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Abstract The aim of this research is to investigate the influence of different functional groups of
p-cyclodextrin (CD) in functionalizing gold nanoparticles. The functionalized nanoparticles are
then utilized for loading the 5-fluorouracil (5-FU) drug and evaluating their in vitro anticancer
activity. A two-step method was employed to synthesize Mono-6-(1,3-trimethylenediamine)-6-deo
xy-B-cyclodextrin (TMACD), which was further utilized for fabricating gold nanoparticles (AuNPs)
using ultrasound-assisted synthesis. To investigate effect of different functional groups of
B-cyclodextrin (CD) on drug delivery efficiency, three cyclodextrin derivatives, namely
p-cyclodextrin  (5-FU@AuNPs/CD), 2-hydroxylpropyl-B-cyclodextrin (5-FU@AuNPs/HPCD),
and TMACD (5-FU@AuNPs/TMACD) were utilized to load 5-FU. Among them, the
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nanocomposite AuNPs/TMACD exhibited the highest associate efficiency and loading efficiency
which were confirmed by analytic techniques such as FTIR, PXRD, TEM. Moreover, the release
behavior of 5-FU from the nanocomposites was investigated at pH 7.4, revealing that all
AuNPs/CDs nanocomposites effectively protected the drug with a low release percentage ranging
from 23.13% to 29.45%. Docking model analysis indicated that the 5-FU ligand formed six hydro-
gen bonds and interacted favorably with the HPCD molecule. In the in vitro cell viability assay,
both nanocomposites, 5-FU@AuNPs/CD and 5-FU@AuNPs/TMACD, not only demonstrated
effective anticancer activity against breast cancer cells (MCF-7) but also exhibited minimal toxicity
towards normal cell lines. Remarkably, the results revealed that 5-FU@AuNPs/TMACD displayed
the highest efficacy in suppressing the growth of the breast cancer cells. These findings highlight the
considerable potential of amine-derivative cyclodextrin-capped AuNPs as exceptionally efficient
carriers for anticancer drugs, offering promising applications in both diagnosis and therapy.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gold nanoparticles (AuNPs) find extensive applications in various
multidisciplinary fields such as optoelectronics, nanomedicine, and
sensing (Elahi et al., 2018, Ali et al., 2021). AuNPs possess many
promising physicochemical characteristics including electronic, optical,
and biological properties (Gu et al., 2021, Ielo et al., 2021). Recent
studies have demonstrated that inorganic AuNPs functionalized with
drug molecules have shown increased therapeutic performance of
drugs. In such case, the drugs could be released from the surface of
AuNPs via desorption or protonation in low pH (Kim et al., 2009,
Ajnai et al., 2014). However, this approach often necessitates chemical
modification of the drugs to anchor them to the surface of inorganic
nanoparticles which imposes limitations on the therapeutic vehicles
of the drug (Kumar et al., 2013, Jeong et al., 2014). Consequently,
the utilization of AuNPs with organic stabilizing agents offers several
advantages, including incorporating drugs into their structure and
increasing the drug loading efficiency (Nejati et al, 2021,
Sathiyaseelan et al., 2021).

The synthesis of functionalized AuNPs involves the reduction of
metallic salts using reducing agents in the presence of stabilizers.
Numerous stabilizers, such as chitosan, alginate, cellulose, and
cyclodextrin (CD), are routinely used in the synthesis of AuNPs due
to their biocompatible properties (Chen et al., 2020, Bulut and
Yilmaz 2021, Ho et al., 2021). These compounds play a crucial role
in preventing nanoparticle agglomeration and controlling the size of
metallic nanoparticles (Nguyen et al., 2019). Functionalized AuNPs,
owing to their excellent biocompatibility and ease of functionalization
for target site recognition, have found applications in drug delivery
systems for disease diagnosis and therapy (Daraee et al., 2016, Chen
and Feng 2022). Our research group recently reported a straightfor-
ward method for the fabrication of CD-capped AuNPs under the assis-
tance of ultrasound in an alkaline condition (Nguyen et al., 2022). In
this study, CD was utilized both as the reducing agent and stabilizer
without the use of other chemicals.

Cyclodextrins, are cyclic polysaccharides composed of repeating D-
glucopyranose units. They are non-toxic, biocompatible, and environ-
mentally friendly, making them widely used in pharmaceutical and
food fields (Mohandoss et al., 2020, Tarannum and Kumar 2020).
CD-mediated delivery systems utilize host—guest interactions to effec-
tively deliver drugs to target sites, due to the reversible release of
hydrophobic drugs in the system (Hu et al, 2014). o-, B-, and
v-CDs, consisting of six, seven, and eight glucopyranose units, respec-
tively, have been shown to interact well with anticancer drugs. For
examples, Lu et al. (Lu et al., 2016) demonstrated that among cyclic
molecules, B-CD loaded with phthalocyanines had the highest anti-
cancer activity compared to other complexes. Donato et al. (Di
Donato et al., 2016) showed that both a- and B-CDs could effectively

load 5-FU in their inner cavities, as confirmed by docking analysis.
The complex with B-CD showed the highest cytotoxic activity on the
mouse breast cancer cell line (MCF-7), while the complex with a-CD
had the highest cytotoxicity effect against the leukemia cell line (A-
549). B-CD derivatives such as HPCD (Chowdhury et al., 2019) or
methyl-B-cyclodextrin (Yang et al., 2018) have been used for the com-
plexation of anticancer drugs, but the interaction of these derivatives
with drugs has not been systematically investigated. As a result, CD-
based nanoparticles have been extensively investigated for loading
the 5-FU drug in cancer cell treatment. Various approaches have been
employed, including the preparation of 5-FU@CD nanoplexes
through crosslinking methods using epichlorohydrin, which exhibited
good bioactivity against CT26 mouse colon carcinoma cells (Akkin
et al., 2022). Additionally, the 5-FU @ p-CD/alginate nanocomposite
demonstrated efficacy against breast cancer cells (MCF-7) (Nguyen
et al., 2022).

On the other hand, CDs can be modified and used as stabilizing
agents for the fabrication of AuNPs in drug delivery applications
(Liu et al., 2003, Male et al., 2008, Heo et al., 2012, Shi et al., 2013,
Arockia Jency et al., 2015). Park et al. (Park et al., 2009) have func-
tionalized AuNPs using thiol-CD and a-methoxy-@-mercapto-poly(et
hylene glycol) for encapsulation of f-lapachone. This drug can be con-
trollably released in glutathione medium. However, thiol group (SH)
can increase the toxic risk which impede usage of the drugs in disease
therapy. CD derivatives bearing functional groups with low toxicity
such as amine and hydroxyl groups, are a feasible solution for this
issue. Recently, Lakkakula et al. (Lakkakula et al., 2021) showed that
S-FU@HPCD complex stabilized AuNPs exhibited good bioactivity
against breast cancer cells. However, to the best of our knowledge,
influence of CD functional groups on AuNPs and their applications
in drug delivery systems have not been explored so far.

In this work, we aimed to investigate the impact of hydroxyl and
amine groups in B-CD on the nanocomposite AuNPs/CDs for loading.
Furthermore, we assayed the toxicity of the nanocomposite to cell lines
and explored the chemical interaction between 5-FU and CD mole-
cules using an in silico docking model.

2. Materials and methods

2.1. Materials

p-cyclodextrin (CD), (2-hydroxypropyl)-p-cyclodextrin
(HPCD) and chloroauric acid hydrate (HAuClyxH,0) were
purchased from Acros Co. (Belgium). Solvents was purchased
from Chemsol (Vietnam). Other reagents were provided by
Sigma Co. (USA). CH,Cl, using for the synthesis was distilled
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in anhydrous CaCl,. -CD was dried at 60 °C in oven under
vacuum for 2 h before the synthesis. Deionized water was used
thoroughly in all experiments.

2.2. Synthesis of mono-6-(1,3-trimethylenediamine )-6-deoxy--
cyclodextrin (TMACD)

2.2.1. Mono-6-(p-toluensulfonyl)-6-deoxy-f-cyclodextrin
(TsCD)

I-tosyl-1H-imidazole (TsIm). In a 1L-round bottom flash, 10 g
tosyl chlodride (52.5 mmol) and 8 g imidazole (118 mmol) were
added to 500 mL of CH,Cl, under nitrogen atmosphere at 0 °C.
After 4 h, the mixture was filtered flash through a silica gel col-
umn with solvent mixture of ethyl acetate/hexane (1:1). The sol-
vent was evaporated under vacuum. The residue was
recrystallized in ethyl acetate/hexane (1:10) to afford pure 1-
tosyl-1H-imidazole (TsIm) (10.6 g, 91%). White powder. ESI-
MS (m/z): 223.55 [M + H]" caled for C;oH;;N,O,S
(IM] = 222.26). "H NMR (500 MHz, DMSO, ppm): 6 8.01
(s, 1H), 7.83 (d, J 8.5 Hz, 2H), 7.36 (d, J 8.0 Hz, 2H); 7.29 (s,
1H); 7.08 (s, 1H); 2,43 (s, 3H). '*C NMR (125 MHz, CDCls,
ppm): 0 146.3, 136.7, 135.0, 131.4, 130.4, 127.3, 117.5, 21.7.
Mono-6-(p-toluensulfonyl)-6-deoxy-f-cyclodextrin - (TsCD).
8.9 g TsIm(40 mmol), 35 g f-cyclodextrin (30.84 mmol) and
350 mL H,O were added into 3-necks round bottom flask
(1L) and stirred for 4 h at room temperature (RT). Then,
NaOH solution (50 mL, 20%) was added to the mixture and
stirred additionally 10 min. The mixture was filtered to remove
solid. The filtrate was neutralized to pH 7 by NH4Cl solution
(1 M). The precipitated solid was filtered and washed with
water. The product was dried in vacuum at RT (21 g, 52%).
White powder, purity (99%, HPLC). m.p. 177 °C-178 °C. Ry
(n-butanol:ethanol:H,O = 5:4:3) = 0.49. QTOF-MS (m/z):
1311.3664 [M + l\]'d.]+ caled for C49H76037SN3. ([M + 1\13.]+
= 1311.3684). FTIR (Ve cm~!, KBr): 3386 (O-H), 2927
(C-H), 1645 and 1365 (C = C), 1157 (SO,) and 1029 (C-O).
'"H NMR (500 MHz, DMSO dg, ppm): 6 7.75 (d, J 8.0 Hz,
2H), 7.43 (d, J 8.0 Hz, 2H), 5.80-5.62 (m, 14H), 4.84-4.76 (m,
TH), 4.48-4.18 (m, 8H), 3.65-3.21 (m, 34H), 2.43 (s, 3H). '*C
NMR (125 MHz, DMSO ds, ppm): 6 144.8, 132.7, 129.9,
127.6, 102.3, 102.0, 101.9, 101.3, 81.7, 81.6, 81.5, 81.2, 80.8,
73.1, 72.2, 72.1, 71.9, 69.7, 68.9, 59.9, 59.8, 59.6, 59.3, 21.2.

2.2.2. Mono-6-(1,3-trimethylenediamine )-6-deoxy-f3-
cyclodextrin (TMACD)

TsCD (1.5 g, 1.16 mmol) and 1,3-diaminopropane (9.76 mL,
116 mmol) were added to a 100 mL round bottom flask. The
mixture was irradiated microwave (SANYO EM-G205AW)
at 300 W for 12 min. Ethanol (600 mL) was added to obtain
a white precipitate. The solid was collected by filtration and
washed with ethanol to afford the product TMACD (0.65 g,
47%). White powder, purity (99.9%, HPLC). M.p. 259-
260 °C. R¢ (n-butanol:ethanol:H,O = 5:4:3) = 0.49. QTOF-
MS (m/z): 1191.4457 [M + H]" caled for C4sH;9034N>
(M + H]" = 1191.4514). IR (Vyar, cm~ ', KBr): 3417 (O-
H), 2927(C-H), 1642 va 1525 (N-H), 1031 (C-0). '"H NMR
(500 MHz, D,0, ppm): 6 5.05 (s, 7TH), 3.94-3.82 (m, 32H),
3.64-3.53 (m, 14H), 3.42-3.39 (m, 1H), 3.09-3.03 (m, 1H),
2.79 — 2.75 (m, 4H), 2.63-2.61 (m, 2H), 1.71-1.68 (m, 2H),
1.17 (¢, J 7.0 Hz, 2H, NH,). '*C NMR (125 MHz, D,O,
ppm): 0 101.9, 81.2, 72.1, 60.4, 54.0, 45.3, 36.6, 30.3.

2.3. Ultrasound-assisted synthesis of gold nanoparticles capped
on cyclodextrins

The AuNPs was synthesized from HAuCl, in alkaline with
CDs as reduced agent and stabilizer under ultrasound assis-
tance (Nguyen et al., 2022). Briefly, HAuCl; (11.85 mL,
0.16 mM), 3 mL CDs solution (7 mM) were added into a
brown vessel (50 mL) and NaOH solution (1 M) was used to
adjust pH 10. The mixtures were irradiated ultrasound irradi-
ation (200 W, 40 kHz, Skymen Ultrasonic Cleaner 6.5L Jp-
031, China) at 80 °C for 30 min. The formation of AuNPs
was recorded by the UV—Vis measurement (UV-5100, Shang-
hai Metash Instruments Co.). The solution was added to dial-
ysis bag and washed with water to pH 7.5. Then, the mixture
was lyophilized at —80 °C for 24 h. The pink solid products
were stored at 4 °C for further study.

2.4. Loading fluorouracil onto the nanocomposites

AuNPs/B-CD (250 mg) and 5-FU solution (5 mL, 10000 ppm)
were stirred in 24 h. The mixture was centrifuged at 4500 rpm
for 30 min. The solid was separated and washed with water
(10 mL). The nanocomposite product was obtained by
lyophilization process (-80 °C, 10 h). The blue solid products
were stored at 4 °C for further study.

The association efficiency (AE) is defined as the ratio of
drug weight in the nanocomposite to the total drug weight

(Eq. (1)).

W, —FU — Wi*(’ -FU
AE(%) _ total5S—FU free5—FU x100% (1)
Wlola/57FU

The loading efficiency (LE) of the drug is the ratio of drug
weight in the nanocomposite to the dry nanocomposite weight

(Eq. (2)).

Won — - Wl‘e() —-FU
LE(%) _ total5S—FU free5—FU x100% (2)

l i nanocomposite

The 5-FU amount in the supernatant was estimated via a
calibration curve of absorbance value at 266 nm in UV-Vis
spectroscopy.

2.5. Measurements

NMR and TOF-MS spectra used to identify structure of syn-
thesized macromolecules were performed on Brucker Advance
500 NMR spectrometer and SCIEX X500 QTOF, respectively.
Zeta potential and dynamic light scattering (DLS) were mea-
sured to study the electrochemical equilibrium between the
interface and molecular vibration and the particle size distribu-
tion in the colloidal solution, respectively. The measurement
was performed on a nanoPartica Horiba SZ-100 (Japan) with
a solution concentration of 0.5 mg/mL. Zeta potential was
determined with an applied voltage of 3.3 V at 25 °C, and
DLS was measured at an angle of 173°. Fourier-transform
infrared (FTIR) analysis (Tensor 27 FTIR spectrophotometer,
Brucker, Germany) was used to analyse functional groups in
organic compounds. X-ray diffraction (XRD) patterns of
nanocomposite and drug were measured on an X-ray diffrac-
tometer, Model-D8 Advance, Bruker (Germany). The mor-
phology and size of the nanocomposites were evaluated
using FESEM (S-4800 HI-9057-0006) and TEM (S-4800
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JEOL JEM1400). Thermogravimetry analysis (TGA) was per-
formed using a LabSys Evo 1600 (SETARAM, France) in a
temperature range from 30 to 800 °C with a heating rate of
10 °C min~" in air.

2.6. In silico molecular docking model

Procedure of docking model was performed by slightly modi-
fied method (El-Hachem et al., 2017, Mai et al., 2022) and
briefly described in Scheme S1. The active center, spacing,
the numbers of eclements in X, Y, and Z, axis were
(X = 8.485806, Y = -1.655931, and Z = 0.018438),
0.375 A, (50,50,50), respectively. The grid and dock parame-
ters were set up in gird.gpf and dock.dpf files, respectively.
The docking parameters were installed Lamarckian in dock.
dpf file and calculation results were in dock.dlg file. The num-
ber of models were conducted in 500 times.

2.7. In vitro release profile and kinetic analysis of drug

A drug release was studied on a simulated blood fluid with
phosphate buffer saline (PBS) at pH 7.4. The drug release effi-
ciency of nanocomposite was explored using a 5 mL dialysis
bag as previous report (Nguyen et al., 2022). The nanocompos-
ites (3 mg) and PBS (3 mL) were added to the dialysis bag and
immersed in PBS (30 mL) at 37 °C with slow stir. At desired
time points, 0.5 mL of dialysis samples from the dialysis cup
was collected and the release of drug measured by UV-Vis
spectroscopy at 266 nm. The equal amount of PBS was added
to the dialysis cup after collecting samples. All experiments
were performed in the triplicate. The drug release was calcu-
lated via Eq. (3).

lease(%%) Amountof5 — FUattimet
release(%) =
0 Amountof5 — FUattimet = 0

x 100% 3)

The kinetic models including zero order (Eq. (4), first order
(Eq. (5), Higuchi (Eq. (6), Hixson-Crowell (Eq. (7), and
Korsmeyer-Peppas (Eq. (8) (Rezk et al., 2019, Ozkahraman
et al., 2023) were applied to investigate the release kinetic pro-
file via an origin software.

fi=kot 4)
fi=l=el (5)
fi=KuVi (6)
Vo = Vf; = Kuct (7)
Ji = Kt (8)

Where fj is the initial amount of drug in nanocomposite, f;
is the amount of drug released at a specified time t, n is the dif-
fusion exponent and ko, k;, kg, ke, and kgp are the release
constants of the corresponding models.

2.8. Cytotoxicity assay

MCF-7 (HTB-22) and fibroblast cells were provided and cul-
tured by the University of Science, Vietnam National Univer-
sity (Ho Chi Minh City, Vietnam). 5-FU, blank and drug
composites were used to test via the SRB assay as previously

reported (Nguyen et al., 2022). Camptothecin and water were
used as positive and negative controls, respectively. Cells were
seeded into 96-well plates (10,000 cells/well) a day before treat-
ment. The nanocomposites were added to the cell with various
concentration, and incubated for 48 h. The cells were added
into cold trichloroacetic acid solution (50 %, w/v) for 1-3 h,
washed, and stained with SRB (0.2%, w/v) for 20 min. An
ELISA plate reader (Synergy HT, Biotek Instruments) was
used to determine absorption intensity at peaks of 492 nm
and 620 nm. The percentage of growth inhibition (%) was cal-
culated via Eq. (9) at a concentration of 100 ug/mL.

OD.—- 0D,
— X

Inhibition % = oD,

100 9)

Where OD. and OD, are the optical density of the negative
control and test samples, respectively.

For determination of ICs, values which are identified as
half maximal inhibitory concentration, the samples were per-
formed at various concentrations and determined graphically
using a curve-fitting algorithm. All values are expressed as
means + standard deviation (SD) at least three independent
experiments. Statistical analysis of the data was performed
via Duncan’s Multiple Range Test (DMRT) software package.
All significant differences in a parameter were calculated by
means of the paired Student’s ¢-test with 95% (P < 0.05) con-
fidence level.

3. Results and discussion

3.1. Synthesis of nanocomposite

Cyclodextrin-based carriers in combination with AuNPs have
demonstrated effective drug delivery capabilities. Functionaliz-
ing cyclodextrin derivatives with specific functional groups,
such as amines, can enhance the stability of nanocomposites
(AuNPs/CDs) and improve their interaction with drug mole-
cules. In the present work, various derivatives of
p-cyclodextrin including -CD, HPCD, and TMACD were
employed. The TMACD derivative was synthesized via a 2-
step process under ultrasound assistance (Scheme 1) (Shinde
et al., 2018). B-CD reacted with 1-tosyl-1H-imidazole (TsIm)
formed from tosyl chlodride and imidazole, to afford mono-
6-(p-toluensulfonyl)-6-deoxy-f-cyclodextrin  (TsCD) which
was then refluxed in 1,3-diaminopropane under microwave
irradiation (300 W) for 12 min to obtain TMACD with total
yield of 24.4 %. The structure of the synthesized products
was well identified by QTOF-MS and NMR. The presence
of protons in the range of 3.09 — 1.68 ppm in '"H NMR spec-
trum is assigned to the group of 1,3-trimethylenediamine in
the product TMACD (Shinde et al., 2018). Additionally, the
value of the molecular mass in the QTOF-MS spectrum
showed that TMACD possesses only one group of 1,3-
trimethylenediamine. The synthesized derivatives (TsCD and
TMACD) with high purity (>99%) were determined using
HPLC spectra (Figure S2).

The influence of various functional groups of CD deriva-
tives on the drug loading efficiency of nanocomposite
AuNPs/CDs were illustrated in Scheme 1B. The blank
nanocomposite AuNPs/CDs has easily fabricated under ultra-
sound assistance as a recent report (Nguyen et al., 2022). A
similar procedure used for the fabrication of all nanocompos-
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Synthetic route of mono-6-(1,3-trimethylenediamine)-6-deoxy- fi-cyclodextrin via two steps (A); study scheme and proposed

formation mechanism for the synthesis of nanocomposites loading 5-FU (B).

ites was carried out under untrasound irradiation at pH 10,
80 °C and 30 min. In contrast to the easy process of 5-FU
encapsulation into -CD in the solid state, the SFU encapsula-
tion efficiency in the aqueous solution is low due to the stabil-
ity of the complexes (Jin et al., 2010, Di Donato et al., 2016,
Melnikova et al., 2020). In addition, CDs are well known as
good cryoprotectants of the freeze-dried process applied fre-
quently for pharmaceutical fields (Vega et al., 2012, Zaghloul
et al., 2022). Thus, in this work the blank nanocomposite solu-
tion was lyophilized after washing process. Then, anticancer
dug 5-FU was loaded onto the blank nanocomposite using a
stirring process for 24 h. The mixture was centrifuged and lyo-
philized for 8 h. The drug loaded nanocomposites, 5-
FU@AuNPs/CDs were then checked the in vitro drug release
kinetic and bioactivity of the drug loaded nanocomposites.
The color of products before and after the freeze-dried pro-
cess were not changed, confirming that CDs well stabilized the

nanoparticles. However, significant changes in absorption
spectra was recognized with the presence of 5-FU drug. The
blank pink solid nanocomposites were obtained with absorp-
tion peaks at around 525 nm in UV-Vis spectra while 5-
FU@AuNPs/CDs were blue solids with broad wavelengths
at around 550 nm (Fig. 1A and 1B). The redshift of absorption
peaks in the drug-loaded nanocomposites indicates significant
change in morphology of the AuNPs in the presence of 5-FU.
It may relate to the adsorption of 5-FU onto the surface of
nanoparticles or induce competition between 5-FU/CDs com-
plexes and CDs molecule in interaction with surface of
nanoparticles. Importantly, UV—-Vis spectra of the drug loaded
nanocomposites clearly showed absorption peaks of 5-FU at
around 266 nm, confirming successfully loaded drug onto the
nanocomposite.

The effect of CD molecules on drug association efficiency
(AE) and drug loading efficiency (LE) is described in
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Fig. 1

UV-Vis spectra of 5-FU, blank nanocomposites and 5-FU-loaded nanocomposites presented in 200 — 700 nm (A) and 450 —

650 nm (B); and plots of association efficiency (AE) and loading efficiency (LE) of the drug from different nanocomposites (C).

Fig. 1B. The AE and LE of SFU@AuNPs/CD were
32.5 £ 0.5% and 44.0 £ 2.6%, respectively which were lower
than 5-FU@AuNPs/TMACD (363 + 1.2% and
67.9 £ 1.7%, respectively) while they were significantly higher
than 5-FU@AuNPs/HPCD (12.0 £ 0.5% and 22.9 + 2%,
respectively). After centrifugation of 5-FU@AuNPs/HPCD,
the supernatant remained dark red which showed the remnant
of the high concentration of the nanocomposite. It is likely due
to high solubility of HPCD in aqueous solution. However, the
AuNPs/TMACD could encapsulate more drugs due to the bet-
ter interaction between amine group of TMACD and AuNPs.
Thus, encapsulation of 5-FU is strongly dependent on the
functional groups of CD molecule.

3.2. Analysis of molecular interactions between 5-FU and f-
cyclodextrins

The molecular interactions between 5-FU and CD molecules
were investigated by computational analysis using in silico
docking method (Aghaee et al., 2022). The ligand 5-FU was
docked to CD structures to determine the physical parameters
including affinity energy, inhibition constant and bond length.

The result is displayed in Fig. 2 and the most significant ligand
interactions are listed in Table 1. The results in dock.dlg file
based on Autodock package and built model by DSC sug-
gested that the interactions of 5-FU with CD molecules are
dependent on chemical structures of CD molecules. Three
optimal poses in each model (500 run times) including pose
244, pose 71 and pose 60 were the most stable ligand confor-
mation of 5-FU anchored to CD, HPCD and TMACD,
respectively.

As seen in Fig. 2A, a pose 244 anchored to CD with the val-
ues of affinity energy and inhibition constant was found to be
— 2.89 kcal.mol ™! and 7.63 mM, respectively. The pose 244
formed two hydrogen bonds from oxygen atom of ketone
group to hydrogen atom of hydroxyl benzyl group, —CH,-
OH and another one, from hydrogen atom of N-H group in
the pose to oxygen atom of the CD receptor. Meanwhile, the
data showed that the parameters of pose 60 linked to TMACD
is significantly higher than that of pose 244 interacted with CD
molecule. The values of the affinity energy and inhibition con-
stant for the interaction of pose 60 with TMACD were deter-
mined —2.99 Kcal.mol™' and 6.42 mM, respectively while
three hydrogen bonds linked from two oxygen atoms of two



Cyclodextrin modified with different groups to enhance the drug delivery efficiency 7

©)

Fig. 2 The hydrogen bonds formed from the most stable conformations of compound 5-FU, ranked pose 244 to CD (A); pose 71 to

HPCD (B); pose 60 to TMACD (C).

Table 1 The parameters calculated between the best docking pose of compound 5-FU and various cyclodextrin receptors.
Receptor Active pose Affinity energy * K? Hydrogen bonding® The property and bond length?
CD Pose 244 —2.89 7.63 2 CD: H — Pose 244: O (2.78 A)Pose 244: H - CD: O
(2.17 A)
HPCD Pose 71 —3.24 4.25 6 HPCD: H — Pose 71: O (2.32 A)Pose 71: H - HPCD: O
(2.17 A)Pose 71: H — HPCD: O
(2.05 A)HPCD: C — Pose 71: F
(2.92 A)HPCD: C - Pose 71: O
(2.99 A)HPCD: C - Pose 71: O
(2.81 A)
TMACD  Pose 60 -2.99 642 3 TMACD: H - Pose 60: O (2.60 A)TMACD: H — Pose 60: O

(2.84 AYTMACD: C - Pose 60: O
(3.40 A)

2 Autodock package, kcal.mol™! unit in dock.dlg file; PAutodock package in dock.dlg file, mM unit; *Discovery Studio 2021 Client software

(DSC); ¢ Discovery Studio 2021 Client software (DSC).

ketone groups of this pose to two hydrogen atoms of alcohol
groups, and one carbon atom of benzyl group on TMACD.
However, the pose 60 interacted with TMACD was weaker
than that of pose 71 with HPCD in both thermodynamic
and ligand interactions. Indeed, the interaction of pose 71 with
HPCD showed the affinity energy of —3.24 kcal.mol™' and
inhibition constant of 4.25 mM while this pose formed six
hydrogen bonds with HPCD molecule. Among them, the
hydrogen bond formed from the hydrogen atom of pose 71
to oxygen atom of HPCD target was the strongest due to
the shortest bonding length (2.05 A) at pose 71: H - HPCD:
O. The pose 71 was the best one in both thermodynamic and
ligand interactions when 5-FU linked to various cyclodextrin
derivatives. The atoms of pose 71 was relative to hydrogen
bonds including hydrogen atoms of N-H group, oxygen atoms
of carbonyl groups, and fluorine atom of C-F bond. Therefore,
the interaction ability of the most stable conformation or
ranked pose of drug 5-FU was determined to be in order of
(pose 71 and HPCD) > (pose 60 and TMACD) > (pose
244 and CD). Interestingly, inconsistency between the interac-
tion ability of 5-FU to CD derivatives in the computational
data and the values of LE and AE in the corresponding
nanocomposites confirmed that in addition to binding to CD
molecules, 5-FU was also adsorbed onto AuNPs surface with
significant changes of SPR peaks in drug loaded samples
(Fig. 1).

3.3. Physicochemical characterization of the nanocomposite

Zeta potential and particle size in aqueous solution are princi-
pal criteria for evaluating nanostructure stability in the circu-
latory. Zeta potential and particle size distribution of the 5-
FU loaded nanocomposites are described in Fig. 3A and 3B.
All blank nanocomposites showed high negative surface
charge in range of —49.4 mV to —85.7 mV that induces repul-
sion between nanoparticles, greatly reducing the propensity for
aggregating and making high stability of the blank nanocom-
posites in aqueous solution (Figure S1). The result indicated
that the nanocomposite based on AuNPs and CD molecules
would be ideal for drug delivery. The drug loaded nanocom-
posites showed slight changes in zeta potentials (-38 mV to
-60.6 mV) which were attributed to the presence of 5-FU in
the nanocomposites (Fig. 3A). The high negative charge con-
firmed the stable drug loaded nanocomposites in aqueous solu-
tion, led to that drug was protected from degradation and un-
wanted binding.

Particle size of the blank nanocomposite is distributed in
range of 1 — 1000 nm (Figure S1). However, the samples,
AuNPs/CD and AuNPs/HPCD possess much lower average
particle size (13 nm and 16 nm, respectively) than that of
AuNPs/TMACD (105 nm). It is likely due to the attribution
of the high steric ability of TMACD molecule to induce lower
particle distribution in aqueous solution. Meanwhile, the par-
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Fig. 3  Zeta potential (A) and dynamic light scattering (B) of drug loaded nanocomposites.

ticle size distribution of the drug loaded nanocomposites were
significantly changed in comparison with the blank nanocom-
posites (80 — 1000 nm). Two samples, 5-FU@AuNPs/CD and
5-FU@AuNPs/TMACD have narrow distributions in range
of 150 — 355 nm with a mean size of 213 = 44.5 nm (PI of
0.427) and 93 — 313 nm with a mean size of 151 + 43.5 nm
(PI of 0.335), respectively whereas 5-FU@AuNPs/HPCD has
a broad size range of 82 — 740 nm with a mean size of 212.7
nm + 113.1 nm (PI of 0.487) (Fig. 3B). High mean particle size
and the high PDI of the drug loaded nanocomposites may
relate to the loading of 5-FU into cyclodextrin cavity. There-
fore, it reduced nanoparticles stability and induced aggrega-
tion of particles.

The crystalline structure of 5-FU, the blank and drug
loaded nanocomposites were evaluated by PXRD patterns as
shown in Fig. 4A. The PXRD patterns of the blank nanocom-
posites showed feature peaks of AuNPs crystal at 20 angles of
38.4°, 44.8°, 64.4° and 77.5°, assigning to the face-centred
cubic (fec) of (111), (200), (220) and (311), respectively (card
number 00-004-0783) (Nguyen et al., 2021). The PXRD pat-
tern of 5-FU drug showed crystalline structure with a strongly
intensive peak at 20 angle of 28.4° which consisted with the
previous report (Arafat et al., 2020). The PXRD data of the
drug loaded nanocomposites indicated characteristic peaks of
both 5-FU drug and AuNPs/CDs nanocomposite. Moreover,
the peak intensity at 20 angle of 28.4° was in order of 5-F
U@AuNPs/TMACD > 5-FU@AuNPs/CD > 5-FU@AuN
Ps/HPCD which were related to the content of 5-FU drug in
the samples. The result was consistent with the loading effi-
ciency values of the drug loaded nanocomposites (Fig. 1C).

The FTIR spectra of 5-FU, blank and drug loaded
nanocomposites were displayed in Fig. 4B. The FTIR spectra
of the blank nanocomposites showed the similar absorption
peaks of glucose molecules in CD which appeared at peaks

around 3420, 2940, 1640, 1414 and 1031 cm™". The peaks at
3420 cm™' and 1414 cm™' were the stretching and bending
vibrations of OH groups, respectively. The peak at
2940 cm ™' was the alkyl C—H stretching vibrations of glucose
molecules. The peak at 1640 cm™' related to the stretching
vibration of the C - C groups and peak at 1030 cm™' corre-
sponded to the stretching vibration of C-O groups. The results
confirmed that all CD derivatives effectively stabilised AuNPs.
Comparing the previous report, the AuNPs/CD spectrum
showed the disappearance of peak at 1704 cm ™' (characteristic
of COO™ group), indicating that the compounds bearing car-
boxyl groups might be removed from washing process via
the dialysis bag. The spectrum of 5-FU drug indicated feature
peaks at 3151 cm ™! and 29342832 cm™! due to the N-H and
C-H stretching vibrations, respectively. The peaks at 1769 —
1662 cm™! were to the C = O stretch models; the peaks at
1350 and 1248 cm™' were of vibrational models of C-N and
C-F groups, respectively (Melnikova et al., 2020). The FTIR
spectra of drug loaded nanocomposites showed all feature
peaks of both the blank nanocomposites (1414 and
1034 cm™") and 5-FU drug (1722, 1350 and 1248 cm™") which
confirmed the presence of drug in the nanocomposites. The
results proved that the 5-FU drug was successfully encapsu-
lated into the carrier AuNPs/CDs.

For study on thermal stability, thermogravimetric analysis
of 5-FU, the blank and drug loaded nanocomposites was
investigated in the air atmosphere with a heating rate of
10 °C/min as shown in Fig. 5 and listed in Table S1. TGA
curve of drug 5-FU showed completely thermal decomposition
within only one stage between 273 and 318 °C (98.5%), con-
firming high purity of drug. The blank nanocomposites exhib-
ited the different thermal properties. Thermal decomposition
of AuNPs/HPCD occurred in one stage of 258 — 540 °C
(78.6%) while the samples, AuNPs/CD and AuNPs/TMACD
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Fig. 4 PXRD patterns (A); FTIR spectra of 5-FU, blank nanocomposites, and drug loaded nanocomposites.

showed the decomposition behavior in three stages. The first
step relates to evaporation of moisture which occurs at 30 —
100 °C with mass loss of 2.3 % and 2.7%, respectively. The
second step mainly occurs at 100 — 530 °C with mass loss of
73.8% and 65.5%, respectively which corresponds to oxida-
tion of glucose molecules in oligosaccharide chains. The last
step is determined between 530 and 790 °C with mass loss of
43% and 5.1%, respectively. Whilst the drug loaded
nanocomposites exhibited significant difference compared to
the blank samples. All drug loaded samples showed thermal
decomposition via three stages with various mass loss includ-
ing moisture evaporation (30 — 100 °C) with mass loss of 2.3
— 7.4%, oxidation of saccharide molecules (100 — 530 °C) with
mass loss of 52.7 — 77.4% and carbonation (530 — 790 °C) with
mass loss of 4.1 — 14.1 %. The significant difference in mass
loss among the drug loaded nanocomposites might be attribu-
ted to the different ratios of organic compounds including
drug and saccharide molecules in the samples which is agree-
ment with loading efficiency values of the nanocomposites
(Fig. 1C).

The SEM and TEM images of the blank and drug loaded
nanocomposites were investigated to evaluate the effect of
loading drug as well as various CDs on their morphologies
and particle size (Fig. 6). The SEM images indicated that there
were no significant changes of morphology among CD deriva-
tives, however, the difference was observed clearly between the
blank nanocomposite and the drug loaded nanocomposite.
Indeed, the blank nanocomposites showed very smooth sur-
faces (seen in Fig. 6A1, 6C1 and 6E1) whereas the surface of
the drug load composites was very rough (seen in Fig. 6BI,
6D1 and 6F1). It is likely because the presence of drug in sam-
ple induced softer structure of the drug loaded nanocomposite.
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Fig. 5 TGA curves of 5-FU, blank nanocomposites, and drug
loaded nanocomposites.

TEM images showed that AuNPs in all samples existed
mostly spherical shapes with slightly different size distribu-
tions. The samples AuNPs/CD and AuNPs/TMACD exhib-
ited the broad distribution of size in range of 3 — 18 nm with
the highest distribution frequency of 12 nm and 3 — 12 nm with
the highest distribution frequency of 9 nm while the size distri-
bution of AuNPs/HPCD was in narrow range of 9—15 nm
with the highest distribution frequency of 12 nm. Also, the
drug loaded nanocomposites are observed in a similar trend
with size distribution of AuNPs stabilized by different CD
molecules. 5-FU@AuNPs/CD showed range of 4 —13 nm with
the highest distribution frequency of 8 nm and 5-FU@ AuNPs/
TMACD showed a broad range of 4 — 15 nm with the highest
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Fig. 6 SEM, TEM images and size distribution (in set) of nanocomposites: AuNPs/CD (A1l and A2), 5S-FU@AuNPs/CD (B1 and B2),
AuNPs/HPCD (CI1 and C2), 5-FU@AuNPs/HPCD (D1 and D2), 5-FU@AuNPs/DAPCD (El and E2), and 5-FU@AuNPs/TMACD

(F1 and F2).

distribution frequency of 11 nm. Size of 5-FU@AuNPs/
HPCD is distributed in range of 9 — 16 nm with the highest dis-
tribution frequency of 11 nm. Notably, the TEM images of the
blank nanocomposites indicated separable distribution
between the nanoparticles whereas the drug loaded nanocom-
posites showed the significant aggregation of nanoparticles.
The drug 5-FU induced the significant change in surface plas-
monic resonance (SPR) of AuNPs, consistent with red shift
data in UV-Vis spectra (Fig. 1A).

3.4. In vitro drug release profile

The drug 5-FU is mainly administered via intravenous injec-
tion for the cancers therapy or applied on the skin in the
creamy form (Khan et al., 2022). Thus, in the experiment,
the in vitro release profile of drug 5-FU was performed in
PBS at pH 7.4. The release data of the nanocomposites, 5-
FU@AuNPs/CD, 5-FU@AuNPs/HPCD and 5-
FU@AuNPs/TMACD compared with the free drug suspen-
sion was presented in Fig. 7A. The drug loaded nanocompos-
ites showed a sustained release behaviour followed by a
nonlinear profile. The released drug of 5-FU@AuNPs/CD,
5-FU@AuNPs/HPCD and S5-FU@AuNPs/TMACD after
24 h was found to be 29.45 + 0.98 %, 23.13 £+ 2.29 % and
25.28 + 1.46 %, respectively. The slight difference among
CD derivatives showed the effect of functional groups on the
protection of drug in the nanocomposites. Conversely, the free
5-FU suspension exhibited a relatively fast release, achieving
up to 92.01 + 4.51% after only 5 h. The release profile of

the nanocomposites suggested that within an hour, drug
released was fast, then it was slow down for 24 h indicating
a biphasic behavior of the AuNPs-based nanocomposites
(England et al., 2015). When comparing to the previous study
on the release behavior of cyclodextrin complexes (Jin et al.,
2010, Mashagbeh et al., 2022), our nanocomposites were more
stable. The high stability was attributed to the interaction
between drug and plasmonic surface of AuNPs which
obstructed the diffusion of drug into the solution. Therefore,
the drug was well protected in the particles during the delivery
process.

For proving the release mechanism of NPs, the kinetic
study of drug 5-FU from various nanocomposites was simply
determined by using graphical representation methods includ-
ing zero order, first order, Hixson-Crowell, Higuchi and
Korsmeyer-Peppas (Siepmann and Siepmann 2008). The cor-
relation values of release parameters (R?) from fitting the
release profiles are listed in Table 2. According to correlation
coefficients, the release data of the nanocomposites well fitted
to Kormeyer-Peppas model with R 2 > 0.98. For the
Korsmeyer-Peppas release model, exponent value (n) lower
than 0.5 confirmed the Fickian diffusion mechanism which
describe how drug released from matrix of nanocomposites.
In this model, the solvent diffusion is faster than relaxation
of CD molecules and the kinetics of the phenomenon can be
characterized by the diffusivity. Fig. 5SA showed an initial burst
from the nanocomposites in the first 1 h of dissolution which
occurs in significant percentage of the drug released during
the early stage of the release process and then followed by a
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Fig.7 Drugrelease profile of the drug loaded nanocomposites at
pH 7.4 (A) and TEM images of the 5S-FU@AuNPs/CD (B1), 5-
FU@AuNPs/HPCD (B2) and 5-FU@AuNPs/TMACD (B3)
recovered after 24 h at pH 7.4.

slow release to tend to the asymptote of saturation concentra-
tion of the drug. The result confirmed good drug protection of
hydroxyl and amino alkyl groups from solvent diffusion.

To better understand the release behavior, the drug loaded
nanocomposites were recovered after release and further char-
acterized by TEM as presenting in Fig. 7B1-7B3. The AuNPs
were aggregated and the formation of organic float enveloping
AuNPs after 24 h of the release process was observed. The
organic float was the swelling of the cyclic macromolecules
in the release medium which induced the aggregation of parti-
cles (Nguyen et al., 2022). The obtained result is consistent
with the kinetic data.

3.5. Cytotoxicity assay

The cytotoxic activity of the blank nanocomposites and the
drug loaded nanocomposites was evaluated on breast cancer
cells (MCF-7) and normal cells (fibroblast) using a MTT assay
method. Fig. 8A showed the toxicity of nanocomposites
against both cell lines at a concentration of 100 pg/mL. The
values higher than 50% were selected to determine the ICs,
(Fig. 8B). As seen in Fig. 8A, all blank nanocomposites exhib-
ited no toxicity effect against both normal and cancer cells.
The result suggests high biocompatibility of materials based
on AuNPs and CDs. Meanwhile, the drug loaded nanocom-
posites showed the different bioactivity against cell lines which
was dependent on CD structures. The 5-FU@AuNPs/HPCD
exhibited the low anticancer bioactivity (33.42 + 4.73 %)
and no effect against normal cells. The 5S-FU@AuNPs/CD
showed high inhibition against cancer cells (54.00 = 5.21 %)
but no activity against normal cells while 5-FU@AuNPs/
TMACD gave strong toxicity against cancer cells (94.76 + 2.
87 %) and low toxicity against for fibroblast (40.92 + 2.89 %)).
The result showed that the bioactivity of 5-FU@AuNPs/CD
against MCF-7 cells (IC5y = 23.66 + 4.76 pg/mL) was slightly
lower than the bioactivity of 5-FU@AuNPs/TMACD
(ICsp = 16.04 £ 1.76 pg/mL). It is clear that amine group
in CD molecule significantly enhanced toxicity of 5-FU against
cells MCF-7. High anticancer activity of both nanocomposites
5-FU@AuNPs/CD and 5-FU@AuNPs/TMACD is attributed
to great LE values of 5-FU. Hence, the formation of com-
plexes between drug and AuNPs/CDs can increase toxicity
of the drug when the drug interacts with cells. Moreover, the
nanocomposites 5-FU@AuNPs/CDs in this work revealed
the higher anticancer efficiency against MCF-7 than the other
AuNPs-based nanocomposites reported in the literature
(Table 3). It suggests that the nanocomposites AuNPs/CD
and AuNPs/TMACD should be used as potential 5-FU drug
delivery system for the treatment and therapy of breast cancer.

4. Conclusion

Metal nanoparticle-oligosaccharide hybrid materials were obtained
from modified f-cyclodextrins and gold nanoparticles as effective car-
riers for anticancer drug via the ultrasound-assisted synthesis. FTIR
spectra and powder XRD patterns indicated successful intercalation
of 5-FU into AuNPs/CDs. UV-Vis spectroscopy and TEM images
showed the changes in AuNPs surface when 5-FU was included into
the nanocomposites which possessed the average size of 8&—11 nm.
The loading capacity showed the nanocomposite of TMACD deriva-
tive having the highest associate efficiency and loading efficiency of
the drug. The docking model between 5-FU and cyclodextrin mole-
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Table 2 Release drug kinetic data of different nanocomposites.

Kinetic models 5-FU@AuNPs/CD

5-FU@AuNPs/HPCD

5-FU@AuNPs/TMACD

Constant n R? Constant n R? Constant n R?
(x1073) (x1073) (x103)
Zero order 410 £ 104 — 030 574 £94 - 052 279 £39 - 0.59
First order 0.58 + 0.14 — 032 077 £ 011 — 0.57 041 + 005 — 0.63
Hixson-Croswell 13.6 + 34 - 029 19.1 +3.1 - 052 92+ 1.3 - 0.59
Hugichi 1632 + 167 - 074 1348 + 69 091 860 + 85 - 0.75
Korsmeyer-Peppas 1115 £ 5.9  0.070 £ 0.002 098 1030 + 5.5  0.040 + 0.002 0.95 1094 + 13.4 0.073 + 0.002 0.97
100 50
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Fig. 8

Inhibition (A) and ICs, values (B) of drug, blank nanocomposites and drug loaded nanocomposites against cancer cells MCF-7

and normal cell fibroblast. Different letters indicate significant differences at p < 0.05.

Table 3 AuNPs-based nanocomposite loading 5-FU drug for treatment of cell line MCF-7.

Cytotoxicity against MCF-7

Ref.

Name Particle Size (nm) LE or/and AE (%)
AuNPs/Chitosan S LE = 41.0
AuNPs/Graphene oxide 10 -
AuNPs/Folated Chitosan  31-33 AE = 79.0
AuNPs/HPCD 19 =
AuNPs/Albumin 249 LE = 8§9.0
AE = 64.0
AuNPs/CD 8-11 AE = 325
LE = 44.0
AuNPs/HPCD AE = 12.0
LE = 229
AuNPs/TMACD AE = 36.3
LE = 679

ICsp = 31.2 pg/ml

Cell viability = 48% at 2.5 pg/mL
1C50 = 100 uM

Cell viability = 18.09% at 100 pg/mL

Cell viability = 54.00 % at 100 pg/mL
ICs9 = 23.66 pg/mL
Cell viability = 33.42 % at 100 pg/mL

Cell viability = 94.76 % at 100 pg/mL
1Cs9 = 16.04 pg/mL

(Nivethaa et al., 2015)
(Sanad et al., 2019)
(Akinyelu and Singh 2019)
(Lakkakula et al., 2021)
(Mahdi et al., 2020)

This work

cules showed that the best interaction of pose 71 and HPCD target at
active atoms of 5-FU including hydrogen atoms of N-H groups, two
oxygen of ketone groups and fluorine atom of C-F group. Further-
more, the in vitro release mechanism showed that the drug release
via biphasic model with swelling of saccharide molecules in PBS.
The release data indicated that our nanocomposites had good protec-
tion of 5-FU with a mean drug release from 23.13 — 29.45 %. The tox-

icity of the drug loaded nanocomposite showed the different
bioactivity, depending on carriers. Both nanocomposites, 5-
FU@AuNPs/CD and 5-FU@AuNPs/TMACD possessed the good
toxic effect against MCF-7 and safety to the normal cells. The results
showed that the 1,3-diaminopropane group significantly enhanced effi-
ciency of loading drug and anticancer activity of the nanocomposite
based on AuNPs and f-cyclodextrin.
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