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Abstract

Layered Double Hydroxide-based nanopatrticles offer significant advantages in biological applications with
high biocompatibility and low cytotoxicity. In this study, nanoparticles (nMg/Al-NOs-LDH) were synthesized
by the co-precipitation method, and synthesis optimization of the nanoparticles was carried out by
hydrothermal treatment. The effect of hydrothermal treatment on Z-average and surface charge was
evaluated. Experiments were performed at 80°C and 100°C in the range of 2-48 h by using different stirring
rates (250, 1000, and 1500 rpm) and without stirring. Dynamic Light Scattering (DLS) was used to assess
the patrticle size (nm), polydispersity index (PDI), and zeta potential (mV) of the nanopatrticles. The chemical
structure of nanoparticles was characterized by Fourier Transform Infrared spectrometry (FTIR). As a result,
nanoparticles with an optimum particle size of 86.87 nm, a PDI of 0.132, and a zeta potential (mV) of
44 .4+8.74 were obtained at 80°C, 48h and 250 rpm. The data showed that Mg/Al-NOsz-LDH nanoparticles
have suitable physical properties for biological applications.

Keywords: Layered double hydroxide nanoparticles, Hydrothermal treatment, Particle size optimization,
Inorganic materials

Mg/Al-NOs Gift Tabakal Hidroksit Nanopartikiillerinin Hidrotermal islem ile
Optimizasyonu GCaligmalari

Ozet

Cift Tabakali Hidroksitler ylksek biyouyumluluk ve disuk sitotoksisite ile biyolojik uygulamalarda énemili
avantajlar sunar. Bu ¢alismada nanopartikiller (hnMg/Al-NOs-LDH) birlikte ¢dktirme yontemiyle sentezlendi
ve nanopartikillerin sentez optimizasyonu hidrotermal islem altinda gergeklestirildi. Hidrotermal islemin
partikil boyutu ve ylzey ylUki Uzerindeki etkisi degerlendirildi. Deneyler 80°C ve 100°C'de, 2-48 saat
araliginda ve gesitli karistirma hizlarinda 250, 1000, 1500 rpm gergeklestirildi. Nanopartikullerin partikl
boyutu (nm), polidispersite indeksi (PDI) ve zeta potansiyel (mV) degerleri Dinamik Isik Sagilimi (DLS) ile
saptandi. Nanopartikillerin kimyasal yapisi Fourier Donidsimi Kizildtesi spektrometresi (FTIR) ile
karakterize edildi. Sonu¢ olarak, 80°C, 48 saat ve 250 rpm'de optimum partikil boyutu 86.87 nm,
polidispersite indeksi (PDI) 0.132 ve zeta potansiyeli (mV) 44.418.74 olan nanopartikiller elde edildi.
Veriler, biyolojik uygulamalarda kullanima yoénelik Mg/Al-NOs-LDH nanopartikUllerinin uygun fiziksel
ozelliklere sahip oldugunu gésterdi.

Anahtar Kelimeler: Cift tabakali hidroksit nanopartikiller, Hidrotermal iglem, Partikil boyutu
optimizasyonu, Inorganik malzemeler
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1. INTRODUCTION

Layered Double Hydroxides (LDHs) are layered materials with a unique 2-dimensional structure and
biocompatibility. The alternating pattern of positively charged metal hydroxide layers and negatively
charged interlayer exchangeable anions characterizes them [1]. LDHs have recently gained popularity due
to their unique properties and versatile applications in various fields, including catalysis, drug delivery, and
environmental remediation [2]. LDH has superior properties such as good biocompatibility, low
cytotoxicity, high loading capacity, diverse functionality, tunable particle size, targeted delivery, and
protection of biomolecules from external chemical and biological attacks [3]. Numerous research has
focused on the utilization of LDH as a carrier of biomolecules such as vitamins [4], anti-inflammatory drugs
[5], anti-cancer drugs [6], neurodegenerative drugs [7] and genes [8,9]. In synthesizing LDH nanoparticles,
the co-precipitation method is a widely used technique known for its simplicity and efficiency in producing
well-defined nanostructures [10].

LDH possesses a general chemical formula of [M''1.x M""!' ,(OH)]** (A" )xn'mH,0, wherein M", M"" and
A" represent divalent a metal cation, a trivalent metal cation and an interlayer anion, respectively. LDH has
a layered crystal structure that varies widely depending on the structure of the cations M'"/M"' molar ratios
and anion type. The range 0.2 <x <0.33 (M" /M"" ratio between 2: 1 and 4: 1) is suitable for pure LDH
synthesis. In the case of x> 0.33, the formation of M(OH)s occurs; likewise, M(OH), is formed at x <0.2
[11,12].

Hydrothermal treatment is an important step in improving the properties of LDH nanoparticles, as it allows
fine-tuning parameters such as temperature, time, and stirring speed [13]. In this study, the synthesis of
nMg/Al-NO;-LDH was optimized for use in biological applications. nMg/AI-NOs-LDH was prepared by
the co-precipitation method, and the hydrothermal optimization of the nMg/Al-NO3s-LDH was examined.
It is well established in biological applications that parameters such as cellular uptake, biodistribution, and
biocompatibility are significantly influenced by particle size and surface charge [14].

In this regard, the effect of synthesis conditions such as temperature, time, and stirring rate on the particle
characteristics was investigated. The size (nm), PDI and zeta potential (mV) of nMg/AI-NOs-LDH prepared
under various conditions were revealed by Dynamic Light Scattering (DLS) analysis, while their chemical
structure was illuminated by Fourier Transform Infrared Spectrometer (FT-IR). Especially there is no study
on the nanoparticle size of stirring rate during hydrothermal treatment, but the data obtained with this
parameter created a meaningful and important result and brought innovation and originality to our study.

2. MATERIAL AND METHOD
2.1 Material

Mg (NOs)2.6H20 (>99%) and Al (NO3).9H0 was obtained from Merck. NaOH (>98-100) purchased from
Sigma-Aldrich.

2.2 Synthesis and Optimization of nMg/Al-NOs-LDH

nMg/Al-NO;-LDH were synthesized using a coprecipitation step followed by a hydrothermal treatment
process [15]. 10 mL aqueous solution of 3 mmole Mg (NO3)..6H-0, and 1 mmole Al (NOs).9H.0,
([AI/(IMg]+[Al]); 0.25) was added quickly in NaOH solution (0.15 M, 40 mL) under vigorous magnetic
stirring continued for 10 min. This acquired LDH suspension was separated by centrifuging for 5 min at
4500 rpm. LDH slurry was washed, dispersed in 50 mL of deionized water, and transferred into an autoclave
(Berghof Highpreactor BR-HS; Germany). Hydrothermal treatments were carried out at 80°C and 100°C,
in a range of 2-48 h and with different stirring rates (250, 1000, and 1500 rpm) and without stirring,
respectively. Figure 1 depicts the synthesis of Mg/Al-NO3-LDH nanoparticles.
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Figure 1. Schematic illustration of nMg/Al-NO3-LDH synthesis

After the co-precipitation process, the effect of hydrothermal treatment conditions was examined by
changing the temperature, stirring rate and time on nanoparticle characteristics. First, the hydrothermal
treatment process was examined for the different stirring rates (250 rpm, 1000 rpm, 1500 rpm). For this
purpose, samples were taken at different time intervals for different stirring rates, and then particle size
(nm), PDI, and zeta potential (mV) values were determined. Secondly, the effect of temperature (80°C and
100°C) was examined after determining the appropriate stirring rate. Finally, the effect of hydrothermal
treatment time (2h, 4h, 6h, 8h, 24h and 48 h) on particle size, PDI, and zeta potential value was also
examined.

2.3. Characterization of nMg/Al-NOs-LDH

2.3.1 FTIR analysis

The structure of nMg/Al-NO3s-LDH was identified on a Fourier transform infrared (FTIR) (Agilent Cary
630, USA) using a pellet prepared with 1 mg of the sample and 200mg of KBr. The absorption spectra were
obtained in the wavenumber range of 4000-650 cm™™.

2.3.2 Determination of mean particle size, PDI and zeta potential

Photon correlation spectroscopy (Nano ZS, Malvern UK) was used to determine the Z-average and PDI of
nMg/Al-NOs-LDH. The same instrument was used to determine the surface charge of nanoparticles. The
measurement results were repeated three times.

2.4 Colloidal Stability of nMg/Al-NOs-LDH

The colloidal stability of nMg/AIl-NOs-LDH was examined by storing dispersions at +4 + 1 °C. Particle
size, PDI, and zeta potential value were measured by taking weekly samples. Stability was checked over 5
weeks, and the measurement results were repeated three times.

2.5 Statistical Evaluation

Statistical analysis and similar data sets were analyzed using GraphPad Prism 8.0 software and a two-way
ANOVA with the Sidak test. Statistical significance was evaluated as a probability value of 0.05.
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3. RESULTS AND DISCUSSION
3.1 Synthesis and Characterization of nMg/Al-NOs-LDH

As aforementioned in section 2.2, nMg/Al-NOs-LDH was synthesized by the co-precipitation method using
the magnesium and aluminum salts. Afterward, the stable suspension containing nMg/Al-NOs-LDH was
obtained by hydrothermal treatment. To elucidate the resulting structure, the nMg/Al-NOs-LDH suspension
was lyophilized, and the structure was characterized by FTIR analysis using the dry sample.
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Figure 2. FTIR spectra of nMg/AI-NOs-LDH

As illustrated in Figure 2, FTIR spectra of nMg/AI-NO3z-LDH are taken for the range of 4000-650 cm™.
The broad absorption band in the 3250-3800 cm™ region (maximum appeared at about 3463 cm™) and the
broad shoulder appeared at about 3580 cm™ are related to the symmetrical and asymmetric vibrations of
the hydrogen-bonded O-H groups in lattice structure (Mg/Al-OH or Al-OH) and interlayer water molecules
surrounding the exchangeable anions [16]. The small sharp absorption band seen at 1624 cm™ is attributed
to the deformation and bending vibrations of the H.O molecules in the H.O-COs?> structure. The sharper
band at about 1383 cm™ was also assigned to the stretching vibrations of the NOs™ anions in the interlayer
region. The broad shoulder at about 1359 cm™was also assigned to the symmetric stretching vibrations of
the unidentate CO3% anions, which may have entered the structure during precipitation or purification.
Hence, COs? and NOs!anions in the interlayer of LDH are observed to be overlapped as the one sharp
absorption band at 1383 cm™ [4]. Absorption bands are seen as small sharp or small shoulders of
approximately 500-1000 cm™ caused by vibrations of the LDH lattice structure, which are Mg-O / Al-O /
0-Al-O/0-Mg-0, Al-OH, H,0 molecules [17]. Consequently, FTIR spectra of nMg/AI-NOs-LDH confirm
its molecular structure.

3.2 Optimization Studies of nMg/Al-NOs-LDH

Nanoparticulate systems are a very important developing field as drug or gene carrier systems [18]. It is
known that the key factor to achieve maximum therapeutic effectiveness in the applications of these systems
is the control of particle size, PDI and surface charge [14]. Additionally, some studies have revealed that
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the particle size and surface charge of nanoparticles are more important than the nanoparticle structure in
biological applications [14].

In optimizing the synthesis of nMg/Al-NOs-LDH, the effect of hydrothermal treatment conditions such as
time (2h, 4h, 6h, 8h, 24h), stirring rate (250 rpm, 1000 rpm and 1500 rpm) and without stirring on the
characteristics of the nanoparticles were investigated at the constant temperature 100°C, which indicated in
the literature [19-24]. According to the results (Figure 3), hydrothermal treatment conditions significantly
affect particle size and PDI. As known, hydrothermal treatment increases the kinetic energy and Brownian
motion that can overcome the adhesive effect and interaction between aggregates [19]. Thus, stable LDH
suspension is obtained due to electrostatic repulsion between positive particles. The obtained values in
Figure 3 show that the Z-average size varies between 77.47+0.150 nm and 133.8+3.195 nm due to the
stirring rate. Moreover, hydrothermal treatments were carried out with and without stirring in the autoclave
to observe the effect on particle size. All nMg/Al-NOs-LDH were obtained smaller than 200 nm particle
size at hydrothermal treatment conditions with variable stirring rate and time in the autoclave. This range
is considered small-sized for nanoparticular systems [25] and a suitable agent for drug/gene carrier systems
in target therapies [26-28]. Especially when the stirring rate is 250 rpm, it can be seen that all the results
are below 100 nm (Table 1). This situation creates a great advantage for nanoparticle systems that target
the blood-brain barrier, especially requiring small nanoparticle size (<200 nm) [29].

The PDI is defined as the level of non-uniformity in the size distribution of particles [30]. If the PDI value
of the nanoparticle system is <0.1, it is highly uniform, and if it is between 0.1 and 0.4, it is considered to
be moderately uniform. These two ranges are considered suitable for nanoparticular systems for drug/gene
delivery systems [27,28,31]. If this value is >0.4, it indicates a high level of nanoparticle size variation and
is unsuitable for drug/gen carrier systems [32]. Based on this, when we examined the PDI values, it was
observed that the measured values varied between 0.185+0.014 and 0.404+0.0122 (Figure 3). In fact, all
the obtained results have a good PDI value, of course, considering that specific values will be required
depending on the carrier system to be customized.

Zeta potential, also called electrokinetic potential, is measured by the movement of particles dispersed in a
liquid towards the positive or negative domain depending on the surface charge ratio when an electrical
field is applied to the liquid [32]. Zeta potential is a highly significant characteristic of colloids or
nanosuspension, and its value is strongly connected to suspension stability and particle surface shape. It is
evaluated as a parameter of the impacts of pH, ionic strength, and the kind of ions in suspension [33,34].
When we examined all the zeta potential results, the values (between 37.8+6.39 and 51.4+6.82) were close
to each other (Figure 3). The distribution is considered stable in colloidal systems where the zeta potential
is higher than +30 mV or lower than —30 mV [35]. Accordingly, the results show that LDH nanoparticles
with high cationic charge are stable.

According to Figure 3, the diversity in stirring rate resulted in a statistically significant change in particle
size and PDI values, while the change in zeta potential was statistically insignificant at all times tested.
However, when the stirring rate increased to 1500 rpm, particle size, PDI, and zeta potential value also
increased due to increasing the intraparticle interaction. The obtained results revealed that the optimal
stirring rate is 250 rpm.

Based on the literature, there are many studies on LDH [19,34]. Although there are different studies on
parameters such as anion type in the structure, temperature, concentration and time, no study has been found
investigating the effects of stirring speed on particle size, PDI and zeta potential in hydrothermal treatment.
When the data obtained is examined, it shows that stirring rate is a statistically significant parameter of
particle size in hydrothermal treatment. The stirring rate in the hydrothermal treatment on LDH nanoparticle
creates a unique value for this study and distinguishes it from other studies.
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Table 1. The zeta potential, particle size and PDI values of nMg/Al-NO;-LDH obtained hydrothermal
treatment conditions (250rpm, 100°C, 24h)
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T(irr:;e Z—aveiaS%;z (nm) PD +SD Ze(trfwl \p/))oiaglt;al

3 2h 108,0+1,761 0,185+0,014 43,645,46
% 4h 105,0+0,5 0,2100,003 45,147,51
°g 6h 102,4+0,585 0,280+0,020 48,149,31
h 8h 100,041,217 0,245+0,004 42,445 .86
24 h 106,9+0,556 0,23120,009 37,846,39

o 2h 79,97+0,527 0,250+0,001 40,148,58
§ 4h 77,47+0,150 0,211+ 0,004 43,9+7,92
O§ s 6h 77,59+0,820 0,192+0,013 45,6+7,74
8h 85,040,686 0,211%0,007 45,1£7,15

24 h 95,10+0,707 0,201+0,004 44,846,87

3 2h 106,9+0,862 0,247+0,006 43,7453,8
% 4h 81,8240,841 0,254+0,010 433147
°§ s 6h 77,18+0,31 0,229+0,004 44,2+6,37
8h 81,07+0,520 0,237+0,008 42,945,49

24 h 86,340,839 0,208+0,011 42,748,62

£ 2h 93,68+0,826 0,404+0,0122 50,0+8,51
S 4h 99,02+2,933 0,378+0,006 51,248,42

9

o: 6h 99,741,065 0,382:0,006 50,043,6
= 8h 104,042,592 0,3800,005 51,446,82
24 h 133,843,195 0,3760,017 49,948,58




Optimization Studies of Mg/Al-NO3 Layered Double
ALKU Fen Bilimleri Dergisi 2023, Say1 5 (3): 163-175 Hydroxide Nanoparticles by Hydrothermal Treatment

A

1504

=

=

=
L

Z-average (nm)
o

04 r r r
2h 4h LA Eh 24h
O orpm O 250 rpm W 1000 mpm - 1500 rpm

0.0-

2h  4h 6h Bh 24h
O drpm O 250 rpm W 1000 rpm 1500 rpm

c

= =1}
= (=]
1 1
]

}—

Zeta Potential (mV)

2h  4h &h 8h 24h
O 0rpm O 250 rpm @ 1000 rpm 1500 rpm
Figure 3. The particle size (nm) (A), PDI (B) and Zeta potential (mV) (C) of nMg/Al-NOs-LDH in
various parameters 0 (without stirring), 250, 1000 and 1500rpm. The data is provided
as mean SEM (n = 3). The following statistical significance levels were used:
*p < 0.05, **p <0.01, ***p < 0.001, and ****p < 0.0001, ns: not significant.

To investigate the impact of temperature on the size and surface charge of nMg/AI-NOs-LDH the stirring
rate was kept constant at 250 rpm and the synthesis was carried out at 80°C. When the temperature was
changed to 80°C, particle size and size distribution decreased at 24h, with no significant change in surface
charge (Figure 4 and Table 2).
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Table 2. Effect of temperature on the particle size (A), PDI (B) and zeta potential (C)
Zeta potential

Time Z-average (nm)

() +SD PD +5D (MV) 8D
2h 93,92+0,382 0,238+0,0122 44,616,52
§ 4h 75,54+0,337 0,272+0,250 44,245 46
2
| 6h 73,860,864 0,208+0,0057 45,1+4,49
2
= 8h 77,72+1,130 0,224+0,005 45,3+3.95
24 h 88,35+1,751 0,173+0,012 47,546,25
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Figure 4. Effect of temperature on the particle size (A), PDI (B) and zeta potential (C)
The data is provided as mean SEM (n = 3). The following statistical significance levels were used:
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns: not significant.
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The particle size and PDI value of nMg/Al-NOs-LDH are positively affected depending on hydrothermal
treatment time (Table 3). Without hydrothermal treatment, LDH slurry has a glue effect causing
aggregation, distribution over a wide range and a large PDI value.

Table 3. Effect of hydrothermal treatment time on the LDH particle size,
PDI and zeta potential in 80°C temperature, 250 rpm stirring rate.

. Z-average Zeta potential (mV)
Time (h) (nm) PDI +SD
without

hydrothermal  358.8+4,747 0.513+0,027 -
treatment
24 88.35£1,75  0.173+0,019 47.5+6.25
48 86.87+0.320 0.132+0,018 44.4+8.74

When the hydrothermal treatment time reached 24 h, it was seen that the nMg/Al-NO3;-LDH was a stable
monodisperse nanosuspension with narrower size distributions i.e. lower PDI. However, a peak of about
1% is seen around 5000 nm of hydrothermal treatment time at 24 h. Therefore, the hydrothermal treatment
time was raised to 48 h. Thus, it was observed that the unwanted second peak (~5000 nm) disappeared and
the PDI value decreased significantly (Figure 5). According to the measurement results, the particle size
was close to 24 h, but the PDI value was further decreased, and the large particles around 5000 nm turned
into nanoparticular structure. In light of these findings, it was concluded that the most suitable hydrothermal
treatment conditions were 80 °C, 250 rpm and 48 h to obtain the nMg/Al-NOs-LDH.

Size Distribution by Intensity
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Figure 5. Effect of hydrothermal treatment time on the nMg/AI-NOs-LDH particle size

3.3 Colloidal Stability of nMg/AlI-NO3-LDH

A colloidal stability of nMg/AI-NOs-LDH was carried out to determine the change in particle size, PDI and
zeta potential in the duration of use depending on the time and +4 °C storage condition (Table 4). Results
were taken in triplicate. According to Table 4, the measurement results show that the Z average varied
slightly between 86.87+0.320 and 109.6+2.3 nm. Moreover, PDI values are located between 0.132+0.018
and 0.276+0.018. Although the results of zeta potential were very close to the value obtained in the first

synthesis of nMg/AI-NOs-LDH, it changed slightly within 5 weeks. nMg/AI-NOs-LDH remains stable for
5 weeks.
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Table 4. Colloidal stability of nMg/AI-NOs-LDH stored at +4 £1°C for 5 weeks.

Z-average Zeta potential (mV)

Time (Week) (nm) PDI +SD
After 86.87+0.32  0.132+0.018 44.4+8.74
preparation
1 97.2948.22  0.173+0,017 47.6+8.58
2 93.71+1.44  0.173+0.011 49.7+6.93
3 95.39+2.50  0.205+0.038 46.3+8.77
4 107.55+2.80 0.228+0.019 41.8+7.82
5 109.6+2.30 0.276+0.018 47.3+7.94

4. CONCLUSION

As a result, the synthesis of nMg/AI-NOz-LDH was optimized in this study. The effects of time,
temperature, and stirring rate on the size and zeta potential of nMg/AI-NOs-LDH were evaluated. The most
suitable condition for synthesis was 80 °C, 48 h and 250 rpm, and nanoparticles with the particle size of
86.87 nm, a PDI of 0.132, and a zeta potential (mV) of 44.4+8.74 were obtained. The colloidal stability of
nMg/Al-NO;-LDH was then monitored for 5 weeks. The prepared nanoparticles maintained physical
stability for up to 5 weeks under +4+1°C storage conditions. Insights from this study revealed important
data on tailoring nMg/Al-NOs-LDH for specific biological applications, from controlled release systems to
advanced catalytic materials. Future studies on drug loading and biodistribution will increase the
prospective importance of nMg/AI-NOs-LDH prepared under optimum conditions.
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