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Abstract: In this study, a novel promising approach for the fabrication of Halloysite nanotube (HNT)
nanocomposites, based on the amino acid named Methionine (Met), was investigated. For this
purpose, Met layered on the outer silane functionalized surface of HNT for controlled release of
Phenytoin sodium (PHT). The resulting nanocomposite (MNT-g-Met) was characterized by FTIR,
XRD, Zeta potential, TGA, TEM and FE-SEM. The FT-IR results showed APTES and Met peaks,
which proved the modification of the HNTs. The zeta-potential results showed the interaction
between APTES (+53.30) and Met (+38.80) on the HNTs (−30.92). The FE-SEM micrographs have
displayed the grafting of Met on the modified HNTs due to the nanotube conversion to a rough and
indistinguishable form. The amount of encapsulation efficiency (EE) and loading efficiency (LE) of
MNT-g-Met was 74.48% and 37.24%, while pure HNT was 57.5%, and 28.75%, respectively. In-vitro
studies showed that HNT had a burst release (70% in 6 h) in phosphate buffer while MNT-g-Met has
more controlled release profile (30.05 in 6 h) and it was found to be fitted with the Korsmeyer-Peppas
model. Due to the loading efficiency and controlled release profile, the nanocomposite promote a
good potential for drug delivery of PHT.

Keywords: HNT; wound healing; phenytoin; bio-nanocomposite

1. Introduction

Chronic wounds are among the most costly unresolved health issues that reduce
quality of life, costs, and acute conditions [1,2]. The wound healing process includes a
sequence of events, including inflammatory responses, regeneration of the epidermis,
shrinkage of the wound, and finally, connective tissue formation and remodeling. Timely
and appropriate treatment using a drug delivery system can prevent wound infection
development and its transformation into a chronic wound. Numerous drug delivery
methods have been used to shorten the wound healing process and prevent infection, but
there is still a long way to go [3,4].

One of the essential drugs that recently showed improvement in wound healing is
Phenytoin sodium (PHT), which has been prescribed to treat epilepsy since 1973 [5]. A
common side effect of PHT was the overgrowth of gingival fiber cells, which affected the
formation of connective tissue cells, leading to its use in wound healing [6,7]. The topical
application of PHT increases extracellular material, and connective tissue protein decreases
collagenase enzyme and increases collagen production, which in turn, accelerates granula-
tion tissue and accelerates wound healing. It also increases the division of fibroblasts by
increasing estrogen, thus, accelerating healing. Many studies have shown the topical effect
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of PHT on wounds [8–12]. PHT release has been studied from various polymeric carriers,
prepared via synthetic approaches, such as electrospinning [13].

Halloysite nanotube (HNT) is a mineral nanoclay that can be a suitable PHT carrier
due to its remarkable properties. Recent studies have implemented HNTs for the controlled
release of topical and gastrointestinal drugs due to their biocompatibility, high mechanical
strength, low cost, hollow and nano-sized tubular structure [14–21]. HNT is a multilayer
aluminosilicate (Al2Si2O5(OH)4.nH2O [22]. While, the outer layer structure consists of
silanol groups (Si–OH). Its inner surface comprises Al-OH groups, which causes differences
in electrical charge on the outer and inner surfaces [23–25]. Therefore, at a pH between
2 and 8, the outer layer has a negative electric charge, and the inner layer (lumen) has a
positive electric charge. Morphologically, the inner diameter of the HNT lumen is 10–15 nm,
and the outer diameter is about 50–100 nm, which prepares it to be a useful carrier of drugs
of suitable size [17,26–29]. Although the use of HNT as a suitable carrier in drug delivery
can be beneficial, and the release of the drug from its lumen surface shows a specific burst
effect that is not suitable for controlled release. To prevent this phenomenon and control
the drug release from HNT, modification of its external surface by silane group or some
polymers can be useful [28,30,31].

One of the agents that can be interesting in modifying of HNT outer surface is amino
acids, which in addition to being biocompatible, are very effective in improving drug
release [32–34]. Surface modifying the HNT with amino acids can control the drug’s release
and effectively reduce its side effects. The layering of HNT surface by amino acid, as a
novel approach, can be carried out by creating a covalent bond with the outer surface of
HNT by a silane agent such as APTES [35–37]. Methionine (Met) is an α-amino acid used
in the biosynthesis of proteins. An α-carboxylic acid group and an S-methylthio ether side
chain classify it as a non-polar aliphatic amino acid. In the process of layering on HNT,
the acidic agent of Met binds to the NH2 group of APTES molecule, which grafted on
the surface of HNT, and the resulting nanocomposite will have a positive effect on drug
loading and release of PHT. The use of amino acids, such as Met, is a novel approach to
modifying HNT surfaces [38].

In this study, MNT-g-Met nanocomposite preparation as a PHT carrier for chronic
wound healing was investigated. First, the HNT outer surface was modified by APTES, and
then Met was grafted on it. Fourier-transform infrared spectroscopy (FT-IR), Zeta potential,
scanning electron microscope (SEM), transmission electron microscopy (TEM), thermo-
gravimetric analysis (TGA), differential scanning calorimetry (DSC), X-ray diffraction
analysis (XRD), and drug loading tests were used to characterize the prepared nanocom-
posite. The in-vitro drug release of the nanocomposite was performed via the dialysis bag
method. PHT release kinetics were investigated based on four mathematical models: Zero-
order, first-order, Higuchi, and Korsmeyer-Peppas. The data obtained from the mentioned
models were processed and evaluated based on the correlation coefficient R2.

2. Materials and Methods
2.1. Material

HNT (Halloysite nanoclay, Latah County, 30–70 nm × 1–3 µm, nanotube), (3-aminopropyl)
triethoxysilane (APTES), L-Methionine (Met, reagent grade, ≥98% for HPLC), triethanolamine
(TEA), sulfuric acid, toluene, and dimethylformamide (DMF) were purchased from Sigma
Aldrich. PHT (Phenytoin, Pharmaceutical Secondary Standard, purity > 99.9%) was received
from Safeway Research Center (S.R.C.). All chemicals used as received. The distilled water was
used throughout the experiments.

2.2. HNT Purification

To remove HNT impurities, it must be purified. Briefly, to have an ideal dispersion of
HNT in water, a drop of polysorbate-80 (a nonionic surfactant) was first added to 50 mL of
deionized water at 60 ◦C. HNT (500 mg) was added to the solution while on a magnetic
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stirrer at 60 ◦C and 1000 rpm for 18 h. Then washed and centrifuged three times with
distilled water, and the remaining residue was dried at 100 ◦C for 10 h [14,39].

2.3. HNT Modification with APTES

The functionalization of HNT with APTES is one of the most widely used methods for
linking polymers or other active functions on HNT outer and inner surfaces. As mentioned
in previous articles [14], 1 g HNT is added to 20 mL of toluene, sonicated, and placed on a
magnetic stirrer at 600 rpm for 1 h. Then, 1 mL of TEA and APTES were added dropwise
to the resulting suspension while stirring. The resulting suspension was refluxed under
the nitrogen atmosphere for 16 h. The HNT@APTES entitled MNT (Modified HNT) was
washed three times with water and ethanol and dried in a vacuum oven (~1 bar) at 40 ◦C
overnight [40–43].

2.4. Preparation of HNT-g-Met Nanocomposites

According to Figure 1, to create suitable functional groups for amino acid uptake,
first, APTES was placed on the HNT surface. APTES has an amine group that can bind to
Met’s carboxyl group to form the final nanocomposite. For this purpose, 200 mg MNT was
dispersed in 20 mL of DMF, and a few drops of 0.1 M sulfuric acid were added to bring
the pH of the mixture to 4. Then, 1 mmol of Met was added to the resulting suspension
and refluxed at 80 ◦C for 24 h. The final nanocomposite (HNT-g-Met) was washed three
times with distilled water and ethanol and dried in a vacuum oven (~1 bar) at 50 ◦C
overnight [44].
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Figure 1. Schematic of surface modification of HNT and facial fabrication of MNT-g-Met.

2.5. PHT Loading Studies

A vacuum technique was used to load the PHT into the HNT lumen. This technique
is based on the difference between the vapor pressure of the solution in the lumen and the
bulk solution, which pushes the drug solution into the lumen and subsequently provides
hydrogen and electrostatic bonds between PHT’s negative charge, the positive charge
of the inner surface of HNT. In this method, the nanocomposite was dried, then 100 mg
of the HNT-g-Met or MNT were added to the PHT solution (1 mg/mL) separately. The
mixture was sonicated for 30 min. It was then placed in a vacuum jar (0.08 bar) for 20 min



Polymers 2021, 13, 2576 4 of 13

and then exposed to atmospheric pressure for 10 min after the vacuum breaks down.
This process was repeated three times to achieve more load efficiency. The amount of
drug-loading was measured by HPLC chromatography at 220 nm. The encapsulation
efficiency (EE) and loading efficiency (LE) were calculated using the amount of free PHT
by Equations (1) and (2) [45–47]:

EE(%) =
(total amount o f PHT − f ree PHT)

(total amount o f PHT)
× 100 (1)

LE(%) =
(weight o f loaded PHT)

(total weight o f nanocomposite and loaded PHT)
× 100 (2)

2.6. In Vitro Drug Release Studies

The in-vitro dissolution test was performed using a dialysis bag based on the PBS
diffusion phenomenon (pH = 7.4) at 32.5 ◦C [48]. In this method, 5 mg of the loaded
nanocomposite was dispersed in PBS solution in a dialysis bag and placed in 30 mL of
release medium and placed at 32.5 ◦C on the stirrer [49]. At specific times, 2 mL of the
release solution was removed, and the amount of released drug was determined by HPLC
at 220 nm [50].

2.7. Characterization

FT-IR was used to study the functional groups and possible interactions in the pre-
pared samples. For this purpose, samples were pressed under 1.3 × 10–5 bar (0.01 torr)
with KBr and were examined in the range of 400 to 4000 cm−1. Zeta-potential results of
the prepared sample in ethanol at pH = 7.4 using the SZ-100z dynamic light scattering and
voltage range of ±200 mV were used to investigate particle surface charge changes and
the stability of colloidal dispersions. The thermal degradation behavior of samples was
studied using thermogravimetric analysis (TGA) from room temperature to 800 ◦C with a
rate of 20 ◦C/min in the nitrogen atmosphere. The particle’s appearance and morphology
were studied using scanning electron microscopy (SEM), the TESCAN MIRA3 LMU model
and transmission electron microscopy (TEM) test, using a ZEISS EM10C model with a
voltage of 80 kW. The X-ray diffraction (XRD) is a rapid analytical technique to determine
the samples’ crystal structure, which was performed using the Siemens D5000 (Germany)
instrument at 25 ◦C.

2.8. Statistical Analysis

The statistical analysis for the determination of reproducibility in the loading, zeta
potential, and release test was performed using one-way ANOVA statistical analysis. The
obtained data were considered to be significantly different at p < 0.05. All data are presented
as mean values with standard error (mean ± SD), n = 3 in each test.

3. Results and Discussion

In this study, HNT was used to prepare a new nanocarrier for wound dressing using
PHT. HNT was considered for loading capacity, biocompatibility, and tubular structure.
For the first time, a new approach was used to prepare HNT-based nanocomposites using
amino acids grafted on the surface of HNT. In the following, the effect of Met on drug
release was investigated.

3.1. Physicochemical Studies

Due to covalent bonds forming during the nanocomposite preparation process, it is
necessary to study the bond strengths and compare them. For this purpose, the FT-IR
spectrum of HNT, MNT, and MNT-g-Met are shown in Figure 2. In this figure, the HNT
spectra before and after surface modification are marked. In the pure HNT spectrum,
the peaks appearing at 3624 cm−1 and 3695 cm−1 are related to the inner, and interlayer
hydroxyl groups’ vibration, respectively. The peak shown in 913 cm−1 indicates the
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vibration of Al2OH. Symmetric stretching vibration of Si–O–Si appeared at 1038 cm−1 [47].
After surface modification of HNT with APTES, the new peak appears in 3423 cm−1 related
to the amine groups in APTES. The two peaks in 2926 cm−1 and 1388 cm−1 are related to
the CH2 group, respectively. The C-N peak appeared in 1088 cm−1. Another peak shown
at 1533 cm−1 in the HNT-APTES spectrum belongs to the NH2 group. After the Met graft
on the HNT surface, new peaks appeared that indicated a covalent bond between Met and
APTES. The peak shown in 2363 cm−1 corresponds to S–CH3 of Met. Another short peak
at 1646 cm−1 indicates the carbonyl group in the nanocomposite structure.
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Figure 2. FT-IR spectra of HNT, MNT and, MNT-g-Met.

The surface modification of HNT was successfully proved by changing the surface
charge during the process. Figure 3 shows a comparison of pure HNT surface charge, MNT,
and HNT-g-Met. Pure HNT has a negative zeta potential of −30.92 mV. After modifying of
HNT surface with APTES, its negative charge was naturalized to +53.3 mV. By grafting
Met on MNT, the amount of zeta potential was changed to +38.8 mV, which is related to
the NH3

+ group of amino acid layering on the surface of the HNT. These results can prove
that HNT was chemically layered with a positively charged amino acid.

Figure 4 presented TG analysis of prepared samples. The results obtained from the
HNT curve show two events. The first event is about a 20% mass reduction that occurred at
50–100 ◦C. At this stage, the trapped water inside the HNT layers evaporates. The second
event is related to the dehydroxylation of the Al-OH group in the HNT structure. This
phenomenon at 500 ◦C leads to 21% weight loss. The TGA curve of MNT shows a higher
weight loss than HNT between 250 ◦C and 400 ◦C, which is related to the decomposition of
APTES. As shown in this figure, the fabricated HNT-g-Met nanocomposite decomposes
in several thermal events [43]. The first event is related to the evaporation of water from
its structure, which occurs at about 100 ◦C. Following this event, Met was decomposed at
250 ◦C, reducing the nanocomposite weight by about 12%. At 450 ◦C, HNT was dehydrox-



Polymers 2021, 13, 2576 6 of 13

ylated with a 10% weight loss. Figure 4 also shows the MNT-g-Met DTG diagram for better
differentiation of the TGA diagram, which confirms the above studies.
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The XRD pattern of HNTs, MNT, and MNT-g-Met presents in Figure 5. The XRD
diagram of pure HNT shows the basal reflection at 2θ = 12.59◦, which is related to the HNT
crystalline structure’s multilayer wall. According to Bragg’s law, the distance between
plates is 7.5Å. The two peaks at 2θ = 20.45◦ and 2θ = 25.19◦ indexed to the plates of 110 and
002, respectively [51]. Also, no peak appears in 2θ = 8.1◦ to be related to HNT, indicating
that HNT is water-free [47]. Figure 5 also shows two diffractograms for MNT and MNT-g-
Met. After modification of HNT by APTES (MNT), the reflection of pure HNT remained
unchanged, indicating that the APTES surface grafting was not affected the basal spacing
and crystalline structure. This result confirms that APTES was not inserted into the space
between the HNT layers. As shown in the diffractogram of MNT-g-Met, since Met does
not have a specific crystalline structure, Met grafting does not affect MNT structure.
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3.2. Morphology Studies

Figure 6 shows the SEM images of HNT, MNT, and MNT-g-Met nanocomposite.
As shown in Figure 6a, pure HNT has a neat tubular structure. After modifying the
HNT surface with APTES (Figure 6b), its morphology is preserved and does not change
significantly. As the Met grafts on the outer surface, it becomes slightly rougher and
more extensive, as shown in Figure 6c,d. Although, a slight accumulation is observed in
the nanocomposite structure, during the surface modification process, the HNT tubular
structure remains unchanged.

According to the TEM images, the tubular morphology of pure-HNT with hallow
lumen was observed in Figure 7. The lumen diameter of HNT is about 17–20 nm and
length average is 400 nm with a smooth surface, and completely open (Figure 7A). After
modifying the outer surface of the HNT with APTES (MNT), the outer wall becomes
slightly thicker, making the lumen less recognizable (Figure 7B). Figure 7C shows that
the Met was grafted onto HNT surface and a heterogeneous, high porous structure was
obtained. As can be seen in the Figure 7A–C, the HNT tubular structure is preserved
throughout the modification process.
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3.3. Loading Studies of PHT

The LE and EE of different samples were evaluated in PBS 7.4. Loading was performed
based on the vacuum technique. The amount of drug-loaded was calculated based on the
difference between the initial drug concentration and the free drug in the bulk solution.
Table 1 shows the LE and EE for pure HNT, MNT, and MNT-g-Met. The results show that
when functionalized HNT was grafted with Met, the PHT loading was increased. This
was due to the positive charge of Met and APTES and the electrostatic attraction between
the negatively charged PHT and the amine group of these molecules. Due to the PHT
molecule structure, hydrogen bonds can also increase LE and EE, although this increase is
not significant with the Met layering.
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Table 1. Drug Loading Efficiency (LE) and Encapsulation Efficiency (EE) of the prepared sample.

Sample Name EE% LE%

HNT 57.5 ± 0.04 28.75 ± 0.23
MNT 43.45 ± 0.07 39.20 ± 0.20

MNT-g-Met 51.22 ± 0.14 52.61 ± 0.15
Each value demonstrate the mean ± SD (n = 3).

3.4. In Vitro Drug Release Studies

Figure 8 shows PHT’s cumulative release profile from loaded HNT and MNT-g-Met
nanocomposite in PBS at pH 7.4. According to the diagram, the cumulative release of
PHT from pure HNT reached 70.7% after 6 h, related to the burst effect. This phenomenon
results in a lack of controlled drug release, which is not desirable for a drug delivery system.
After 48 h, the cumulative release of PHT reached an almost constant concentration. The
burst effect in the initial stage is due to the dissolution of drug molecules adsorbed on the
outer surface and layer of the HNT. In the next step, PHT release from the HNT lumen
was slower due to the strong absorption of drug molecules. It is expected that this burst
release problem will be partially remedied by modifying the HNT surfaces with Met. The
PHT release profile from MNT-g-Met progressed more rapidly in the early hours (after
6 h: 30.05%) of release, but no burst effect was observed. This rapid release was due to
drugs adsorbed on the Met surface. This rapid release was due to drugs adsorbed on the
Met surface. When Met is grafted onto the outer surface of functionalized HNT (MNT),
the amino acid molecule blocks the HNT lumen’s output to such an extent that it leads
to a controlled and sustained release of the PHT. The results show that the fabricated
nanocomposite can act as a carrier for drug delivery to chronic wounds.
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The release kinetics of PHT from MNT-g-Met are presented in Figure 9. The release
data were fitted with zero order, first order, Higuchi and, Korsmeyer-Pappas equation
models. The correlation coefficient was calculated in each model. The results showed that
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the release kinetic pf PHT from MNT-g-Met in PBS fitted by Korsmeyer-Peppas equation,
which is expressed as follows [52]:

Mt
M∞

= ktn. (3)
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Mt/M∞ is the fractional amount of PHT that release at time t, k is a constant value,
and n is the release exponent.

Table 2 shows these kinetic parameters for PHT release from pure HNT and MNT-
g-Met. According to the obtained results, the n values for HNT and nanocomposite were
about 0.47 and 0.5, respectively. An n value less than 0.5 indicates that the release follows a
Fickian diffusion from polydisperse systems. The results also show that the nanocomposite
particles possess a smaller k value than the pure HNT, which indicates a controlled and
sustained release in the same condition [53].

Table 2. Kinetic parameters for PHT release.

Sample Name K/h n R2

HNT 26.57 0.47 0.9752
HNT-g-Met 9.22 0.5 0.9914

4. Conclusions

In this study, a novel approach for the preparation of HNT nanocomposites, based on
the amino acid graft on the outer surface of HNT, was proposed. For this purpose, HNTs
and Met were selected as the encapsulating agents for improving the PHT loading and
release, and APTES was selected as a linker for making a chemical bond between the HNTs
and Met. The MNT-g-Met nanocomposite was fabricated via functionalizing HNT with
APTES, followed by Met grafting on its outer surfaces. The prepared nanocomposite was
presented as a suitable carrier for PHT for use in wound dressing. The nanocomposite’s
physicochemical properties were studied by FT-IR, FESEM, TGA, XRD, and zeta potential,
which all confirmed the success of the composite preparation. The morphological results
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presented the structure of uniform nanotube particles. The results indicated that the
prepared nanocomposite of MNT-g-Met could improve the amount of PHT from 28.75%
to 52.61 wt% compared with the pure HNTs. In-vitro studies showed that PHT release
from HNT occurs very rapidly (k = 26.57/h), while this process is controlled in MNT-g-Met
(k = 9.22/h). The Korsmeyer-Peppas model fitted the release kinetics, which indicated the
Fickian diffusion mechanism from cylindrical multilayer structure. Finally, all the results
show that the prepared nanocomposite can be a suitable carrier for PHT or similar drugs
to heal chronic wounds.

Author Contributions: Conceptualization, M.A., N.R., A.M. and E.K.; methodology, M.A., A.M.
and E.K.; validation, M.K. and T.L.; formal analysis, N.R. and A.M.; investigation, N.R. and A.M.;
data curation, M.A., N.R., A.M. and E.K.; writing—original draft preparation, N.R.; writing—review
and editing, M.A., A.M. and E.K.; supervision, M.A., E.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge the financial support from Program for Scientific
Research Innovation Team in Colleges and Universities of Shandong Province, and Jinan Science and
Technology Bu-reau (2019GXRC021).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sharifi, S.; Hajipour, M.J.; Gould, L.; Mahmoudi, M. Nanomedicine in Healing Chronic Wounds: Opportunities and Challenges.

Mol. Pharm. 2020, 18, 550–575. [CrossRef]
2. Nethi, S.K.; Das, S.; Patra, C.R.; Mukherjee, S. Recent advances in inorganic nanomaterials for wound-healing applications.

Biomater. Sci. 2019, 7, 2652–2674. [CrossRef]
3. Velnar, T.; Bailey, T.; Smrkolj, V. The wound healing process: An overview of the cellular and molecular mechanisms. J. Int. Med

Res. 2009, 37, 1528–1542. [CrossRef]
4. Tottoli, E.M.; Dorati, R.; Genta, I.; Chiesa, E.; Pisani, S.; Conti, B. Skin wound healing process and new emerging technologies for

skin wound care and regeneration. Pharmaceutics 2020, 12, 735. [CrossRef]
5. Mawer, G.; Mullen, P.; Rodgers, M.; Robins, A.; Lucas, S. Phenytoin dose adjustment in epileptic patients. Br. J. Clin. Pharmacol.

1974, 1, 163–168. [CrossRef]
6. Herranz, J.L.; Armijo, J.A.; Arteaga, R. Clinical side effects of phenobarbital, primidone, phenytoin, carbamazepine, and valproate

during monotherapy in children. Epilepsia 1988, 29, 794–804. [CrossRef]
7. Scheinfeld, N. Phenytoin in cutaneous medicine: Its uses and side effects. Dermatol. Online J. 2003, 9, 9. [CrossRef]
8. Pendse, A.K.; Sharma, A.; Sodani, A.; Hada, S. Topical phenytoin in wound healing. Int. J. Dermatol. 1993, 32, 214–217. [CrossRef]
9. Teo, S.Y.; Yew, M.Y.; Lee, S.Y.; Rathbone, M.J.; Gan, S.N.; Coombes, A.G. In vitro evaluation of novel phenytoin-loaded alkyd

nanoemulsions designed for application in topical wound healing. J. Pharm. Sci. 2017, 106, 377–384. [CrossRef]
10. Doshi, A.; McAuley, J.W.; Tatakis, D.N. Topical phenytoin effects on palatal wound healing. J. Periodontol. 2020. [CrossRef]
11. Sanad, A.; Emile, S.; Thabet, W.; Ellaithy, R. A randomized controlled trial on the effect of topical phenytoin 2% on wound healing

after anal fistulotomy. Colorectal Dis. 2019, 21, 697–704. [CrossRef]
12. Kopsky, D.J.; Hesselink, J.M.K. Topical phenytoin for the treatment of neuropathic pain. J. Pain Res. 2017, 10, 469. [CrossRef]
13. Motawea, A.; Abd El, A.E.-G.H.; Borg, T.; Motawea, M.; Tarshoby, M. The impact of topical phenytoin loaded nanostructured

lipid carriers in diabetic foot ulceration. Foot 2019, 40, 14–21. [CrossRef]
14. Mohebali, A.; Abdouss, M.; Taromi, F.A. Fabrication of biocompatible antibacterial nanowafers based on HNT/PVA nanocom-

posites loaded with minocycline for burn wound dressing. Mater. Sci. Eng. C 2020, 110, 110685. [CrossRef]
15. Zahidah, K.A.; Kakooei, S.; Ismail, M.C.; Raja, P.B. Halloysite nanotubes as nanocontainer for smart coating application: A review.

Prog. Org. Coat. 2017, 111, 175–185. [CrossRef]
16. Cavallaro, G.; Danilushkina, A.A.; Evtugyn, V.G.; Lazzara, G.; Milioto, S.; Parisi, F.; Rozhina, E.V.; Fakhrullin, R.F. Halloysite

nanotubes: Controlled access and release by smart gates. Nanomaterials 2017, 7, 199. [CrossRef]
17. Rao, K.M.; Kumar, A.; Suneetha, M.; Han, S.S. pH and near-infrared active; chitosan-coated halloysite nanotubes loaded with

curcumin-Au hybrid nanoparticles for cancer drug delivery. Int. J. Biol. Macromol. 2018, 112, 119–125. [CrossRef]

http://doi.org/10.1021/acs.molpharmaceut.0c00346
http://doi.org/10.1039/C9BM00423H
http://doi.org/10.1177/147323000903700531
http://doi.org/10.3390/pharmaceutics12080735
http://doi.org/10.1111/j.1365-2125.1974.tb00226.x
http://doi.org/10.1111/j.1528-1157.1988.tb04237.x
http://doi.org/10.5070/d32197w4t4
http://doi.org/10.1111/j.1365-4362.1993.tb02799.x
http://doi.org/10.1016/j.xphs.2016.06.028
http://doi.org/10.1002/JPER.20-0340
http://doi.org/10.1111/codi.14580
http://doi.org/10.2147/JPR.S129749
http://doi.org/10.1016/j.foot.2019.03.007
http://doi.org/10.1016/j.msec.2020.110685
http://doi.org/10.1016/j.porgcoat.2017.05.018
http://doi.org/10.3390/nano7080199
http://doi.org/10.1016/j.ijbiomac.2018.01.163


Polymers 2021, 13, 2576 12 of 13

18. Kumar, A.; Zo, S.M.; Kim, J.H.; Kim, S.-C.; Han, S.S. Enhanced physical, mechanical, and cytocompatibility behavior of
polyelectrolyte complex hydrogels by reinforcing halloysite nanotubes and graphene oxide. Compos. Sci. Technol. 2019, 175,
35–45. [CrossRef]

19. Kumar, A.; Rao, K.M.; Han, S.S. Development of sodium alginate-xanthan gum based nanocomposite scaffolds reinforced with
cellulose nanocrystals and halloysite nanotubes. Polym. Test. 2017, 63, 214–225. [CrossRef]

20. Tarasova, E.; Naumenko, E.; Rozhina, E.; Akhatova, F.; Fakhrullin, R. Cytocompatibility and uptake of polycations-modified
halloysite clay nanotubes. Appl. Clay Sci. 2019, 169, 21–30. [CrossRef]

21. Panchal, A.; Fakhrullina, G.; Fakhrullin, R.; Lvov, Y. Self-assembly of clay nanotubes on hair surface for medical and cosmetic
formulations. Nanoscale 2018, 10, 18205–18216. [CrossRef]

22. Bediako, E.G.; Nyankson, E.; Dodoo-Arhin, D.; Agyei-Tuffour, B.; Łukowiec, D.; Tomiczek, B.; Yaya, A.; Efavi, J.K. Modified
halloysite nanoclay as a vehicle for sustained drug delivery. Heliyon 2018, 4, e00689. [CrossRef]

23. Abdullayev, E.; Joshi, A.; Wei, W.; Zhao, Y.; Lvov, Y. Enlargement of halloysite clay nanotube lumen by selective etching of
aluminum oxide. ACS Nano 2012, 6, 7216–7226. [CrossRef]

24. Lisuzzo, L.; Cavallaro, G.; Parisi, F.; Milioto, S.; Lazzara, G. Colloidal stability of halloysite clay nanotubes. Ceram. Int. 2019, 45,
2858–2865. [CrossRef]

25. Liu, M.; Jia, Z.; Jia, D.; Zhou, C. Recent advance in research on halloysite nanotubes-polymer nanocomposite. Prog. Polym. Sci.
2014, 39, 1498–1525. [CrossRef]

26. Lazzara, G.; Cavallaro, G.; Panchal, A.; Fakhrullin, R.; Stavitskaya, A.; Vinokurov, V.; Lvov, Y. An assembly of organic-inorganic
composites using halloysite clay nanotubes. Curr. Opin. Colloid Interface Sci. 2018, 35, 42–50. [CrossRef]

27. Saif, M.J.; Asif, H.M.; Naveed, M. Properties and modification methods of halloysite nanotubes: A state-of-The-art review. J. Chil.
Chem. Soc. 2018, 63, 4109–4125. [CrossRef]

28. Fizir, M.; Dramou, P.; Dahiru, N.S.; Ruya, W.; Huang, T.; He, H. Halloysite nanotubes in analytical sciences and in drug delivery:
A review. Microchim. Acta 2018, 185, 1–33. [CrossRef]

29. Liu, M.; Fakhrullin, R.; Novikov, A.; Panchal, A.; Lvov, Y. Tubule Nanoclay-Organic Heterostructures for Biomedical Applications.
Macromol. Biosci. 2019, 19, 1800419. [CrossRef]

30. Yuan, P.; Southon, P.D.; Liu, Z.; Green, M.E.; Hook, J.M.; Antill, S.J.; Kepert, C.J. Functionalization of halloysite clay nanotubes by
grafting with γ-aminopropyltriethoxysilane. J. Phys. Chem. C 2008, 112, 15742–15751. [CrossRef]

31. Hamedi, S.; Koosha, M. Designing a pH-responsive drug delivery system for the release of black-carrot anthocyanins loaded in
halloysite nanotubes for cancer treatment. Appl. Clay Sci. 2020, 197, 105770. [CrossRef]

32. Khosravian, P.; Ardestani, M.S.; Khoobi, M.; Ostad, S.N.; Dorkoosh, F.A.; Javar, H.A.; Amanlou, M. Mesoporous silica nanoparti-
cles functionalized with folic acid/methionine for active targeted delivery of docetaxel. OncoTargets Ther. 2016, 9, 7315. [CrossRef]

33. Massaro, M.; Campofelice, A.; Colletti, C.G.; Lazzara, G.; Noto, R.; Riela, S. Functionalized halloysite nanotubes: Efficient carrier
systems for antifungine drugs. Appl. Clay Sci. 2018, 160, 186–192. [CrossRef]

34. Liu, M.; Cao, X.; Liu, H.; Yang, X.; Zhou, C. Halloysite-Based Polymer Nanocomposites, in Nanomaterials from Clay Minerals; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 589–626.

35. Wang, A.-J.; Feng, J.-J.; Fan, J. Covalent modified hydrophilic polymer brushes onto poly (dimethylsiloxane) microchannel surface
for electrophoresis separation of amino acids. J. Chromatogr. A 2008, 1192, 173–179. [CrossRef] [PubMed]

36. Yang, J.; Wu, Y.; Shen, Y.; Zhou, C.; Li, Y.-F.; He, R.-R.; Liu, M. Enhanced therapeutic efficacy of doxorubicin for breast cancer using
chitosan oligosaccharide-modified halloysite nanotubes. ACS Appl. Mater. Interfaces 2016, 8, 26578–26590. [CrossRef] [PubMed]

37. Zhang, X.; Wu, G. Grafting halloysite nanotubes with amino or carboxyl groups onto carbon fiber surface for excellent interfacial
properties of silicone resin composites. Polymers 2018, 10, 1171. [CrossRef]

38. Cavuoto, P.; Fenech, M.F. A review of methionine dependency and the role of methionine restriction in cancer growth control and
life-span extension. Cancer Treat. Rev. 2012, 38, 726–736. [CrossRef]

39. Jamshidzadeh, F.; Mohebali, A.; Abdouss, M. Three-ply biocompatible pH-responsive nanocarriers based on HNT sandwiched
by chitosan/pectin layers for controlled release of phenytoin sodium. Int. J. Biol. Macromol. 2020, 150, 336–343. [CrossRef]

40. Dai, J.; Wei, X.; Cao, Z.; Zhou, Z.; Yu, P.; Pan, J.; Zou, T.; Li, C.; Yan, Y. Highly-controllable imprinted polymer nanoshell at
the surface of magnetic halloysite nanotubes for selective recognition and rapid adsorption of tetracycline. RSC Adv. 2014, 4,
7967–7978. [CrossRef]

41. Yah, W.O.; Takahara, A.; Lvov, Y.M. Selective modification of halloysite lumen with octadecylphosphonic acid: New inorganic
tubular micelle. J. Am. Chem. Soc. 2012, 134, 1853–1859. [CrossRef]

42. Lun, H.; Ouyang, J.; Yang, H. Natural halloysite nanotubes modified as an aspirin carrier. RSC Adv. 2014, 4, 44197–44202. [CrossRef]
43. Zeraatpishe, L.; Mohebali, A.; Abdouss, M. Fabrication and characterization of biocompatible pH responsive halloysite nanotubes

grafted with sodium alginate for sustained release of phenytoin sodium. New J. Chem. 2019, 43, 10523–10530. [CrossRef]
44. Asgari, M.; Sundararaj, U. Pre-exfoliated nanoclay through two consecutive reaction systems: Silane functionalization followed

by grafting of amino acid monomers. Appl. Clay Sci. 2018, 151, 81–91. [CrossRef]
45. Liu, M.; Chang, Y.; Yang, J.; You, Y.; He, R.; Chen, T.; Zhou, C. Functionalized halloysite nanotube by chitosan grafting for drug

delivery of curcumin to achieve enhanced anticancer efficacy. J. Mater. Chem. B 2016, 4, 2253–2263. [CrossRef] [PubMed]
46. Tan, D.; Yuan, P.; Annabi-Bergaya, F.; Liu, D.; Wang, L.; Liu, H.; He, H. Loading and in vitro release of ibuprofen in tubular

halloysite. Appl. Clay Sci. 2014, 96, 50–55. [CrossRef]

http://doi.org/10.1016/j.compscitech.2019.03.008
http://doi.org/10.1016/j.polymertesting.2017.08.030
http://doi.org/10.1016/j.clay.2018.12.016
http://doi.org/10.1039/C8NR05949G
http://doi.org/10.1016/j.heliyon.2018.e00689
http://doi.org/10.1021/nn302328x
http://doi.org/10.1016/j.ceramint.2018.07.289
http://doi.org/10.1016/j.progpolymsci.2014.04.004
http://doi.org/10.1016/j.cocis.2018.01.002
http://doi.org/10.4067/s0717-97072018000304109
http://doi.org/10.1007/s00604-018-2908-1
http://doi.org/10.1002/mabi.201800419
http://doi.org/10.1021/jp805657t
http://doi.org/10.1016/j.clay.2020.105770
http://doi.org/10.2147/OTT.S113815
http://doi.org/10.1016/j.clay.2018.01.005
http://doi.org/10.1016/j.chroma.2008.03.038
http://www.ncbi.nlm.nih.gov/pubmed/18384795
http://doi.org/10.1021/acsami.6b09074
http://www.ncbi.nlm.nih.gov/pubmed/27628202
http://doi.org/10.3390/polym10101171
http://doi.org/10.1016/j.ctrv.2012.01.004
http://doi.org/10.1016/j.ijbiomac.2020.02.029
http://doi.org/10.1039/c3ra45779f
http://doi.org/10.1021/ja210258y
http://doi.org/10.1039/C4RA09006C
http://doi.org/10.1039/C9NJ00976K
http://doi.org/10.1016/j.clay.2017.10.021
http://doi.org/10.1039/C5TB02725J
http://www.ncbi.nlm.nih.gov/pubmed/32263221
http://doi.org/10.1016/j.clay.2014.01.018


Polymers 2021, 13, 2576 13 of 13

47. Mohebali, A.; Abdouss, M. Layered biocompatible pH-responsive antibacterial composite film based on HNT/PLGA/chitosan
for controlled release of minocycline as burn wound dressing. Int. J. Biol. Macromol. 2020, 164, 4193–4204. [CrossRef] [PubMed]

48. Mohebali, A.; Abdouss, M.; Mazinani, S.; Zahedi, P. Synthesis and characterization of poly (methacrylic acid) -based molecularly
imprinted polymer nanoparticles for controlled release of trinitroglycerin. Polym. Adv. Technol. 2016, 27, 1164–1171. [CrossRef]

49. Mohebali, A.; Abdouss, M.; Zahedi, P. Isosorbide dinitrate template-based molecularly imprinted poly (methacrylic acid) nanopar-
ticles: Effect of initiator concentration on morphology and physicochemical properties. Chem. Pap. 2018, 72, 3005–3016. [CrossRef]

50. Malakinezhad, H.; Kalaee, M.; Abdouss, M.; Mohebali, A.; Hakani, M. Fabrication and Characterization of Biodegradable
pH-Responsive Halloysite Poly (lactic-co-glycolic acid) Micro-sphere for Controlled Released of Phenytoin Sodium. J. Inorg.
Organomet. Polym. Mater. 2020, 30, 722–730. [CrossRef]

51. Szczepanik, B.; Słomkiewicz, P.; Garnuszek, M.; Czech, K.; Banaś, D.; Kubala-Kukuś, A.; Stabrawa, I. The effect of chemical
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