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ABSTRACT

Introduction: The therapeutic delivery nanosystem attracts major interest due to its potential in improving the ef-
fectiveness and minimising the drawback of treatments especially in the neuroscience field. This work investigates 
the potential of the titania nanotube arrays (TNA) nanosystem as the therapeutic delivery for resveratrol (RSV) to the 
neuronal cell line model. Methods: TNA was fabricated using electrochemical anodisation in an organic electrolyte, 
and the morphology of the nanotube structure was analysed using field-emission scanning electron microscopy. The 
dose-dependent study of SH-SY5Y cell lines was conducted by testing different concentrations of RSV for 24 h by 
using the tetrazolium inner salt (MTS reagent). The RSV release profile of the chitosan-coated TNA nanosystem was 
characterised in the biphasic condition of the sample immersed in phosphate-buffered saline at 37 °C. Subsequently, 
the functional analysis of RSV release from the TNA nanosystem by using an in-vitro cell culture model was charac-
terised on the neuronal cell line model SH-SY5Y for 48 and 72 h. Results: Within the first 6 h and after 14 d, 23.41% 
± 13.12% and approximately 49.01% ± 9.74%, respectively, of RSV were released from the chitosan-coated TNA 
nanosystem. SH-SY5Y cells were inhibited when cells were incubated in uncoated and chitosan-coated RSV-loaded 
TNA, thereby displaying the potential of TNA to load and release RSV in the in-vitro culture system. Conclusion: The 
findings from this study highlight the potential of TNA nanosystems to overcome the limitation in the delivery of the 
therapeutic compound especially in the neuroscience field.
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INTRODUCTION

The therapeutic delivery of nanomaterials in treating 
neurological disorders has been reported to aid in the 
penetration of the drug to the blood–brain barrier (BBB) 
and the central nervous system barriers (1, 2). Some of 
the nanomaterials used before are TiO

2
 nanoparticles 

(NP) due to its excellent biocompatibility and reduced 
toxicity properties (3). However, the free-form NP has 
become a disadvantage when passing these barriers, 
resulting in neurotoxicity and neurodegeneration caused 
by the accumulated NP (4). Moreover, genetic toxicity 
ex vivo is highlighted as a drawback on the uses of TiO

2
 

NP in a dose-dependent manner (5). Hence, this study 
suggests another alternative to overcome this concern 
and fully exploit the unique characteristics of TiO

2
 for 

biomedical application.

The titania nanotube arrays (TNA) is designed to increase 
the potential of this material in biomedical application 
and overcome the above concern. Generally, TNA 
exhibits additional characteristics compared with TiO

2
 

NP. TNA can promote cell attachment, adhesion and 
proliferation and has a low corrosion rate and high surface 
area per volume, which help in the loading of various 
compounds, such as antimicrobials, genes, proteins 
and drugs (6 – 8). In this work, the natural compound 
resveratrol (RSV) is loaded into the TNA nanocomplex 
for drug delivery application for neuroblastoma cell (SH-
SY5Y) targeting. This cell line is chosen due to its similar 
characteristics to the neuron cell and widely studied in 
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neurology-related diseases (9, 10).

RSV, a polyphenolic compound, is a well-known 
therapeutic material in neuroscience application. 
As a neuroprotective agent, RSV can promote 
neuroregeneration especially in severe brain injury 
(11). Several studies have reported the ability of this 
compound to promote cell proliferation and cell function 
and prevent neuronal cell death (12-14). This compound 
presents various benefits but has low solubility and 
stability, which may be improved by loading into TNA 
and coating with the chitosan biopolymer.

The chitosan biopolymer manifests higher hydrophilic 
properties and water vapor permeability compared 
with the polylactic acid polymer (15, 16). In addition, 
the co-micellar system possesses hydrophobic and 
hydrophilic properties (17) and may degrade and enter 
the BBB, leading to brain cell damage. Therefore, 
the chitosan biopolymer is an ideal coating material 
for this nanocomplex application. Other than these 
two properties, the chitosan biopolymer exhibits 
antimicrobial, good degradability and high swelling 
properties (18). However, the application of the chitosan-
coated TNA–RSV nanocomplex in brain studies has not 
been reported yet although RSV has noticeable properties 
in protecting and improving the injury of neuron cells. 
This work is conducted to improve the TNA nanosystem 
for therapeutic compound targeting the neuroblastoma 
cell line. 

MATERIALS AND METHODS

Electrochemical anodisation of TNA and FESEM 
characterisation
TNA fabrication was performed according to previously 
reported method by Mydin et al, 2017. Surface 
morphology of TNA before and after biopolymer coating 
was analysed by FESEM, Supra 35 VP Zeiss, Germany 
without gold coating method as for re-use purposes for 
in-vitro work after FESEM observation. The magnification 
was standardised at 100 kX magnification at frequency 
15 kHz. Energy dispersive X-ray (EDX) was analysed by 
INCA Microanalysis Suite software with magnification 
10 kX.

Therapeutic compound preparation and quantification
Resveratrol (Tokyo Chemical Industry Co Ltd, America) 
was prepared in ethanol (50 mg/mL) for stock (500 
µM) and stored at 4 °C as stated by Buhrmann et al, 
2019. Quantification of RSV was performed by direct 
spectrophotometric measurement at 320 nm. Detection 
of absorbance against serial RSV dilution was plotted as 
reference for RSV quantification in therapeutic release 
profile study.

Cell culture treatment
Neuroblastoma SH-SY5Y cell line model (ATCC® 
CRL-2266™) was cultured in complete DMEM (Gibco, 

Life Technologies) medium (10 % (v/v) fetal bovine 
serum (FBS), 2 g/L sodium bicarbonate, 12.5 mg/L 
HEPES, 5 % (v/v) L-glutamine and 1% (v/v) penicillin 
and streptomycin) at 37 °C in a 5 % CO2 humidified 
incubator. Assessment of cell viability was performed 
after 24, 48 and 72 h treatment by CellTiter 96®AQueous 
One Solution Cell Proliferation Assay (Promega, USA) 
according to the manufacturer’s protocol at 490 nm using 
microplate spectrophotometer reader (PowerWave™ 
BioTek, USA). The determination of half maximal 
inhibitory concentration (IC

50
) was performed following 

the protocol recommendations in ISO 10993-5.

Resveratrol loading into TNA
TNA samples with measurement 1 cm x 1 cm were 
sterilised and placed in individual container containing 
100 µM of RSV for 24 h at 4 °C follow by 2 h air-dried 
before polymer coating procedure (21).

Chitosan coating preparation
Chitosan (low molecular weight, Sigma Aldrich, St. 
Louis, USA) was diluted in 1 % (v/v) acetic acid with 
continuous shaking at 60 °C for 5 h using incubator 
shaker (KS 4000i Control, Germany). The study samples 
coated with this solution by one-time dip coating 
technique as described by Liang et al, 2018 and air-
dried under biosafety cabinet level 2 for overnight. 

Resveratrol release profile from TNA nanosystem
RSV-loaded TNAs (coated and uncoated samples) were 
immersed in PBS and incubated at 37 °C with continuous 
shaking at 100 rpm. RSV quantification were studied at 
two phases: burst release for every 30 mins (6 h) and 
prolonged release in 14 d described by Kumeria et al, 
2015. 

Statistical analysis
Data are expressed as mean ± SD for at least two or 
three experiments. Data on in-vitro drug release was 
statistically analysed by two-way ANOVA test, while 
paired student T-test was applied for other result in which 
p value lower than 0.05 was considered significant.

RESULTS

Topological analysis of the chitosan coating of the RSV-
loaded TNA
The anodisation curve of TNA in organic electrolyte (i.e. 
glycerol) is displayed in Fig. 1. TNA with average diameter 
of around 60–90 nm was successfully fabricated from 
electrochemical anodisation at 30 V and 30 mins (Fig. 
2 (a)). The outcome of the electrochemical anodisation 
was similar as those reported in previous works (24, 25). 
The EDX analysis displayed in Fig. 2 (b) presented Ti and 
O elements on the surface, indicating the formation of 
TNA through electrochemical anodisation. Wang et al. 
(2018) have described TNA with diameter between 30 
and 100 nm, which is the most desirable measurement 
for drug loading and cell attachment. In the present 
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study, the topology comparison of the chitosan coating 
of RSV-loaded TNA before and after release is shown in 
Figs. 2 (c) and 2 (d). Fig. 2 (c) displays a fully covered 
TNA with chitosan from the one-time dip coating layer. 
The TNA nanosurface acts as reservoir for RSV, and the 
chitosan coating layer serves as a protective layer for 
RSV-loaded TNA. Further topological observation on 
chitosan-coated TNA after the 14 d RSV release study 
is shown in Fig. 2 (d). About 35% of chitosan traces are 

still observed after this release period. This observation 
can explain the low detection of RVS throughout the 
study, suggesting that a long release study should be 
conducted to achieve the maximum release of RSV.

Standard Curve of RSV release from the chitosan-
coated TNA
The RSV release was detected at specific wavelength 
(320 nm) by using spectrophotometry (27, 28). The 
initial direct absorbance measurement was performed 
using varying concentrations of RSV starting at 1000 
µM, as shown in Fig. 3. 

RSV cytotoxicity profile on the SH-SY5Y cell line model
The neuroblastoma cell line SH-SY5Y is commonly used 
in the study of brain disorders and acts as model for 
neuronal cell line (29, 30). The microscopic observation 
of the SH-SY5Y cell (Fig. 4) demonstrated changes in 
cell number and morphology after treatment with RSV 
at different dilutions. Compared with the untreated cell 
(a), the cell that underwent treatment had changes in 
cell morphology (g, h, i) and shrank (c - i) at 0.28 - 20 
µM. This outcome was expected because Van Ginkel 
and co-workers have reported that RSV can inhibit the 
growth of SH-SY5Y cell lines.

The IC
50

 value, the baseline value in evaluating the 
optimum dose of RSV to be loaded into TNA for the 

Figure 1: Anodisation curve of titania nanotube array (TNA) 
by electrochemical anodisation in organic solvent at 30 V, 
30 mins. 

Figure 2: Topological images of the chitosan coating on titania nanotube arrays (TNA) before and after RSV release obtained 
using field-emission scanning electron microscope: (a) Naked observation of TNA without any surface modification, (b) EDX 
analysis of fabricated TNA, (c) chitosan coating of RSV-loaded TNA, and (d) chitosan-coated TNA after the 14 d RSV release study.
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Release profile of RSV from TNA
The RSV release profile from chitosan-coated TNA for 
14 d (Fig. 6) was studied and compared with the in-
vitro findings in Fig. 7. A total of 50 µM was loaded 
into both samples by using the immersion method. The 
concentration of loaded RSV was higher than the IC

50 

value from the cytotoxicity testing because we expected 
a slow release of RSV from TNA based on the literature 
(33, 34).

From the release profile in Figs. 6 (a, b), the RSV-loaded 

Figure 3: RSV standard curve used for RSV release calcula-
tion from chitosan-coated TNA through direct spectrophoto-
metric measurement. The positive linear relationship of RSV 
absorbance and concentration was observed at 320 nm for 
reference calculation in the RSV release profile.

Figure 4: Morphological analysis of SH-
SY5Y cell lines after 24 h incubation 
with different concentration of RSV at 
10k magnification.

therapeutic release activity on the studied cell, was 
8.29 µM. The proliferation of SH-SY5Y was inversely 
proportional to the dose as lower dose of RSV increased 
the cell viability while the cell viability decreased when 
the cell was exposed to higher concentration. The lowest 
dose that caused increased cell viability was observed at 
0.23 µM of RSV, as demonstrated in Fig. 5. By contrast, 
increasing the concentration of RSV from 3.75 µM to 
30.00 µM decreased the cell viability (Fig. 5). Above 
50.00 µM, the SH-SY5Y was totally inhibited, which 
was similar to the phenomenon known as the double-
edged sword of RSV reported by Salehi and co-workers. 

Figure 5: Cell viability assay of SH-SY5Y cell lines on different 
concentrations of RSV for 24 h. All data were normalised us-
ing untreated data as control in this study. Tests were conduct-
ed in triplicate, and data were expressed as mean ± SD. Data 
with asterisk showed significant difference between sample 
and untreated sample. 
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the study of demonstrating prolonged and continuous 
release of RSV in the in-vitro study. The two-way 
ANOVA statistical analysis was used to analyse the SH-
SY5Y viability as there were two group; time (48 and 72 
h) and different type of TNA nanocomplexes tested. The 
data showed normal distribution from the Shapiro–Wilk 
test (p > 0.05) except for data of cell treated with RSV 
alone (p = 0.000) hence fulfil the requirement for this 
test to be applied in this work.
 
Generally, the data from 48 and 72 h incubation period 
showed no significant difference (p = 0.152). The viability 
of the SH-SY5Y cells after interaction with different 
samples was significantly different (p = 0.0001) from that 
of the cells incubated only for 48 and 72 h. However, the 
RSV alone and the RSV-loaded TNA had no significant 
difference in terms of cell inhibition, suggesting that the 
decreased cell viability was caused by RSV alone and 
not caused by stress from the TNA sample. Thus, this 
finding supported the unique characteristics of TNA as 
highly biocompatible for biomedical implant (Hazan 
et al, 2016). No significant difference (p = 0.119) was 
also observed between samples of RSV-loaded TNA and 
chitosan-coated RSV-loaded TNA. TNA and chitosan 
coating were believed to not influence the cell viability 
when introduced into the cell culture medium and 
incubated for a certain period (Fig. 7).

The Pearson’s correlation analysis (−0.718) showed 
a negative relationship between the period of study 
and the cell viability at two periods, indicating that 
prolonged period lowered the cell viability. This finding 
was in line with our objective, in which longer exposure 
to the drug-loaded TNA sample increased cell death 
constantly until all drugs had been released.

DISCUSSION

The positive relationship of the RSV concentration and 

TNA (coated) recorded higher release compared with 
the uncoated RSV-loaded TNA for both phases, which 
could be caused by the swelling of chitosan that forced 
the release of RSV (35). The burst release study showed 
23.41% ± 13.12% release from the coated sample and 
5.67% ± 2.36% release from the uncoated sample, and 
the paired student T-test showed that these values were 
not significantly different (p = 1.000). At prolonged 
release (days 1 to 14), the coated sample displayed more 
than 49.01% ± 9.74% release, whereas the uncoated 
sample only released around 9.74% ± 0.4% throughout 
the study. 

No significant difference was observed between the 
cell viability of SHSY-5Y and all samples tested for 24 
h in the time-dependent testing (p value = 0.216). As 
such, the 48 and 72 h incubation periods were used in 
the subsequent tests, which was in line with the aim of 

Figure 6: RSV release profile from chitosan-coated TNA for 14 d in the PBS system.  (a) Burst release profile of coated and un-
coated RSV-loaded into TNA studied during the first 6 h interaction of sample in the PBS solution. (b) The release profile was 
determined for 14-d, and data were recorded daily. All data were expressed as mean (n = 4).

Figure 7: Comparison of RSV-loaded TNA coated and uncoat-
ed with chitosan. Cell viability after treatment was presented 
in two incubation periods (48 and 72 h). Experiments were 
carried out in quadruplicate (n = 4), and the data were ana-
lysed in mean ± SD. No significant difference was observed in 
chitosan-coated and uncoated RSV-loaded TNA.
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absorbance is obtained, indicating the RSV release 
profiles. Tosato et al. (2018) have described influence 
on the uses of ethanolic solvent in RSV detection at a 
wavelength ranging from 300 nm to 360 nm. It had 
been discussed that due to the trans and the cis forms 
of the RSV, dilution of the compound with ethanolic 
solvent was suitable and not harmful to cells especially 
at low concentration. Thus, the direct detection of RSV 
at 320 nm was suitable for drug release profile study and 
applied throughout this study.

Arbo and co-workers have described the neuroprotective 
properties of RSV, which agree with our findings in Fig. 
5. The low concentration of RSV can promote the cell 
proliferation, which shown an increased in the cell 
viability for about 1.4 times at 0.23 µM. Therefore, the 
determination of the optimum concentration of RSV to 
be loaded into TNA plays an important role in increasing 
cell proliferation or inhibiting cell viability. In the 
therapeutic release investigation, a high dose of RSV is 
loaded to inhibit the growth of the abnormal neuron cell, 
which is mostly found in neurological disorders, such 
as brain cancer, Parkinson’s disease and Alzheimer’s 
disease (39). Neurons contain a protective barrier, 
which interferes with the conventional treatment. Thus, 
nanotherapeutics may be an alternative in the future.

Another study has shown that the release pattern of the 
uncoated sample is usually higher than that of the coated 
sample, which is different from our work. Moreover, in 
contrast to our study, the previous study has demonstrated 
that the coated samples are effective in decreasing the 
cell viability (Fig. 7), which is similar to the RSV release 
shown in Figs. 6 (a) and 7 (b). This finding is supported 
by the report of Hanif et al. (2016) that states that the time 
required for RSV to release from the nanotube structure 
is 48 h. In the same report, halloysite nanotubes, which 
are hydrophobic, are studied because they protect and 
stabilise the RSV compound. Other study shown that the 
naked TNA and resveratrol presented with hydrophobic 
characteristics while on the other hands, chitosan is a 
hydrophilic compound. This combination will make the 
nanocomplex favourable in water-like condition with 
first layer chitosan will be degraded before releasing of 
RSV took place. Therefore, the stability of RSV might 
be maintained until reached the targeted site, however 
more studies still need to be conducted to understand 
the mechanism involved. 

The inhibitory effect of RSV at higher dose indicates 
the effective loading and release of the therapeutic 
compound from TNA into the SH-SY5Y. The 
implementation of the chitosan coating can prevent 
the degradation and prolong the release of RSV upon 
contact with the culture medium in-vitro. RSV is also 
depicted to be stable in acidic conditions (41) and 
degraded at a fast rate above pH 6.8. The molecular 
level of this therapeutic nanodelivery can improve the 
understanding of this therapeutic nanodelivery system.

CONCLUSION

The TNA nanosystem for delivery of RSV on the 
neuronal cell line model was successfully studied in this 
work by promoting the prolonged release activity of the 
polyphenol compound from the nanocomplex system 
involving TNA and polymer coating. Future investigations 
on the molecular level of this nanocomplex on the 
neuronal cell will give an improved understanding 
and may promote a new alternative in the treatment of 
neurological disorder.
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