeutic drug
transport.®® Additionally, AgNPs have been reported to have the ability to reduce microbial infections on the skin.*® The
antibacterial effectiveness of AgNPs stems from their unique physicochemical properties, such as their nanometer-scale
size, elevated surface area, mass ratio, and heightened reactivity.*>*' These previous studies suggest that using HME-
processed H. pluvialis extracts as a reducing agent for AgNPs can alleviate toxicity to normal cells while enhancing
antioxidant, antibiofilm, and anticancer activities.

Biofilms are a serious health issue due to their ability to confer MDR capacity, host defenses, and other stresses.*?
Biofilms are complex three-dimensional assemblies of bacteria, attached to surfaces and flexibly embedded in an
extracellular polymeric substance (EPS) matrix. These biofilms form on all substrates and associated infections in plants,
animals, and humans.*** Infections caused by Staphylococcus aureus (S. aureus) cost $4 billion annually in treatment
and care costs in America.*® According to the National Institute of Health, the main cause of pathogenic infections in
humans is the formation of biofilms, which account for more than 80% of infections.*’” The rise of MDR microorganisms
is a global threat to human health.>* Bacteria exposed to antibiotics can develop resistance to the antibiotic and transmit
this resistance to other microorganisms. In addition, even if it is a different drug, antibiotics with the same structure may
develop resistance to it, resulting in the development of MDR bacteria.?” Research is ongoing to develop inhibitors of the
bacterial biofilms responsible for these human health problems and treatments for antibiotic-resistant bacteria.

Cancer, a type of disease caused by uncontrolled cell growth, is classified into carcinomas, sarcomas, lymphomas,
leukemias, germ cell tumors, and blastomas, depending on the presumed origin of the tumor cells.*® Among them,
carcinoma refers to cancer originating from epithelial cells and includes breast cancer.*” Breast cancer is the most
common type of cancer in women, accounting for almost 30% of all cancers.”® If diagnosed early, treatment is possible,
but after metastasis, it can spread through the blood and lymphatic system, making treatment difficult and increasing
mortality. Existing cancer treatments include chemotherapy, radiotherapy, and surgery, but these methods cause normal
tissue damage, multidrug resistance, toxicity, and side effects.’’ To overcome these problems, methods of using natural
products as anticancer agents are being studied.’> Nanoparticles (NPs) synthesized from plant extracts, which are under
constant research, can improve the bioavailability of natural products in cancer treatment.>® Other studies have demon-
strated the anticancer activity of AgNPs synthesized from plant extracts.”*>® However, the high cytotoxicity of AgNPs
has many limitations in cancer treatment because it kills not only cancer cells but also normal cells.”’

Materials containing AgNPs are superior to existing antibacterial materials because they can release silver ions slowly
over a long period, resulting in high safety and stability and long-lasting antibacterial activity.’® Zeolite, calcium
phosphate, silica, and mesoporous materials have been reported as carriers for producing silver-containing antibacterial
materials.’® > Mesoporous silica is known to be a very suitable medium for drug delivery and nanoparticle transport due
to its tunable pore size, large surface area, various functionalizations, and excellent biocompatibility."“’65 Carbon
nanotubes (CNTs) are one-dimensional carbon nanomaterials that are divided into single-walled carbon nanotubes
(SWCNTs) made of a single graphite layer and multi-walled carbon nanotubes (MWCNTs) made of multiple coaxial
layers.®® Previous reports have demonstrated that antibiofilm activity can be increased by using MWCNTS as a carrier for
drugs.®” It has been reported that combining AgNPs with MWCNTs can exhibit superior antibacterial properties
compared to simple MWCNTs.®® Another study reported that AgNPs combined with MWCNTs had higher antibacterial
activity against Escherichia coli (E. coli) than simple MWCNTSs.®” However, MWCNTS are easily aggregated in aqueous
solutions due to their high aspect ratio and low hydrophilicity, which makes it difficult to use them as drug carriers.”®
Stable CNTs dispersion can be achieved by using surfactants such as hexadecyl trimethyl ammonium bromide (CTAB),
octyl phenol ethoxylate (Triton X-100), and sodium dodecyl sulfate (SDS).”""* In addition, mesoporous silica coating
can improve the dispersion of MWCNTSs in aqueous solution.”*”>

We suggested that using AST extract as a reducing agent for silver ions could increase the antioxidant, antibiofilm,
and anticancer activities of MWCNTSs decorated with AgNPs. We produced AST by HME treatment of H. pluvialis. We
developed the MWCNT-AST by loading AST AgNPs synthesized from AST extract on mesoporous silica-coated
MWCNTs. MWCNT formulations were assessed for biofilm inhibition and destruction activity against E. coli,
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S. aureus, and methicillin-resistant S. aureus (MRSA) and anticancer activity against human breast cancer cells MDA-
MB-231.

Materials and Methods

Materials
Haematococcus  pluvialis  (H. pluvialis) was provided by Chonbuk National University (Iksan, Korea).
Cetyltrimethylammonium bromide (CTAB), sodium hydroxide (NaOH), Ammonium nitrate (NH4NO3), and silver nitrate
(AgNO;) were purchased from Daejung Chemical (Siheung, Korea). MWCNT, Tetraethyl Orthosilicate (TEOS), and N-
[3-(trimethoxysilyl) propyl] ethylene diamine (TSD) were purchased from the Tokyo chemical industry (TCI,Tokyo,
Japan). Escherichia coli (ATCC 43888), Staphylococcus aureus (ATCC 19095), and Methicillin-resistant Staphylococcus
aureus (ATCC 43300) were purchased from the American Type Culture Collection (ATCC). MDA-MB-231, HaCaT, and
NIH3T3 cells were purchased from the Korea Cell Line Bank (Seoul, Korea). Mueller Hinton Broth (MHB) was
purchased from Kisanbio (Seoul, Korea). Water-soluble tetrazolium (WST)-1 assay kit (EZ-CyTox, Daeil Lab
Service), Fetal bovine serum (FBS), penicillin and streptomycin (P/S), Dulbecco’s modified eagle medium (DMEM)
were procured from Thermo Fisher Scientific (Massachusetts, USA). Propidium iodide (PI), rthodamine 123 (Rh123),
ethyl bromide (EB), and acridine orange (AO) were brought from Sigma-Aldrich (St. Louis, USA). Annexin V-FITC, PI,
and Calcein-AM were brought from Invitrogen (Waltham, Massachusetts, USA).

Manufacture of AST Formulations Through HME Processing

H. pluvialis was loaded into a twin-screw extruder (STS25-28FD, co-rotating intermeshing type twin-screw extruder,
Pyeongtaek, Korea). The temperature profile from the feed zone of the extrusion mold to the injection die was 60°C.
After the HME process was completed, the extrudate was dried in an oven (SCOV-150, Sungchan Science, Pocheon,
Korea) at 60°C for 12 hours, and the ground powder was stored for later experiments. The compositions of HME-treated
AST and biopolymers are shown in Table S1.

Determination of AST in Formulations

To select the formulation to be used for MWCNT-AST synthesis from the manufactured AST formulations, the AST
content and total phenol contents (TPC) and total flavonoid contents (TFC) were measured by HPLC analysis. The
analytical conditions of HPLC are shown in Table S2. The total phenol and flavonoid contents were performed in the
same manner as in section TPC and TFC.

Preparation of MWCNT-Silica

MWCNT-Silica was synthesized using a slightly altered procedure from previous research.”® The chemical compositions
of the MWCNT formulations are shown in Table 1. 30 mg of MWCNTs were placed in 30 mL CTAB solution of 137
mM and ultrasonicated in a sonic bath for 3 hours and tip ultrasonicated in an ice bath for 1 hour. Afterward, it was
diluted with 100 mL of distilled water, adjusted to basicity by adding 0.3 mL NaOH solution of 2M, and preheated at
60°C for 10 minutes. 7.5 mL of TEOS solution diluted with ethanol was added dropwise while stirring and reacted at

Table | Preparation of various MWCNT Formulations

MWCNT | MWCNT-Silica | MWCNT-TSD | MWCNT-Ag MWCNT-AST | MWCNT-AST 5 MWCNT-AST 10
o MWCNT o MWCNT e MWCNT o MWCNT o MWCNT o MWCNT o MWCNT
o CTAB o CTAB o CTAB o CTAB o CTAB o CTAB
e TEOS e TEOS e TEOS e TEOS e TEOS e TEOS
e TSD e TSD e TSD e TSD e TSD
o AgNO; o AgNO; o AgNO; o AgNO;
o AST F2 (I mg/mL) | @ AST F2 (5 mg/mL) | ® AST F2 (10 mg/mL)

Abbreviations: MWCNT, Multi-walled carbon nanotube; CTAB, Cetyltrimethylammonium bromide; TEOS, Tetraethyl orthosilicate; TSD, N-[3-(trimethoxysilyl)
propyl] ethylene diamine; AgNO;, Silver nitrate; AST, Astaxanthin.
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60°C for 12 hours. Afterward, the mixture was centrifuged to obtain a pellet, which was washed with NH4NOj3 ethanol
solution (12.5 mM) in a sonic bath for 2 hours, and this was repeated three times to prepare MWCNT-Silica.

Preparation of MWCNT-TSD, MWCNT-Ag, and MWCNT-AST

AgNPs-decorated MWCNT-Silica (MWCNT-Ag) was prepared by referring to the previous method.”> To prepare
MWCNT-Ag, 60 mM AgNOj; aqueous solution and TSD solution diluted with ethanol were mixed at a molar ratio of
1:1. Then, 20 mg of MWCNT-Silica and 0.96 mL of AgNO3/TSD solution were added to 11.04 mL of ethanol. MWCNT-
TSD was prepared by adding only 0.96 mL of TSD solution. After sonicating for 30 minutes, the mixture was stirred at
60°C for 3.5 hours. Afterward, the pellet was collected by centrifugation and washed three times with ethanol to prepare
MWCNT-Ag. For the MWCNT-AST preparations, 0.96 mL of AgNO5/TSD solution was added and stirred at 60°C for
2 hours, then AST extracts of each concentration were added and stirred for 1.5 hours, and the pellet was collected and
washed. The concentration of the AST extract was selected from a previous study.’*

Characterization of MWCNT Formulations

To observe physical properties, MWCNT formulations were analyzed using Transmission electron microscopy (TEM)
equipped with an energy-dispersive spectroscope (EDS) (JEM-2100F, JEOL, Tokyo, Japan) and Scanning Electron
Microscopy (SEM) (S-4800, Hitachi, Japan). Polydispersity index (PDI), and particle size were measured using
a Dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK). Zeta potential was measured
using an Elastic Light Scattering (ELS) (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK). Samples were
dispersed in distilled water to prepare them for DLS and ELS measurements. The chemical compositions of AST and
the MWCNT formulations were analyzed with a Fourier-Transform Infrared Spectroscopy (FT-IR) spectrometer (Nicolet
iN10, Thermo Fisher Scientific, Waltham, MA, USA) in the range of 400-4000 cm™'. An X-ray diffractometer (XRD)
(X’pert-pro MPD, PAN analytical, Netherland) was used to investigate the XRD pattern of the MWCNT formulations at
a 20 ranging from 5° to 80°. Thermal gravimetric analysis (TGA) was performed using a Thermal Analysis system
(SDT650, TA Instruments, USA). Raman spectroscopy analysis was performed using the RAMAN touch (Nanophoton
Corporation, Japan) instrument.

Total Phenol Contents (TPC)

TPC was performed with slight modifications from the previous method."> 50 pL of the sample, 200 pL of 7.5% sodium
carbonate, 250 pL of Folin-Ciocalteau reagent, and 700 uL of distilled water were mixed in a test tube. After reacting for
45 minutes in dark conditions at room temperature, absorbance was measured at 760 nm. The total phenol content of
each formulation was calculated from a standard curve of gallic acid.

Total Flavonoid Contents (TFC)

125 pL of sample, 375 pL of ethanol, 25 pL of 10% aluminum chloride hexahydrate, 25 puL. of 1M potassium acetate, and
700 uL of distilled water were placed in a test tube. After reacting in the dark for 40 minutes, absorbance was measured
at 425 nm. Total flavonoid content was calculated from the standard curve of quercetin.”’

Antioxidant Activity

7.4 mM ABTS solution and 2.4 mM potassium persulfate were mixed 1:1 and reacted in the dark for 16 hours. The
ABTS solution was diluted with distilled water and adjusted to show an absorbance value of 0.7 at 734 nm. 100 pL of
sample and 100 pL of ABTS solution were added to a 96 well plate and reacted for 20 minutes in the dark. In the DPPH
assay, 0.1 mM DPPH methanol solution 100 pL and sample 100 pL in the dark for 20 minutes. The absorbance was
measured at 734 and 517 nm to obtain the ICs, value of each sample.”

Biofilm Inhibition and Destruction Test
E. coli, S. aureus, and MRSA were adjusted to an absorbance of 0.1 at OD 600 nm using an MHB medium. To evaluate
biofilm inhibition activity, 100 uL of sample and 100 pL of bacterial suspension were added to a 96 well plate and incubated
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at 37°C for 24 hours. Distilled water was used as a negative control. To evaluate biofilm destruction activity, 100 puL of
bacterial suspension was placed in a 96 well plate and incubated statically in a 37°C incubator for 24 hours. The bacterial
suspension was then removed and 100 pL of sample was added. Afterward, the plate was incubated at 37°C for 24 hours.
After incubation, the suspension was deleted, and the plates were washed with 100 pL. of PBS and dried for 30 minutes at
room temperature. Biofilms were stained by adding 200 pL of 0.1% v/v crystal violet. After 20 minutes, the plate was washed
with water and dried at room temperature. To elute the stained bacteria, 200 pL of ethanol was added and kept at room
temperature for 30 minutes. Afterward, the inhibition and destruction rate was calculated by measuring the absorbance at OD
600 nm.”

Microscopic Analysis of MRSA Biofilm

MRSA cultured in MHB medium was diluted to 10® c¢fu/mL mixed 1:1 with the sample and then incubated at 37 °C for
24 hours. After incubation, MRSA was collected by centrifugation at 5,000 rpm for 10 minutes. The collected bacterial
cells were washed with PBS and resuspended in 1 mL of PBS. Then, 10 pL of Calcein-AM and PI (1:1 ratio) solution
was added to the MRSA suspension and incubated at room temperature in the dark for 15 minutes. A drop of the stained
MRSA suspension was placed on a confocal dish and observed under a Super Sensitive High-Resolution Confocal Laser
Scanning Microscope (CLSM) (LSM880 with Airyscan, Carl Zeiss, Germany).”®

Scanning Electron Microscope (SEM) Analysis

MRSA was cultured in MHB medium at 37 °C for 24 hours. MRSA diluted to 10% cfu/mL was mixed 1:1 with the sample
and cultured for 24 hours. MRSA was collected by centrifugation at 5,000 rpm for 10 minutes and washed with PBS.
After fixation with 2.5% glutaraldehyde, it was washed with PBS. Afterwards, it was dehydrated with 30, 50, 70, and
90% ethanol, dried, and analyzed.80

Cytotoxicity

A breast cancer cell line (MDA-MB-231), a normal mouse skin cell line (NIH3T3), and a normal human skin cell line
(HaCaT) were grown in DMEM supplemented with 10% FBS and 1% P/S at 37°C with 5% CO,. Cytotoxicity was
determined by WST assay. Brieflyy, MDA-MB-231, NIH3T3, and HaCaT cells were seeded into a 96 well plate at
a density of 2x10* cells/well. They were incubated for 24, 48, and 72 hours. After incubation, 10 pL of the diluted
sample for each concentration was added to each well and cultured for 24, 48, and 72 hours. Then, 10 pL of WST
solution was added to each well and incubated for 1 hour, and the absorbance was measured at OD 450 nm.5!

Cell viability(%)=Asample / Acontroi* 100

Fluorescent Staining Analysis

MDA-MB-231 cells were seeded in 12 well plates and incubated for 24 hours at 37°C with 5% CO,. MWCNT-Ag and
MWCNT-AST 10 were treated and incubated for 24 hours at 37°C with 5% CO,. Cells were stained using AO/EB,
Rh123, and PI reagents and detected by fluorescence microscopy.®?

Flow Cytometry Analysis

Flow cytometry was used to analyze apoptosis in MDA-MB-231 cells using Annexin V-FITC and PL*® Cells were
seeded in 6 well plates and cultured until grown to 90% density. Samples were treated at 250 pg/mL and incubated at
37°C with 5% CO,. After 24 hours, cells were recovered, washed, and stained with Annexin V-FITC and PI for analysis.

Statistical Analysis
The data was presented as mean + standard deviation. The statistical significance was determined by a three-way analysis
of variance (ANOVA). The p-value of <0.05 was considered statistically significant.
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Results

Determination of AST in Formulations

In HPLC analysis, almost no AST content was detected in H. pluvialis without HME treatment (Figure S1).
A significantly increased AST content was confirmed in AST formulations treated with HME. AST F2 and AST F3
showed much higher AST contents than AST F1. This is suggested by the effect of HPMC added during the HME
process. HPMC, a nonionic component of water-soluble cellulose ether derivatives, can improve the water solubility and
bioavailability of the material.***> Measurements of total phenol and flavonoid content showed that the control had very
low content. Additionally, the flavonoid content of AST F1 hardly increased, and phenol increased slightly, but not
significantly. AST F2 and AST F3 showed higher phenol and flavonoid content than AST F1. AST F2 showed
significantly increased phenol and flavonoid content than AST F3. This is thought to be influenced by the increased
AST content confirmed in the HPLC results. Based on these results, it was decided to use AST F2 for MWCNT-AST
synthesis.

Characterization of MWCNT Formulations

TEM Analysis

The morphological characteristics of the MWCNT preparation and the size and dispersion of the AST AgNPs loaded into
the MWCNT were confirmed (Figure 1A). As a result of the comparative analysis of MWCNT-Ag, MWCNT-AST 1, and
MWCNT-AST 5, the size of the AgNPs contained in the MWCNT-Silica was found to be small. However, in the case of
MWCNT-AST 10, it was confirmed that the size of the particles loaded on the MWCNT increased, but the dispersibility
of the particles was high and the particle formation was found to be uniform. The presence and distribution of silver ions
contained in the MWCNTs were confirmed by EDS mapping (Figure 1B). The amount of silver ions contained in the
MWCNTs was confirmed through the EDS spectrum (Figure S2). MWCNT-AST was found to be more uniform and to
have a higher Ag ion content compared to MWCNT-Ag. These results suggest that the AST extract helps to reduce silver

ions and forms more uniform and higher amounts of AgNPs on MWCNTs. In a previous study, it was confirmed that the

A

B Ag Lal Ag Lal Ag Lal Ag Lal

100nm 100nm 100nm 100nm

Figure | (A)TEM image of various MWCNT formulations and (B) EDS mapping of Ag in MWCNT formulations. (a) MWCNT-Ag; (b) MWCNT-AST |I; (c)
MWCNT-AST 5; (d) MWCNT-AST 10.
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mesoporous silica coating did not change the shape of MWCNTs, and the addition of TSD for Ag binding also did not
change the shape of MWCNTs and MWCNT-Silica.”>%

SEM Analysis

SEM analysis was performed to investigate the surface properties of the MWCNT formulations. The pure MWCNTs
exhibited a cylindrical shape with a length of approximately 1 uM, and the thickness of the MWCNTSs appeared to
increase after coating with mesoporous silica (Figure S3). Similar morphologies were observed in the MWCNT-Ag and
MWCNT-AST formulations (Figure 2). These results confirm that the method of coating MWCNTs with mesoporous
silica and loading AgNPs via TSD condensation reaction does not damage the surface or shape morphology of the
MWCNTs.

Zeta Potential, Particles Size, and PDI

DLS and ELS analyses were performed to determine the particle size, dispersion, and stability of the MWCNT
formulations. The MWCNT formulations had a size of approximately 1000~1500 nm (Figure 3). The PDI of
MWCNTs was 0.75 £+ 0.02, and that of MWCNT-Silica was 0.48 + 0.06. The PDI is measured as a value between 0
and 1, and a lower value indicates a higher dispersibility.*” Pure MWCNTSs have strong aggregation and thus are difficult
to use as a carrier due to their low dispersibility.*® These results suggest that coating MWCNTSs with mesoporous silica
can improve their dispersibility. The combination with TSD did not significantly affect the dispersion of MWCNT-Silica,
and the PDI of MWCNT-AST 10 was 0.36 + 0.02. The Zeta potential values of MWCNTs were —24.69 + 2.46 and
MWCNT-Silica were —37.77 + 1.23. The higher the absolute zeta value, the higher the safety of the colloid.* This
confirmed that the mesoporous silica coating improved the stability of MWCNTSs. After binding with TSD, the charge
changed from negative to positive. In the MWCNT-AST formulations, the zeta potential tended to decrease as the
concentration of AST extract increased. This is suggested to be because of AST with a negative charge.

FT-IR
The functional group changes of AST and MWCNT formulations were analyzed through FT-IR (Figure 4). The 934 cm ™'
peak of MWCNT-Silica disappeared after TSD synthesis. The frequency band at 934 cm™' is attributed to the stretching

P \ .
KNU_USEM 15.0kV 5.6 sl 5 501 KNU_USEM 15, 0 t 0 fknu_usem 15,0k
. ol :

oy

m i KNU_USEM 15.0kV 5.61

Figure 2 SEM image of various MWCNT formulations. (A) MWCNT-Ag; (B) MWCNTAST I; (C) MWCNTAST 5; (D) MWCNT-AST 10.
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Figure 4 The FT-IR spectra of AST and MWCNT formulations.

vibration of Si-OH or SiO- groups.”® This shows that TSD was bound to the silanol group of MWCNT-Silica. The peak
near 1330 cm™! may appear in the presence of a nitro group due to NO, asymmetric stretching vibration.”' We suggest
that the disappearance of this peak from MWCNT-AST is caused by the AST extract reducing the silver ions of
MWCNT-Ag. For MWCNT-AST 10, the peak at 1656 cm ' of AST shifted slightly to the peak at 1640 cm '. This
represents the amide I vibration band.”> The change in position of the amide I vibration band is mainly associated with
the C=0 (carbonyl) stretching vibration.”> AST can bind to metal ions and change the electron density of the C=O bond.
This causes the peak to shift to lower frequencies. In MWCNT-AST 1 and MWCNT-AST 5, peaks overlapping with AST
could not be identified. In the case of MWCNT-AST formulations, the amount of AST AgNPs contained in MWCNT-
Silica is very small. Therefore, it may be difficult to identify the FT-IR peak of AST in MWCNT-AST formulations. In

the case of MWCNT-AST 10, it is estimated that the peak appears at 1640 cm ' due to AST AgNPs attached to the
MWCNT-Silica surface, as confirmed in the TEM results.

X-Ray Diffraction (XRD)

The structural properties of the MWCNT formulations were studied via XRD at 2 theta angles (Figure 5). In the case of
MWCNT-Silica and MWCNT-TSD, (#002) and (#100) peaks, which are characteristic peaks of Carbon, were
confirmed.”* The XRD patterns of MWCNT-Ag and MWCNT-AST formulations showed peaks at approximately 38°,
64°, and 77°, corresponding to the (111), (220), and (311) planes of Bragg’s reflections, respectively. This confirms the
existence of AgNPs with a face-centered cubic structure.”® The XRD pattern confirmed that MWCNT-Silica and AST
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Figure 5 The XRD pattern; #: Carbon; * Ag.

AgNPs were combined. In the case of MWCNT-AST 1, the peaks of (*220) and (*311) were weak, and it was confirmed
that the peaks became stronger and clearer as the concentration of the extract increased. This could be attributed to the
higher concentration of AST extract incorporated during the synthesis of MWCNT-AST formulations, as observed in the
TEM results, resulting in larger-sized AgNPs formation. Furthermore, the XRD analysis of MWCNT-AST formulations
is aimed at assessing the crystallinity of both MWCNTs and AgNPs incorporated into MWCNTs. Consequently, the
crystallinity of AgNPs in MWCNT-AST 1 formulation, which is presumed to contain relatively smaller particles, may
not be as clearly discernible.

Raman spectroscopy

Raman spectroscopy analysis showed the G band (graphene crystallinity) showing the crystallinity of CNTs and the
D band showing defects (Figure 6). The G band appears in carbon nanostructures made of sp? bonds and can be used to
determine whether MWCNTSs have an ordered structure or many defects.’® Since the D band appears strongly when there
are defects or amorphous components in the carbon structure, the degree of defects in the nanotubes can be evaluated
through the ratio of the D band and G band (D/G). The D+G band is located around ~2900 cm ™, and the intensity of the
band increases with the higher defect density. The G’ band is the second harmonic of the G band, which occurs
independently of the D band and mainly occurs in sp? carbon structures with high crystallinity. There was no significant
difference in the ratio of the D band and G band in MWCNTs, MWCNT-Silica, MWCNT-TSD, and MWCNT-Ag. It was
confirmed that the D band ratio increased in MWCNT-AST 5 and MWCNT-AST 10. During the process of loading
AgNPs onto MWCNTs, chemical changes may occur on the surface of the CNTs, and when oxygen or silver ions bind to
the carbon structure, defects or deformations occur, increasing the D band. Defects in MWCNTs affect the electron cloud,
creating an environment in which reactive substances such as reactive oxygen species (ROS) are easily generated.”” This
is one of the main mechanisms for enhancing antibacterial properties. Reactive oxygen species destroy bacterial cell

membranes and damage internal proteins and DNA, inhibiting bacterial survival.”®

Nanotube surfaces with many defects
exhibit higher reactivity when in contact with bacterial cells, and the effect of damaging cell membranes through physical
contact increases. When combined with silver nanoparticles, additional antibacterial effects can be added as silver is

released. AST and AgNPs have antioxidant, antibacterial, and anticancer properties, respectively, so they can perform
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Figure 6 The Raman spectroscopy of MWCNT formulations and AST.

these functions more effectively when the defects of MWCNTs increase. In summary, as the defects of MWCNTs
increase due to the increase in D bands, they are more likely to contribute to antibacterial and anticancer activities, which
can have a positive effect on enhancing antibacterial and anticancer properties. The MWCNT-AST formulations showed

that as the concentration of AST extract increased, the peaks corresponding to the Raman peaks of AST at 940, 1159, and
1521 cm™' increased.”®'*

TGA

TGA can analyze the composition of a mixture by independently determining the thermal properties of each component
when the mixed material decomposes at different temperatures.'®’ The thermal properties of AST and MWCNT
formulations were analyzed in the range of 30 to 1000 °C at a heating rate of 10 °C min™' and N, atmosphere.
MWCNTs showed almost no weight loss up to 1000 °C (Figure 7). MWCNT-Silica showed slightly higher weight loss
than MWCNTs, and MWCNT-TSD showed more weight loss. This can be attributed to the removal of water molecules
and thermal decomposition during the Si-OH condensation reaction occurring on the silica surface.'” The MWCNT-
AST formulations showed higher thermal weight loss than MWCNT-Ag. This is thought to be because AST is used as
a reducing agent for silver ions. AST showed a very large thermal weight loss in TGA (Figure S4). MWCNT-AST 5 and
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Figure 7 The TGA curve of MWCNT formulations and AST.
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MWCNT-AST 10, which were found to be more bound to AST in FT-IR and Raman analyses, showed larger thermal
weight losses.

Total Phenol Contents (TPC), Total Flavonoid Contents (TFC), and Antioxidant
Activity

As a result of TPC and TFC analysis, almost no phenols and flavonoids were detected in MWCNT-Ag without the
addition of AST extract (Figure 8A and B). MWCNT-AST 1, significantly more flavonoids were detected compared to
MWCNT-Ag, but the amount of phenol detected was not significant. In MWCNT-AST 5 and MWCNT-AST 10, more
amounts of phenols and flavonoids were detected compared to MWCNT-AST 1 due to the increase in AST extract
concentration. In the ABTS radical scavenging activity assay and the DPPH radical scavenging activity assay, the ICs
values of MWCNT-Ag were 836.5 and 351.78 pg/mL, showing very low antioxidant activity (Figure 8C and D). The
1Cso values of MWCNT-AST 1, MWCNT-AST 5, and MWCNT-AST 10 were each 393.75, 155.17, and 144.18 pg/mL in
the ABTS radical scavenging activity assay. MWCNT-AST 5 and MWCNT-AST 10 showed higher antioxidant activity
compared to MWCNT-AST 1. In the DPPH radical scavenging activity analysis, MWCNT-AST 5 and MWCNT-AST 10
showed high antioxidant activity. However, MWCNT-AST 1 showed a similar level of antioxidant activity as MWCNT-
Ag.

Biofilm Inhibition and Destruction Test
The biofilm inhibition and destruction activities of MWCNT formulations were investigated against E. coli, S. aureus,
and MRSA (Figure 9). MWCNT-AST showed higher biofilm inhibition and destruction activity than MWCNT-Ag in all
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Figure 8 (A) TFC, (B) TPC, ICs, value of (C) ABTS, and (D) DPPH results of MWCNT formulations. Data are expressed as means # standard deviation (n = 3). *P < 0.1,
*#*P < 0.01, ¥ p < 0.001.
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Figure 9 Biofilm inhibition and destruction activities of MWCNT formulations. Data are expressed as means * standard deviation (n = 3). *P < 0.1, **P < 0.01, **p < 0.001.

bacteria. In E. coli, MWCNT-Ag did not show biofilm inhibition activity at 31 pg/mL. MWCNT-AST 1, 5, and 10
showed high biofilm inhibition activity against E. coli at 44.61, 33.36, and 30.28%, respectively. The biofilm destruction
result showed a similar trend. MWCNT-Ag showed the lowest biofilm inhibition and destruction activity at all
concentrations against S. aureus. In MRSA, MWCNT-Ag did not show biofilm inhibitory activity until 63 pg/mL.
MWCNT-AST 1, 5, and 10 showed high biofilm inhibitory activity at 13.47, 11.93, and 27.16%, respectively at

a concentration of 31 pg/mL. In MRSA, MWCNT-AST 10 showed the lowest ICs, value for inhibition and destruction
activity.

SEM of MRSA

SEM analysis was performed to visually confirm the antibiofilm activity of the MWCNT formulations against MRSA
bacteria. The control was treated with PBS and exhibited a smooth spherical morphology (Figure 10). MRSA treated
with MWCNT-Ag exhibited a morphology like the control. On the other hand, the cell membranes of MRSA treated with
MWCNT-AST formulations were found to be broken or very bumpy in shape. In addition, most of the bacteria were
surrounded by MWCNT-AST. This is related to the unique antibacterial activity of MWCNTs. The antibacterial
mechanism of CNTs is through penetration of microbial cell walls and induction of structural damage.'®® Short CNTs
can penetrate bacterial cell walls and membranes, while long CNTs envelop bacteria and interfere with their function.'®*
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Figure 10 SEM images of MRSA treated with MWCNT formulations. (A) Control, (B) MWCNT-Ag, (C) MWCNT-AST |, (D) MWCNT-AST 5, (E) MWCNT-AST 10.

CLSM

Figure 11 shows the CLSM evaluation of MRSA biofilms treated with MWCNT formulations using Calcein-AM and PI.
MRSA treated with MWCNT-Ag showed slightly fewer viable cells and slightly increased dead cells compared to the
control. It also showed slightly reduced biofilm thickness compared to the control. On the other hand, MRSA treated with

Live Dead Merge 2D view 3D image

Figure 11 CLSM images of MRSA treated with (A) Control, (B) MWCNT-Ag, (C) MWCNTAST I, (D) MWCNT-AST 5, (E) MWCNTAST I0.
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MWCNT-AST formulations showed significantly reduced viable cells and significantly increased dead cells, and the
biofilm thickness was also significantly thinner.

Cytotoxicity
Cytotoxicity was tested against human breast cancer cells MDA-MB-231, normal mouse skin cells NIH3T3, and
normal human skin keratinocytes HaCaT. As a result of the toxicity test on NIH3T3, MWCNT-Ag showed a cell
viability of 77.26% at 125 pg/mL at 24 hours, showing slight toxicity (Figure 12A). On the other hand, all
MWCNT-AST formulations showed a cell viability of more than 80%, indicating that AST extract could alleviate
the cytotoxicity of MWCNT-Ag. MWCNT-AST 10 showed the highest cell viability at all concentrations. To
confirm the long-term toxicity of the MWCNT formulations, toxicity tests at 48 and 72 hours were also performed.
At 48 hours, MWCNT-AST 1 and 5 also showed slightly increased toxicity, showing cell viability of 60.69% and
69.61% at 125 ug/mL, respectively. Even at 72 hours, MWCNT-Ag showed the highest toxicity, and MWCNT-AST
10 showed the lowest toxicity. In the toxicity test on HaCaT, no toxicity was found in all formulations up to 62 pg/
mL at 24 hours (Figure 12B). MWCNT-Ag showed toxicity with a cell viability of 75.16% at a concentration of
125 pg/mL. MWCNT-AST 1 showed toxicity with a cell viability of 66.71% at a concentration of 250 ng/mL, and
MWCNT-AST 5 showed a cell viability of 70.21% at a concentration of 500 pg/mL. MWCNT-AST 10 showed the
lowest toxicity with a viability of 60.26% at a concentration of 1000 pg/mL. At 48 and 72 hours, MWCNT-Ag
showed the highest toxicity, and MWCNT-AST 10 showed the lowest toxicity. It was confirmed that the higher the
concentration of AST extract, the lower the toxicity to normal cells. In our previous study, we confirmed the
toxicity of MWCNTs, MWCNT-Silica, and MWCNT-TSD to normal mouse skin cells L929. They showed toxicity
at 150 ug/mL, and MWCNT-Ag showed a low survival rate even at 25 pg/mL, confirming high toxicity.®¢

As a result of the toxicity test on MDA-MB-231, MWCNT-Ag showed a survival rate of more than 80% up to
125 pg/mL, confirming low anticancer activity. MWCNT-AST 1, MWCNT-AST 5, and MWCNT-AST 10 showed
survival rates of 53.60, 55.38, and 55.24% in 125 pg/mL, respectively, confirming enhanced anticancer activity. From
concentrations above 250 pg/mL, low survival rates were observed in the following order: MWCNT-AST 10, MWCNT-
AST 5, MWCNT-AST 1, and MWCNT-Ag. At 1000 pg/mL, the cell survival rate of MWCNT-Ag was 46.74%, and the
survival rate of MWCNT-AST 10 was 15.99%, showing anticancer activity about 2.92 times higher than that of
MWCNT-Ag.

Fluorescent Staining Analysis

AO/EB is a staining reagent used to analyze cell death and appears red in damaged or dead cells and green in living
cells.'® The anti-cancer activity of MWCNT-Ag and MWCNT-AST 10 was confirmed by fluorescence staining analysis
(Figure 13). The results showed that MWCNT-Ag did not show significant cell death compared to the control at
a concentration of 250 pg/mL, and at a concentration of 500 pg/mL, the number of living cells decreased slightly, but
the morphology of the cells was not significantly damaged. MWCNT-AST 10 showed partial cell death at a concentration
of 250 pg/mL and more cell death at a concentration of 500 pg/mL. The green-colored cells also showed significant
morphological damage, confirming the high anticancer activity of MWNT-AST 10.

PI stains the nuclei of dead cells and does not stain living cells; dead cells appear red.'% In the control group, few
cells were stained. Stained cells were confirmed to increase in a concentration-dependent manner at 250 and 500 pg/mL
of MWCNT-Ag. 250 pg/mL of MWCNT-AST 10 showed cells stained at a similar level to 500 pg/mL of MWCNT-Ag,
confirming higher anticancer activity. MWCNT-AST 10 was confirmed to have a reduced number of stained cells at
500 pg/mL. This suggests that the dead cells were removed during the washing process.'®” Loss of mitochondrial
membrane potential in cancer cells can induce apoptosis.'®® Rh123 indicates the loss of cell mitochondrial membrane
potential. Live cells stain red, while dead cells are barely visible or appear a very dark red. The control group and 250 pg/
mL of MWCNT-Ag showed similar levels of red-stained cells, and although the number decreased at 500 pg/mL, they
showed lower anticancer activity than 250 ug/mL of MWCNT-AST 10. At 500 ug/mL of MWCNT-AST 10, red-stained
cells were barely visible.
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Pl AO/EB

Rh123

Figure 13 Fluorescence staining analysis of MDA-MB-231 cells treated with (A) Control, (B) MWCNT-Ag 250 pg/mL, (C) MWCNT-Ag 500 pg/mL, (D) MWCNT-AST 10
250 pg/mL, (E) MWCNT-AST 10 500 pg/mL. All experiments were performed in triplicate.

Flow Cytometry Analysis

Cells undergoing apoptosis cause abnormalities in the cell plasma membrane, such as membrane asymmetry and changes
in permeability. Phosphatidyl serine (PS) exists inside the cell in healthy cells, but when the cell enters the apoptosis
stage, the PS present inside the cell is exposed to the outside due to membrane changes.'®® Annexin V binds to externally
exposed PS and at the same time stains dead cells with PI, allowing the degree and stage of cell death to be confirmed. As
a result of the experiment, it was confirmed that cell death did not occur in cells treated with PBS (Figure 14). MWCNT-
Ag was confirmed to have 71.4% live cells, 7.2% early apoptotic cells, 16.9% apoptotic cells, and 4.5% necrotic cells.
MWCNT-AST 10 was confirmed to have 47.8% live cells, 5.5% early apoptotic cells, 38.9% apoptotic cells, and 7.7%
necrotic cells. MWCNT-AST 10 showed high anticancer activity with a rate of apoptotic cells more than twice that of
MWCNT-Ag. The proportion of apoptotic cells in MWCNT-AST 10 was more than twice that of MWCNT-Ag,

suggesting enhanced anticancer activity of MWCNT-AST 10.
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Figure 14 Apoptosis assay for MWCNT-Ag and MWCNT-AST 10 in MDA-MB-231 cells. The concentration of the sample was treated as 250 pg/mL. Control was treated
with PBS.
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Discussion

In this study, MWCNTs were used as carriers for AgNPs to prevent strong aggregation caused by their high surface area.
Additionally, mesoporous silica was coated onto the MWCNTs to enhance their aqueous dispersibility. To enhance the
antioxidant, antibiofilm, and anticancer activities of AgNPs, AST extract extracted through HME processing of
H. pluvialis was used as a reducing solution for Ag. HPLC analysis, along with TPC and TFC results, demonstrated
that HME processing increased the extraction yield of astaxanthin from H. pluvialis as well as the phenol and flavonoid
content. This process confirmed that HPMC contributed to enhancing the water solubility of astaxanthin in H. pluvialis
and improving the availability of active ingredients. The morphological characteristics of the prepared MWCNT
formulations were examined using TEM and SEM analyses, while the distribution and quantity of AgNPs loaded onto
the MWCNTs were determined through EDS analysis. TEM and EDS analyses revealed that MWCNT-AST exhibited
more uniform and abundant AgNPs compared to MWCNT-Ag, confirming that the AST extract enhanced the reduction
of silver ions in MWCNT-Ag. SEM analysis further confirmed that the mesoporous silica coating and AgNP loading did
not cause any damage or deformation to the shape and surface of the MWCNTs. Additionally, the PDI index of
MWCNT-Silica, which was lower than that of MWCNTs, indicated that the mesoporous silica coating improved the
aqueous dispersibility of the MWCNTs. The zeta potential value of MWCNT-Silica also increased compared to
MWCNTs, suggesting enhanced colloidal stability due to the mesoporous silica coating. In the analysis of phenol and
flavonoid content, MWCNT-Ag showed barely detectable levels, but MWCNT-AST formulations showed increased
phenol and flavonoid content as the concentration of added AST extract increased. In the antioxidant experiment,
WMCNT-Ag showed very low antioxidant activity, while MWCNT-AST 5 and MWCNT-AST 10 showed significantly
increased antioxidant activity. This is suggested to be an effect of AST, which has much higher antioxidant activity than
vitamin E. Phenols and flavonoids may be involved in antioxidant activity.'®''° It is suggested that the low antioxidant
activity of MWCNT-AST 1 is due to its low phenolic and flavonoid content. E. coli is a facultative anaerobic bacterium
found in the gastrointestinal tract of humans and animals, capable of causing a range of diseases in both.'"' S. aureus is
a Gram-positive spherical bacterium with diverse virulence factors.''? It is a leading cause of heart, lung, bone-joint,

113

skin, and soft tissue infections and can lead to foodborne toxin infections.” ~ MRSA is one of the major proliferating

resistant bacterial pathogens causing bloodstream infections (BSIs) and ventilator-associated pneumonia.''*'"”
Methicillin resistance in S. aureus is caused by the acquisition of the mecA gene, located within a mobile element
known as the staphylococcal cassette chromosome mec (SCC mec).''® Crystal violet staining analysis against E. coli, S.
aureus, and MRSA, along with SEM and CLSM analyses of MRSA, revealed low antibiofilm activity for MWCNT-Ag.
In contrast, enhanced antibiofilm activity was observed in MWCNT-AST formulations. The enhanced antibiofilm activity
of MWCNT-AST compared to MWCNT-Ag is attributed to the effects of the AST extract. Previous studies have reported
the antibacterial activity and inhibitory activity of bacterial biofilm formation of AST extracted from H. pluvialis.""*"'*
Secondary metabolites, such as phenol produced by living organisms including plants and microorganisms are natural
antibacterial agents.'?' The increased antibacterial activity of MWCNT-AST compared to MWCNT-Ag may be attributed
to the higher phenol and flavonoid contents. Additionally, as confirmed in TEM analysis, it is suggested that MWCNT-
AST formulations that form more uniform and large amounts of AgNPs can release more silver ions and exhibit higher
antibacterial activity.

While MWCNT-Ag showed high cytotoxicity in normal cells NIH3T3 and HaCaT, the toxicity of MWCNT-AST
formulations was confirmed to be alleviated as the concentration of the added AST extract increased. Previous studies
have reported the nontoxic and cytoprotective effects of AST.'?>'?° AST can protect membrane components, such as
phospholipids from oxidative damage by anchoring across the lipid bilayer of biological membranes.'*° It is suggested
that the AST extract mitigated the totoxicity of MWCNT-Ag toward normal cells. In a toxicity test on breast cancer cells
(MDA-MB-231), MWCNT-Ag exhibited high cell viability, while MWCNT-AST formulations demonstrated signifi-
cantly reduced cell viability, confirming enhanced anticancer activity. As the concentration of AST extract increased, the
cell viability decreased. The ICsy value of MWCNT-AST 10 in MDA-MB-231 cytoxicity test was 277.05 pg/mL,
showing anticancer activity that was approximately 2.7 times higher than that of MWCNT-Ag (759.79 pg/mL). Cell

apoptosis analysis showed that the anticancer activity of MWCNT-AST 10 was approximately twice that of MWCNT-

360 https: International Journal of Nanomedicine 2025:20



You et al

Ag. Cancer can be caused by the accumulation of reactive oxygen species (ROS) and oxidative stress. Excessive ROS
can cause DNA damage, tumor metastasis, and tumor drug resistance, which are involved in the occurrence and
development of malignant cancer tumors.'>’ Astaxanthin can inhibit ROS production and reduce oxidative stress,
which are involved in anticancer activity. '**'* AST has anticancer activity against cancer cells through inducing
apoptosis and inhibiting proliferation.'*® This suggests that AST extract can improve the anticancer activity of MWCNT-
Ag. Personalized therapeutics based on nanomaterials are the core of next-generation medicine and have high potential in
the treatment of complex diseases such as cancer. The MWCNT-AST developed in this study has antioxidant, anticancer,
and antibacterial activities, suggesting the possibility of developing personalized therapeutics based on this. It is
important to target only specific cancer cells in cancer treatment to minimize damage to normal cells. MWCNT-AST
demonstrates the potential to efficiently target cells by leveraging the synergistic effect of mesoporous silica, MWCNTs,
AST, and AgNPs. To realize this, surface modification technology capable of binding to specific ligands of cancer cells
and research on targeting mechanisms is required. MWCNTs are difficult to decompose in vivo and thus may accumulate
in organs. This may cause chronic inflammation, cell damage, or tissue toxicity. Although AgNPs have high antibacterial
effects, they can also induce oxidative stress or inhibit mitochondrial function in normal cells. In the long term, there is
a possibility that immune system overreaction or normal cell damage may occur. Therefore, long-term studies are needed
to track the in vivo residence time, release route, and accumulation of MWCNT and AgNPs complexes.

Conclusion

In this study, mesoporous silica-coated MWCNTs were used as a carrier for silver nanoparticles. To enhance the
antioxidant, antibiofilm, and anticancer activities of silver nanoparticles, H. pluvialis was treated with HME to increase
AST content, and this extract was used as a reducing solution for silver ions. MWCNT-AST was confirmed to have
increased phenol and flavonoid content as the concentration of AST extract increased and showed significantly
improved antioxidant activity than MWCNT-Ag. MWCNT-AST showed high antibiofilm activity against E. coli,
S. aureus, and MRSA, confirming its antibacterial activity against Gram-negative and Gram-positive bacteria,
suggesting its potential as a treatment for multidrug-resistant bacteria. In the toxicity test on normal cells HacaT,
MWCNT-Ag showed very high toxicity, but in MWCNT-AST formulations, it was confirmed that the cytotoxicity was
alleviated as the concentration of the added AST extract increased. In MDA-MB-231 breast cancer cells, MWCNT-
AST showed improved anticancer activity than MWCNT-Ag, confirming the potential of MWCNT-AST as an antic-
ancer agent.
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