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Incorporation of CuO into ZnO contributes to the formation of CuO/ZnO composite, thus enhancing some 

properties of individual oxides such as antibacterial and photocatalytic activities. The current study 
evaluated the effect of both synthesis and in-situ syntheses of copper oxide on the zinc oxide particles using 

Copper(II) nitrate trihydrate as the starting material as well as acetic acid, D200, SHMP, PVP, CTAB, 

SDS, urea, and M2P surfactants. The impact of surfactants on the microstructure and chromatic properties 
of the samples was also investigated. The results from scanning electron micrographs showed different 

morphologies of copper oxide particles in the forms of needle, round, and flake depending on the type of 

surfactant. Moreover, the chromatic properties of the powders showed that the pigment synthesized in the 
presence of SHMP was in a better and darker black color than the others. Further, copper oxide powders 

exhibited more proper anti-bacterial behavior than the copper oxide/zinc oxide composite powders. In 

addition, copper oxide/zinc oxide particles had higher photocatalytic activity (up to 95 %) than copper 
oxide powders (about 65 %). 
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1. INTRODUCTION 
 

The increasing growth of population has negatively 

affected water quality by releasing a variety of pollutants 

into water sources. It is predicted that more than 50 % of 

the countries around the globe will face water crisis by 

2025 [1]. Different pollutants such as heavy metal ions, 

organic dyes, industrial wastes, pesticides, and 

pharmaceutical wastes are considered seious threats to 

water quality. This is the reason why application of 

efficient water purification technologies such as 

photocatalysis, electrochemical treatment, membrane 

filtration, ozonation, and flocculation for water treatment 

have gained significance. For a long time, photocatalysis 

has used as a simple and efficient technique for water 

purification. Nowadays, using composite materials has 
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significantly contributed to developing highly efficient 

materials and removing a wide range of pollutants [2]. 

Synthesis, coating, and fabrication of copper (II) oxide 

and copper (I) oxide materials have considerably drawn 

researchers’ attention in the last decades due to their 

numerous applications. They are employed in different 

fields of ceramic applications such as producing inks for 

FET transistors [3], antibacterial materials for medical 

and biological applications [4-6], solar cells [7-9], gas 

sensors [10,11], electrochemical sensors [12,13], 

photocatalysts [14-16], and pigments [17]. 

Copper oxide was synthesized through several 

methods such as thermal decomposition [18,19], 

sonochemical [20,21] and hydrothermal [22,23], milling 

[24,25], electrodeposition [26,27], ultrasonic spray 

pyrolysis [25,28], solution combustion [25,29], 

electrochemical oxidation [30], and precipitation [28,31]. 

The precipitation method as an easy-eco route was 

employed to prepare copper oxide particles in many 

studies. Several investigations evaluated the effects of 

different surfactants on the microstructure and properties 

of copper oxide particles [32]. Of note, addition of CuO 

to ZnO can form CuO-ZnO composite that increases the 

particle size and decreases the bandgap energy. In other 

words, the higher the concentration of CuO in the 

composite, the smaller the bandgap energy. It can also 

increase the stability of the photocatalytic reaction and 

radical species such as superoxide anion radical (•O2-), 

(HO2
•) and (HO2

-) which can inhibit the growth of 

bacteria [33]. Some researchers have evaluated the 

effects of antibacterial and photocatalytic properties of 

CuO/ZnO composites on different pollutants under UV 

or visible irradiation [2]. 

The main objective of the current study was to 

synthesize copper oxide and copper oxide/zinc oxide 

composite particles based on the precipitation method in 

the presence of different surfactants. To the best of the 

authors’ knowledge, the effect of these surfactants on the 

morphology of CuO/ZnO particles was investigated for 

the first time. In this regard, the structure, microstructure, 

and antibacterial and optical properties of the powders 

were examined. In addition, the photocatalytic properties 

of the synthesized composite were studied on DR23 dye 

for the first time. 

 

 

2. MATERIALS AND METHODS 
 

CuO and CuO/ZnO composite powders were 

synthesized using Copper (II) nitrate trihydrate 

(Cu(NO3)2.3H2O, Merck), Manganese (II) acetate 

tetrahydrate (Mn(CH3COO)2·4H2O, Merck), Zinc nitrate 

hexa-hydrate (Zn(NO3)2.6H2O, Merck) as the starting 

materials. In addition, Glycine (C2H5NO2, Merck) and 

Glucose (C6H12O6, Merck) were used as the fuels. 

Moreover, Cetyl trimethyl ammonium bromide 

((C16H33)N(CH3)3]Br, CTAB, Merck), Polyvinyl-

pyrrolidone ((C6H9NO)n, PVP, Rahavard Tamin 

Pharmaceutical Co.), Sodium hexametaphosphate 

((NaPO3)6, SHMP, Dai Viet Chem), Sodium dodecyl 

sulfate (NaC12H25SO4, SDS, Merck), acetic acid 

(CH3COOH, Merck), Urea (CH4N2O, Merck), Acrylic 

homopolymer (D200, MW=5000, Simab Rezin Co.), 

dispersants (MP, ICST), Anionic PEG acrylate 

homopolymer dispersants (M2P, ICST) were used as the 

surfactants. 

Copper oxide powders were synthesized through the 

precipitation method in the presence of different 

surfactants. To this end, first, 0.97 g copper nitrate tri-

hydrated and 0.0194 g Manganese acetate tetra-hydrate 

(0.02 wt. % of Cu precursor) were dissolved in 250 mL 

water. Then, the surfactants were added to the solution 

and agitated under magnetic stirring to dissolve 

completely. The weight ratio of the surfactant to copper 

precursor was assumed to be 1:2. Next, NaOH solution 

(1 molar, Merck) was added drop wise to the solution up 

to the pH adjustment of 9 and mixed for 15 min followed 

by more heating at 100 °C for an hour until a black 

precipitate was obtained. Finally, the obtained sample 

was washed three times and dried at 100 °C in an electric 

oven for one hour. 

Zinc oxide particles were synthesized through solution 

combustion synthesis method. To this end, first, 5 g zinc 

nitrate hexahydrate, 1.15 g glucose, and 0.1 g glycine 

were dissolved in 20 mL deionized water under magnetic 

stirring. The transparent solutions were heated at 80 °C 

under magnetic stirring until yellowish gel-like 

precipitates were obtained. 

The combustion reaction of samples occurred in a 

commercial microwave oven (SAMSUNG) with the 

frequency of 50 Hz and power of 900 W for one min, 

and spongy-foam like agglomerated particles were 

obtained. To complete the reaction and remove the 

residual organic matters, the samples were transferred 

to an electric furnace and calcined (post-heated) at  

500 °C at the soaking time of one hour and heating rate 

of 10 °C min−1. 

The mentioned CuO synthesis process was repeated in 

the presence of synthesized ZnO particles to obtain 

CuO/ZnO composite. All other synthesized processes are 

similar to those of CuO synthesis. 

The microstructure and structural characteristcs of the 

samples were identified using Scanning Electron 

Microscopy (SEM, LEO 1455 VP) and XRD (Siemens 

D-500) methods. The mean particle size of the powder 

samples was determined using an image processing 

software, i.e., ImageJ 1.44p. 

The mean diameter (dScherrer) of zinc aluminate 

(gahnite) crystallite was determined considering the half-

height width (β) of the (311) diffraction peak of gahnite 

using Scherrer equation (dScherrer=0.9λ/βcosθ). In 

addition, WQF-510 FT-IR (RAYLEIGH) Spectrometer 

was used to study the bonding structures. 

Photoluminescence (PL) studies were conducted using a 

https://doi.org/10.30501/acp.2022.329820.1082
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PerkinElmer LS 55 Fluorescence Spectrometer 

(phosphorescence mode) with the exciting wavelength of 

360 nm. Chromaticity color index (CIE) calculations 

were performed based on the photoluminescence spectra 

using MATLAB programming. 

Broth microdilution method was used in the anti-

bacterial tests with E. coli and S. aureus bacteria which 

were Gram-negative and Gram-positive, respectively. 

The photocatalytic activities of the prepared CuO and 

CuO/ZnO powders were evaluated based on the 

degradation of Direct Red 23 (RD23) under UV light 

source in a prototype photocatalytic agitated reactor. 

Suspensions were prepared by adding 0.4 g of the 

synthesized powders to 500 mL standard solution of 

DR23 with the concentration of 20 mg/L. First, 

suspensions were kept in a dark medium under agitating 

for 30 min to complete the absorption/desorption process. 

Then, the DR23 photodegradation yield was obtained 

during 210 min of suspension irradiation. 

Photodegradation reactions occured in a 500 mL 

volumetric glass where a transparent silica glass tube 

containing a 15 Watt UV lamp was located. The 

suspension was agitated by a magnet stirrer rotating at 

500 rpm during the test. Two mL of suspensions were 

obtained at each 15 min interval, and their absorbency 

was measured using a UV–vis spectrophotometer 

(Perkin-Elmer Lambda 25) at the maximum absorption 

wavelength of 503 nm. 

 

 

3. RESULTS AND DISCUSSION 
 

Figure 1 depicts the XRD patterns of the synthesized 

copper oxide and copper oxide/zinc oxide powder 

samples. As shown in this figure, copper oxide powder 

contained CuO phase characterized by a monoclinic 

structure (card no. 01-080-1916). Apparently, NaOH and 

surfactant function locally as a redox in the synthesis 

process that leads to the Cu2O minor phase. Moreover, 

ZnO with wurtzite structure (card no.01-076-0704) was 

formed in addition to these phases in copper oxide/zinc 

oxide composite powder samples. 

Figures 2 (a-h) show the SEM micrographs of copper 

oxide particles synthesized in the presence of different 

surfactants. As shown in Figures 2 (a-b), the presence of 

acetic acid and D200 surfactants contributes to the 

formation of highly agglomerated particles. Moreover, 

some spherical nanoparticles of the particle sizes of  

50-70 nm were formed. 

In comparison with the synthesis of case in the 

presence of acetic acid and D200, synthesis in the 

presence of Sodium Hexametaphosphate (SHMP) led 

to formation of very fine spherical particles with less 

agglomeration (Figure 2(c)). In addition, PVP and 

CTAB surfactants made the synthesis of particles with 

flake-like microstructures (Figures 2 (d-e)) feasible. 

Moreover, synthesis in the presence of amine 

containing surfactants, i.e., SDS, urea, and M2P, 

resulted in a combination of needle- and flake-shaped 

morphologies, as illustrated in Figures 2 (f-h), 

respectively. 

 

 
 

 

Figure 1. XRD pattern of the synthesized copper oxide (a) and 

(b) copper oxide/zinc oxide powders 

 

Figure 3 presents the macro images of the synthesized 

particles using different surfactants. Based on these 

images, darker powders were selected for chromatic 

characterization (Table 1). Powder samples synthesized 

in the presence of SHMP surfactant are shown in darker 

colors than the other ones. 

The anti-bacterial properties of ZnO/CuO composite 

and CuO powders synthesized in the presence of SHMP 

surfactant were studied using two E. coli and S. aureus 

bacteria. Table 2 lists the MBC values where both CuO 

and CuO/ZnO composite materials affect the S. aureus 

bacteria. However, the CuO samples failed in properly 

elimintaing the E. coli bacteria. Malwal et al. pointed out 

to the effect of ZnO/CuO composite on S. aureus instead 

of E. coli [2]. Sakib et al. reported that upon increasing 

the amount of CuO in ZnO/CuO composites, the 

antibacterial activities of both bacteria would increase 

[34].

https://doi.org/10.30501/acp.2022.329820.1082
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Figure 2. SEM micrographs of the copper oxide particles synthesized in the presence of different surfactants: a) acetic acid, 

b) D200, c) SHMP, d) PVP, e) CTAB, f) SDS, g) urea, and h) M2P 

a 

b 

c 

d h 

f 

g 

e 
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The composite samples exhibted better performance in 

terms of removing bacteria than the individual oxide 

[35]. He et al. remarked that the antibacterial properties 

of CZ-ESM indicated improvement in their activity 

against S. aureus and E. coli, compared to single 

components, mainly due to the synergistic interaction of 

Zn2+ and Cu2+ ions [36]. 

 

 

 

 

Without surfactant  Acetic acid 

 

 

 
D200  SHMP 

 

 

 
PVP  CTAB 

 

 

 
SDS  Urea 

 

 

 
M2P  M2P with Mn dopant 

   

Figure 3. Macro images of synthesized particles synthesized 

with different surfactants 

TABLE 1. Chromatic properties of the samples synthesized in 

the presence of different surfactants 

 L* a* b* c* h* 

M2P with Mn 

dopant 
37.26 -0.34 -0.25 0.43 216.21 

M2P 36.31 -0.24 -0.21 0.32 220.37 

D200 36.01 -0.34 -0.25 0.42 215.98 

SHMP 35.26 -0.06 0.38 -0.38 99.24 

 

TABLE 2. Chromatic properties of the samples synthesized in 

the presence of different surfactants 

E. coli S. aureus Bacteria 

Yield (%) Remained Yield (%) Remained  

100 0 100 0 ZnO/CuO 

100 0 99.5 3.5×104  

100 0 100 0  

99 3.5×104 100 0 CuO 

97 3.5×104 100 0 

92 5.5×104 100 0 

 

Figure 4a shows the concentration changes (C/C0) of 

DR23 with pH=9 as a function of illumination time in the 

reactor under UV irradiation for ZnO/CuO composite 

and CuO powders synthesized in the presence of SHMP 

surfactants. The initial 30 min was considered as the dark 

interval. As illustrated, photocatlitic yield of ZnO/CuO 

composite powder (about 90 %) was more than that of 

CuO particles (about 64 %) mainly due to the narrower 

band gap of CuO (1.2-1.7) than that of ZnO (3.7 eV) [37]. 

ZnO with a wide band gap can absorb UV irradiation 

properly and increase photocatalytic activity. The 

decrease in the DR23 concentration resulting from 

degradation was taken into account in the kinetic study. 

Given the low initial concentration of the DR23 solution, 

the reaction rate can be considered apparently first-

ordered, as presented in following equation: 

 

Rate = -dC/dt = KαC (1) 

 

where Kα is the apparent rate constant, and C the 

concentration of DR23. The kinetic degradation order for 

the process using CuO and CuO–ZnO composite 

powders as photocatalysts was calculated by plotting 

(Ln(C/C0) versus irradiation time (Fig. 4b). The rate 

constants of the CuO–ZnO and CuO photocatalysis 

processes were calculated from the slopes which fitted 

the first-order kinetic equation (-Ln(C/C0)=kt). 

According to the findings, CuO and CuO–ZnO samples 

under UV irradiation represented the constant 

photocatalytic activity values equal to 0.23×10-2 and 

1.2×10-2 min-1, respectively. P. Muhambihai et al. 

reported that NiO/CuO composite showed a higher 

degradation ability on Direct Red 80 dyes than that of 

ZnO/CuO [38]. Wei et al. also reported that the 

photocatalytic reduction of Cr(VI) was obtained over the 

composite films with 0.73 atomic Cu/Zn ratios. The 

https://doi.org/10.30501/acp.2022.329820.1082
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enhanced activity of CuO/ZnO composite films could be 

mainly attributed to the efficient separation of charges 

photogenerated in CuO/ZnO heterostructures [39]. Zhu 

et al. remarked that the photocatalytic removal efficiency 

of phenol, in comaparison to that of the CuO/ZnO 

composite, was up to 78 % under the irradiation of the 

light, which was ∼2 and ∼4 times higher than those of 

the pristine ZnO and CuO, respectively [40]. 

 

 
(a)                              Irradiation Time (min) 

 

 
(b)                              Irradiation Time (min) 

Figure 4. a) concentration changes (C/C0) and b) -

Ln(C/C0) versus irradiation time of DR23 with pH=9 

versus irradiation time UV irradiation for ZnO/CuO 

composite and CuO powders synthesized in the presence 

of SHMP surfactants 

 

 

4. CONCLUSIONS 
 

In the present study, copper oxide and copper 

oxide/zinc oxide particles were successfully synthesized 

in the presence of different surfactants to investigate their 

effect on the morphology of particles. The main results 

are suammarized in the following: 

1) Copper oxide powders with different morphologies in 

the forms of needle, round, and flake were synthesized 

in the presence of acetic acid, D200, SHMP, PVP, 

CTAB, SDS, urea, and M2P surfactants. 

2) The chromatic properties of the powders indicated that 

the pigment synthesized in the presence of SHMP had 

a better and darker black color than that of the others. 

Therefore, it could be a suitable candidate for the 

black pigment in the ceramic industry. 

3) Copper oxide powders exhibted a more proper anti-

bacterial behavior than copper oxide/zinc oxide 

powders in dealing with S. aureus bacteria. However, 

ZnO/CuO composite was more effective than CuO in 

removing E. coli bacteria. 

4) Copper oxide/zinc oxide particles demonstrated higher 

photocatalytic activity than copper oxide powders. 
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The current study aims to fabricate the HfB2-SiC-graphite composite through Spark Plasma Sintering (SPS) 
method at 1950 °C for 10 min. The oxidation behavior of the prepared composites was investigated at  

1400 °C and different times of 4, 8, 12, and 16 h. In addition, the weight changes and thickness of the 

generated oxide layer were measured. The relative density, hardness, toughness, and strength of the 
composite made through the SPS method were calculated as 99.39 %, 10.16 GPa, 4.73 MPa.m1/2, and 

464.12 MPa, respectively. The oxidation kinetic results of the composite exhibited linear-parabolic 

behavior. The chemical reaction during the oxidation process controlled the oxidation rate after 8 h. 
Followed by oxidation for more 12 h, the thickness of the oxide scale slowly increased, thus following a 

parabolic trend as a result of a decrease in the oxygen diffusion when HfOxCy and SiOxCy phases were 

formed. Therefore, it was concluded that the oxygen diffusion rate could control the oxidation process. 
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1. INTRODUCTION 
 

Ultra-High Temperature Ceramics (UHTCs) consist of 

nitrides, carbides, and borides of transition metal [1-3]. 

UHTCs have recently drawn researchers’ attention owing 

to their ablation resistance and high oxidation at quite 

high temperatures while applied in Thermal Protection 

Systems (TPSs) such as nosecone, propulsion system, 

sharp leading edge, and rocket nozzle [3]. Among all 

types of UHTCs, HfB2 has received considerbale 

attention compared to other deborides due to its 

advantagous characteristics such as higher melting 

temperature (3380 °C), thermal conductivity (104 

W/m.K), Young’s modulus (480 GPa), high resistance 

against oxidation, good hardness (28 GPa), and high 

chemical resistance [4]. 

Owing to the robust covalent bonds, low self-diffusion 

coefficient, presence of oxygen contaminants of non-

oxide raw materials, and high temperature, mechanical 

pressure is often require d during a long period to achieve 

full density [3]. 

Numerous approaches such as hot pressing, 

pressureless sintering, reactive hot pressing, and plasma 

spark sintering, to name a few, are commonly used used 

https://doi.org/10.30501/acp.2022.332396.1083
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for sintering HfB2 composites [5-7]. 

The spark plasma process requires low sintering 

temperature and shorter soaking time due to its higher 

heating rate than that of other methods [3]. Therefore, it 

is possible to make ceramics at high temperatures and 

speeds, i.e., a homogeneous fine grain structure with full 

density that requires less sintering. Upon adding the 

metallic additives (Fe, Ni, Co, W), carbides (SiC, HfC, 

WC, VC), nitrides (AlN, HfN, Si3N4), and desilicides 

(MoSi2, HfSi2, TiSi2, TaSi2) [3, 8-10], both sinterability 

and mechanical characteristics of HfB2 ceramics will be 

greatly improved. 

Some recent studies pointed out to the necessity of the 

presence of 10-30 vol. % SiC to achieve high oxidation 

resistance at high temperatures. Silicon carbide can 

improve the oxidation resistance of HfB2 ceramics by 

forming a B2O3-SiO2 glass layer above 1200 °C on the 

surface of the HfB2 matrix and inhibition oxygen 

diffusion into the bulk [11]. Followed by the oxidation of 

HfB2 at 800 °C, HfO2 (s) and B2O3 (l) will be formed. At 

1200 °C, SiC is oxidized, and the liquid-formed SiO2 

react with B2O3 (l) to produce borosilicate layer on the 

surface. 

This borosilicate layer fascilitates passive oxidation, 

which results in a parabolic mass gain, and decreases the 

oxidation rate of HfB2-SiC composites compared to pure 

HfB2 [12,13]. In this regard, many studies have been 

conducted on the optimization of the properties of HfB2-

SiC ceramic composite compound and coatings in the 

past years [14-16]. However, low fracture toughness of 

HfB2-SiC ceramic composites is an obstacle to their wide 

applications, especially in harsh environments. It was 

observed that both sinterability and fracture toughness of 

HfB2-SiC composites were enhanced by adding geraphen 

or short carbon fibers [17,18]. 

To the best of the authors’ knowledge, the impact of 

SiC and graphite co-addition on the densification as well 

as the mechanical and oxidation behavior of HfB2 

ceramics produced through the SPS method has not been 

examined yet. The previous study on the effect of the 

graphite addition on the mechanical properties of HfB2-

30 vol. % SiC composites confirmed the good 

mechanical properties of the HfB2-20 vol. % SiC- 

6 vol. % graphite composite. In this research, the spark 

plasma sintering method was employed to fabricate 

HfB2-30 vol. % SiC composite combined with 6 vol. % 

graphite. In addition, both densification and oxidation 

behavior as well as the mechanical characteristics of the 

mentioned composite at 1400 °C for 4, 8, 12, and 16 h 

were studied. 

 

 

2. MATERIALS AND METHODS 
 

Commercial HfB2, SiC, and graphite flakes were used 

to synthesize the HfB2-20 vol. % SiC-graphite (6 vol. %) 

composite. Table 1 shows the properties of the starting 

powders. 

 

TABLE 1. Characteristics of starting materials 

Purity Dimension Supplier Materials 

97 % D < 2 µm Beijing Cerametek 

Materials Co., China 

HfB2 

99 % D < 10 µm Xuzhou Co., China SiC 

99.9 % D < 50 nm 

L < 30 µm 

Qingdao Tiansheng 

Graphite Co.,China 

Graphite 

 

In order to mill HfB2 and SiC powder mixtures, first, 

high-energy planetary milling was applied using balls 

and a WC-Co cup at 300 rpm in ethanol medium with the 

ball-powder weight ratio of 10:1 for 3 h. The graphite 

nano-flakes were then ultrasonically stirred in 100 mL 

diluted ethanol for 1 h, and the mixture of HfB2 and SiC 

powder was added to the slurry and stirred for 30 min. 

Next, the slurry was dried on a hot plate equipped with 

magnetic stirring at 60 °C for 2 h. HfB2-30SiC-graphite 

composites were fabricated through the SPS method 

(Nanozint 10i, Khala Poushan Felez Co., Iran) at 1950 °C 

for 10 min under 40 MPa pressure in the vacuum of 0.05 

mbar. 

The relative density of the composite and porosity 

values were calculated in the distilled water using 

Archimedes technique. The theoretical density was also 

measured based on the mixture law using the theoretical 

density of 11.2 g/cm3 for HfB2, 3.2 g/cm3 for SiC, and 

2.26 g/cm3 for graphite. Phase analysis of composites was 

conducted using X-Ray Diffraction (XRD, Philips, 

Model: X’Pert MPD, Tube: Co, and λ: 1.78897 Å) 

pattern. Further, the surface and microstructure of the 

composite were examined using Field Emission 

Scanning Electron Microscope (FESEM, TESCAN, 

Model: MIRA) equipped with Energy Dispersive X-Ray 

spectroscopy (EDS) detector. The microstructure of the 

composite was investigated neglecting the thermal or 

chemical etching. The average grain size of the 

composite was measured by MIP Cloud software. The 

composite hardness was also measured using a Vickers 

hardness tester under 1 kg at the loading time of 10 s. In 

addition, the toughness of the composites was calculated 

through Equation (1) [14]: 

 

KIC = 0.073 (P/c1.5) (1) 

 

where KIC denotes the fracture toughness (MPa.m1/2), P the 

applied load (N), and c the average half-length of the 

crack (µm). The composite flexural strength was 

evaluated by a three-point flexural machine (Zwick Roell 

SP600, Germany) at the loading rate of 0.05 mm/min. 

The oxidation tests were carried out in an electric furnace 

at 1400 °C for 4, 8, 12, and 16 h. The composite oxidation 

resistance was evaluated considering the weight changes 

and thickness of the oxide layer after oxidation. 

https://doi.org/10.30501/acp.2022.332396.1083
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3. RESULTS AND DISCUSSION 
 

Figure 1 shows the ram displacement and densification 

behavior of HfB2-30 SiC-graphite composite during the 

SPS process. 

 
 

Figure 1. Displacement-Temperature-Time (DTT) curves of 

the HfB2-30 SiC-graphite composite 

 

The compaction processes include three steps: (1) 

compaction resulting from the rearrangement of the 

powder particles, increase in the contact surface of the 

particles, formation of more sparks, and increase in the 

thermal efficiency due to an increase in both pressure and 

temperature [17,19,20]; (2) First a decrease and then an 

increase in the displacement at 1100 °C: the initial 

decrease was indicative of the expansion caused by the 

gases produced by the evaporation of impurities and 

surface oxide contaminants in the presence of graphite 

additive. The second increase was caused by an increase 

in the pressure on the powder particles up to a final 

pressure of 40 MPa. Bulk deformation is caused by high 

temperature, neck growth among the particles, complete 

contact of particles, and noticeable compaction in this 

area; (3) A very slow increase in the slope of the curve 

and smooth displacement-time curves which are 

indicative of the complete compaction of this composite 

[21,22]. 

Apparently, the contact surface of the HfB2 particles 

increased during the reaction of oxygen impurities 

(HfO2 and B2O3) with SiC and graphite. As a result of 

this chemical reaction, gaseous products such as SiO, 

CO, and BxOy were produced which, prior to the 

production of gaseous products, caused the formation 

of the liquid phase and increased the sinterability of 

the HfB2 powder [23]. 

Table 2 lists the physical and mechanical 

characteristics of the composite produce through SPS 

method. According to the results, the density of the 

obtained composite in this study was higher than the 

values reported by [24-27]. Since graphite can remove 

surface impurities on the SiC and HfB2 particles and 

promote the densification of the composite, its addition 

to the composite would increase density and decrease the 

porosity percentage.

 

TABLE 2. Physical and mechanical properties of the HfB2-30SiC-graphite composite 

Ref Strength 

(MPa) 

KΙC 

(MPa m1/2) 

Hardness 

(GPa) 

Apparent 

porosity 

(%) 

Relative 

density 

(%) 

HfB2 average 

grain size 

(µm) 

Material composition 

[24] - 3.6 - - 98.9 - HfB2-20 vol. % SiC-10 vol. % TaSi2 

[25]  4.7 20.4 - - - HfB2-10 vol.% SiC 

[26] 563 3.36 10.6 - 99.1 6.9 HfB2-20 vol. % SiC-10 wt. % WC 

[27] 585 3.72 21.07 - 98.8 2.57 HfB2-20 vol. % SiC-20 vol. % HfC 

[28] - 3 18 - 98.6 3.25 HfB2-15 vol. % SiC-15 vol. % MoSi2 

[29] 545 3.59 19 - 99.2 2.07 HfB2-20 vol. % SiC-8 vol. % HfC 

Peresent 

work 

464.12 4.73 10.16 0.61 99.39 HfB2: 3.268 

SiC: 2.155 

Graphite: 0.125 

HfB2-30 vol. % SiC-6 vol. % Graphite 

 
 

The hardness of HfB2-30 SiC-graphite composite was 

lower than that of HfB2-SiC composite (18-20.4 GPa) in 

other researches [25,27-29]. Although this composite is 

characterized by a high density due to the inherent 

softness of graphite, its hardness is reduced. 

The toughness and bending strength of HfB2-20 SiC-

graphite composite was higher and similar to those values 

reported in the literature, i.e., 4.65 MPa.m1/2 and 465 

MPa, respectively [24], mainly due to the laminar 

structure of the graphite and its role in siterability 

improvement of the composite. The effect of carbon 

fibers on the toughness of HfB2 composites was also 

reported in [17]. 

Figure 2 shows the XRD pattern of the composite after 

the SPS process according to which, both HfB2 and SiC 

phases can be observed in the samples, and there are no 

unwanted phases in the composites. 
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Figure 2. XRD pattern of the HfB2-30 SiC-graphite composite 

sintered at 1950 °C for 10 min 

 

Figure 3 shows the SEM images with elemental 

analysis (EDS) of the composite surface after the SPS 

process. According to EDS analysis, the dark and light 

areas represent the SiC and HfB2 phases, respectively. 

 

 

 

 

 

Figure 3. SEM images analysis (EDS) of the composite 

surface after the SPS process at 1950 °C for 10 min 

 

Figure 4 depicts the SEM images of the fracture cross-

section of the composite after the SPS process. The 

fracture surface of the sintered composite was a 

combination of the intergranular fractures. Particles 

pull-out and sharp edges observed in the images are 

possibly related to the intergranular fracture that 

occurred in grain boundaries (thin arrows). Certain 

areas, particularly in the compared surfaces with a 

typical grain growth compared to others, represent 

wide and smooth surfaces, indicating the intragranular 

fracture (thick arrows). An oxide layer on the surface 

of non-oxide particles (such as HfO2, SiO2, and B2O3) 

causes the generation of borosilicate glass phases. In 

their research work on the HfB2-SiC composite 

sintered through hot pressing technique, Monteverde 

et al. stated that the glass phase in the SEM images was 

visible in the forms of coating, uniform and brittle 

fracture surface or a low thickness layer [30]. Such a 

glass phase was clearly visible in the SEM images of the 

cross-section of the composite prepared in the present 

research work (dashed flash). 

In the cross-section images of HfB2-SiC composites, 

graphite layers in different amounts can be observed in 

the cross-section, indicating that the graphite was not 

converted into new phases. Therefore, it can be 

concluded that the sintering and compressibility in the 

HfB2-30 SiC-graphite systems was non-reactive. 

 

 

Figure 4. SEM of the fracture cross-section of the composite 

after the SPS process at 1950 °C for 10 min 
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Figure 5 presents the SEM image of the composite 

surface after oxidation at 1400 °C and different times 

according to which, the composite surface is coated with 

a glass layer. Oxidation of SiC particles according to 

reaction (2) at the temperatures above 1100 °C would 

form a glass layer of SiO2 on the surface of the composite 

[31-35]. 

 

2 SiC (s) +3 O2 (g) = 2 SiO2 (l) +2 CO (g) (2) 

The glass layer is evenly distributed on the HfB2-30 

SiC-garaphite composite surface after oxidation for 12 

and 16 h. As observed in the EDS analysis, the glass layer  

is evenly composed of Si and O. In addition, the white 

crystals of different sizes and shapes were found on the 

surface of composites after oxidation. According to the 

EDS analysis, the spherical crystals with high amounts of 

Hf and O and angular crystals with equal amounts of Hf 

and Si were HfO2 and HfSiO4 crystals, respectively. 

 

 
 

  

Figure 5. SEM image of the surface of the HfB2-30 SiC-graphite composite after oxidation at 1400 °C for different Times, (a) 4 h, 

(b) 8 h, (c)12 h, and (d) 16 h 

 
 

 

The formation of crystalline phases in the present study 

can be elaborated base on thermodynamic calculations 

(Figure 6) [31]. To be specific, followed by the formation 

of SiO2 (reaction (2)) and HfO2 (after oxidation at 800-

1700 °C according to reaction (3)) [31], HfO2 was first 

dissolved in the borosilicate melt, thus forming SiO2-

B2O3 (HSB) liquid in the glass layer. 

As the oxidation process continued, the HSB liquid 

would flow from the top of the glass layer. In the case of 

B2O3 evaporation, HfO2 particles were precipated from 

the HSB liquid. In addition, HfO2 reacted with SiO2 at 

temperatures above 1200 °C, according to reaction (4), 

thus forming HfSiO4 particles [35]. 

 

 

Figure 6. Gibbs free rnergy versus temperature for possible 

reactions in this study 
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2 HfB2 (s) + 5 O2 (g) = 2 HfO2 (s) +2 B2O3 (l) (3) 

SiO2 (l) + HfO2 (s) = HfSiO4 (s) (4) 

SiC (s) + O2 (g) = SiO (g) + CO (g) (5) 

B2O3 (l) = B2O3)g) (6) 

3 C (s) + O2 (g) = 2 CO (g) (7) 

 

Two types of bubbles were observed on the surface of 

this oxide layer some of which grew to the surface, yet 

the others could not find their way to the surface. 

Researchers believe that this layer cannot flow near these 

bubbles and cover the open bubbles owing to the high 

viscosity of the glass layer. These bubbles can be formed 

by the accumulation of gaseous products resulting from 

active oxidation of SiC at the high temperature of  

1400 °C (reaction (5)) and B2O3 evaporation at the 

temprature of above 1100 °C (reaction (6)) and oxidation 

of graphite at 500 °C (reaction (6)) [2, 34]. 

Figure 7 illustrates the cross-section of the composite 

after the oxidation test at different times. 

According to the EDS analysis (Figure 8), the first 

layer was rich in Si while the second one had moderate 

amount of Si and Hf. 

 
 

 

 

 

  

 

 

 

 

 
 

 

  

 

Figure 7. cross-section of the HfB2-30 SiC-graphite composite sample 

after oxidation test for different times 
 Figure 8. Line EDS analysis of the HfB2-30 SiC-graphite 

composite sample after oxidation test for (a) 8 and (b) 16 h 

 
 

Figure 9 shows the thickness of each layer formed on the 

surface of the HfB2-30 SiC-graphite composite followed 

by conducting the oxidation test. The obtained results 

showed that followed by increasing the time of graphite 

oxidation during the oxidation process at  

1400 °C and forming new channels for oxygen to better 

penetrate into the composite, the oxidation rate and 

thickness of SiO2 rich layer would increase. Given that 

the formation of the thicker glass layer as a result of a 

decrease in the oxygen penetration into the composite 

after oxidation for 12 h, the thickness of SiO2 rich layer 

would slowly increase.As observed in the EDS analysis 

(Figure 10), HfO2, HfOxCy, and SiOxCy phases were 

formed followed by oxidation for 12 h. Zapata et al. 

reported the formation of MeOxCy (Si, Zr,Hf) after 

oxidation of MeB2-SiC (Zr,Hf) composites at 1500 °C for  

3 h [36,37]. 

 

Figure 9. Thickness of the oxide layer formed on the surface 

after conducting the oxidation test at different times 

 

MeOxCy phases were proposed as the novel protective 

coatings for UHTCs in cases where the oxygen diffusion 
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coefficients were reduced, and oxidation resistance of 

composites was improved for a long exposure time. In 

this study, followed by the formation of the HfOxCy and 

SiOxCy phases and their oxidation, oxygen diffusion into 

the composite would decrease after 12 h. As a result, the 

thickness of the SiO2 layer slowly increased. Therefore, 

it can be expected that the composite will follow a 

stabilized trend at long exposure times. 

 

 

 

 

 

Figure 10. cross-section of the HfB2-30 SiC-graphite 

composite sample after the oxidation test for 16 h 

 

Figure 11 illustrates the oxidation kinetics of 

HfB2–30 SiC–graphite composites oxidized at  

1400 °C. 

The oxidation mechanism is determined by the changes 

in the weight gain per unit surface area (∆W/S) as an 

oxidation time function. 

 

Figure 11. Oxidation kinetics of HfB2-30 SiC-graphite 

composites oxidized at 1400 °C 

 

The oxidation kinetic variables, x and k, are calculated 

using Equation (8): 

 

(∆W/S)x = kt (8) 

 

where x is the oxidation exponent, and k the constant of 

the oxidation rate. 

According to the literature, while the linear trend (x=1) 

is indicative of the reaction rate-controlled kinetics, the 

parabolic one (x=2) is indicative of the diffusion rate-

controlled kinetics. The value of x in the current study 

was calculated as 1.563 which was indicative of a linear-

parabolic behavior. While the linear oxidation kinetics 

were observed for 8 h, the parabolic oxidation kinetics 

were observed for up to 16 h. The thickness of the oxide 

scale rapidly increased 8 h past the oxidation, thus 

making the trend linear. 

According to Figure 5, HfO2 and HfSiO4 were the main 

phases on the top oxide layer at the oxidation time of less 

than 12 h, suggesting that under this condition, the 

oxidation was controlled by the reaction rate. After 12 h 

of oxidation, the thickness of the oxide scale gradually 

increased, following a parabolic trend mainly due to the 

impact of the produced HfOxCy and SiOxCy phases that 

reduced the oxygen transport. With the development of 

these phases, the rate of oxidation began to increase 

steadily. As a result, the diffusion rate determined the 

oxidation rate. There was a barrier for oxygen diffusion 

in this stage. The oxidation rate was liner at first; 

however, after the formation of HfOxCy and SiOxCy 

phases, oxygen was used for oxidation of these phases. 

Consequently, the oxygen diffiusion rate in the bulk 

decreased, hence improvement in the oxidation 

resistance of the composite and gradual increase in the 

oxidation rate. 

 

 

4. CONCLUSION 
 
In the current research, HfB2-30 vol. % SiC-6 vol. % 
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graphite composite was fabricated through SPS method. 

The obtained composite was charaterized by high relative 

density (99.39 %) and good mechanical properties (the 

toughness and strength values were obtained as 4.73 

MPa.m1/2 and 464.12 MPa, respectively). The oxidation 

behavior of the composite was studied at 1400 °C and 

different times. The thickness of the oxide layer formed 

on the surface of the HfB2-30 SiC-graphite composite 

increased from 3.2 µm to 16.1 µm upon increasing the 

oxidation time. The composite exhibited a linear-

parabolic behavior during the the oxidation test, and the 

oxidation exponent was obtained as 1.563. The results 

from the elemental analysis revealed that HfO2 and 

HfSiO4 were the main oxide specieses on the top oxide 

layer at the oxidation time below 12 h, suggesting that 

under this condition, the oxidation was controlled by the 

reaction rate. After oxidation for more 12 h, the thickness 

of the oxide scale slowly increased, thus making the trend 

parabolic mainly due to the impact of the decreasing 

oxygen diffusion on the formed HfOxCy and SiOxCy solid 

solutions. Of note, the oxidation was controlled by the 

diffusion rate. For this reason, it expected that the 

composite would follow a stabilized trend at long 

exposure times. 
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Scaffolds made of three components containing Gelatin (30.3-64.7 wt. %), Tragacanth (23.5-60.6 wt. %) 
and nano-Hydroxyapatite (9.09-11.67 wt. %) were fabricated through the freeze drying process. Among 

the scaffolds with the components in the mentioned range, three scaffolds were selected for comparison 
based on pre-test steps including washout and soaking in SBF for 28 days to evaluate their consistency. At 

the end, two scaffolds with the maximum and moderate wt. % of gelatin were selected for further studies. 

The same pre-tests were done to select one of the cross-linkers namely GPTMS, CaCl2, and Glutaraldehyde. 
As a result, GPTMS with the total amount of 10 % of the total polymers wt. % was selected as the cross-

linker. The mechanical properties of the scaffolds were investigated through the compressive test, and the 

one with higher Gelatin content had the highest Elastic modulus. In addition, the biodegradability of the 

scaffolds was studied by soaking them in the PBS for 1, 3, 7, 14, 21, and 28 days and measuring the weight 

loss. Higher contents of Gelatin resulted in less degradation. In this research, the biocompatibility of the 

samples was surveyed by soaking them in the SBF for 1, 3, 7, 14, 21, and 28 days, and the formation of 
the apatite layer on the scaffold surface was studied using the XRD, FTIR, and SEM techniques. Of note, 

the apatite layer can be finely formed on the sample with moderate Gelatin content. Other two scaffolds 

with the maximum and minimum Gelatin contents were completely deteriorated in the SBF. 
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1. INTRODUCTION 
 

Bone is a highly vascularized tissue that is able to 

remodel itself to maintain skeletal integration. However, 

in some cases, when bone loses this ability, bone mass 

loss and osteoporosis would occur. One of the major 
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causes of osteoporosis is the lack of balance between the 

osteoblast and osteoclast activities that cause bone 

formation and bone resorption, respectively, hence a 

decrease in the bone mass and its vulnerability against 

trauma. Traditional therapies such as bone autografts, in 

addition to being invasive, may cause some problems 

such as infection. Given the considerable advantages of 

bone tissue engineering methods including low costs, less 

trauma, and immunotoxicity, they have drawn a great 

deal of attention due to their different applications. For 

instance, bone tissue engineering scaffolds have been 

widely used in the past few years in order to prevent the 

progression of osteoporosis and treat the damages to the 

bone. These scaffolds are required to have some physical 

and mechanical properties similar to those of bones 

namely the bioactivity, biocompatibility, non-toxicity, 

and cell attachment to stimulate bone formation [1]. 

Given that the damaged and porous bones are less able to 

remodel themselves, there are only a few cases of bone 

tissue engineering scaffolds that have succeeded in bone 

remodeling. Therefore, choosing the proper components 

of the bone tissue engineering scaffold and determining 

the ratio of the components are the major challenges in 

this regard. Since the natural bone is composed of organic 

and inorganic nano-composites, the elemental texture of 

the bone is stiff, mainly containing inorganic calcium 

hydroxyapatite with the chemical formula of 

Ca10(PO4)6(OH)2 as Nano-crystals, which is the main 

causes of bone stiffness. The organic phase of the bone 

matrix is mainly composed of Type I collagen which is 

an elastic protein that optimizes fracture strength and 

strengthens the attachment, growth, and differentiation 

cells. Other organic components existing in the bone 

tissue are glycosaminoglycans, osteocalcin, osteonectin, 

bone sialoproteins, and osteopontin. Despite the high 

strength of the inorganic matrix of the bone, it is still 

fragile. On the contrary, the organic matrix (like Collagen 

fibrils) is flexible yet less strong. The combination of 

these two phases form a matrix with high strength and 

flexibility that is not brittle. 

Since the bone matrix is made of different components 

with the mentioned properties, the tissue engineering 

scaffolds designed to mimic the bone behaviors and 

properties must be composed of different ingredients. 

Therefore, choosing the best materials for fabricating the 

bone tissue engineering scaffold is an improtant 

challenge to be taken into account. In addition, the weight 

percentage of the scaffold components is another factor 

that affects the scaffold function when used in bones with 

osteoporosis or trauma. The currsent study put its main 

focus on these two challenges in order to design and 

fabricate a scaffold used in non-load bearing bones or 

bones with osteoporosis issues. 

The main constituent of the scaffold in this study is 

Gelatin which is a natural polymer that can mimic 

extracellular matrix and provide a convinient 

microenvironment for cell growth and proliferation [2] 

since it is composed of amino acids and peptides obtained 

from minor hydrolysis of triple helix bonds of Collagen. 

Among these amino acids, Arginine, Glycine, and 

Aspartic acid (RGD sequence) provide the necessary 

signals for the proliferation, adhesion and differentiation 

of cells. However, Gelatin has high degradation rate and 

low compressive strength of about 0.03 MPa, hence not 

suitable for bone tissue engineering applications. 

Therefore, Gelatin must be utilized in a combination with 

other components such as chitosan, hyaloronic acid or 

collagen (proteins and polysaccharids) which are used in 

several bone tissue engineering applications due to their 

proper degradation rate and less immunological 

responses [3]. Among these natural biopolymers, 

polysaccharids, specifically natural gums, have 

significantly drawn attention due to their availability, low 

preparation costs, hydrophilicity, appropriate biological 

responses, resembling extracellular matrix properties, 

and high binding capability [4]. 

One of these natural gums is Gum Tragacanth (GT) 

which is a heterogeneous branched anionic polysaccharid 

obtained from a native Iranian herb that simulates bone 

features in the scaffold [5]. It is an antibacterial polymer 

with high molecular weight that is easily solved or well 

dispersed in water. It is also highly resistant against heat, 

acidity, and aging. It has been proved that using GT-

based hydrogels would increase osteoconductivity, 

compared to Collagen hydrogels and tissue culture plate. 

Tragacanth is a non-toxic material with the highest ALP 

activity and bone mineralization with the highest 

expression of Runx-2, osteonectin, and osteocalcin by the 

bone mesenchymal stem cells, which are the main factors 

contributing to bone formation and osteogenic 

differentiation. GT also plays a key role as a binder that 

helps omit toxic crosslinkers [6]. Moreover, adding it to 

the common matrices used for encapsulation of bone 

cells used in bone tissue engineering such as Calcium 

Alginate (CA) beads improves degradation and swelling 

of the beads and stimulates cell proliferation and 

differentiation. Due to the abundant hydroxyl (OH) and 

carboxyl (COOH) groups existing in the GT, it provides 

suitable sites for crosslinking and Hydrogen binding with 

other molecules with the same functional groups [7]. Of 

note, the presence of active functional groups in the GT 

chains as the binding sites is another notable 

characteristic of this gum that makes it suitable for 

conjuction of drugs. In addition, its swelling ability, 

which creates a three dimensional network, makes it a 

proper choice for drug encapsulation that turns it into a 

desirable drug delivery system [8]. Moreover, GT is anti-

microbial, anti-inflammation, non-allergic, and non-toxic 

[9]. Despite all these high-grade properties of GT, this 

gum have been limitedly applied in bone tisssue 

engineering and osteogenesis. For this reason, this 

constituent is a novel component of the scaffold in this 

study. Osteogenic differentiation of human adipose-

derived mesenchymal stem cells cultured on the GT 
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hydrogel was already proved, thus confirming its 

application in orthopedics and bone regeneration [10]. 

In order to utilize this polysaccharide in bone tissue 

engineering, its structure must be stabilized using 

biocompatible coupling agents and crosslinkers such as 

GPTMS (3-glycidoxypropyl ) [11]. Not only does this 

crosslinker increase the consistency of this biopolymer, 

but also it adjusts its biological properties and optimizes 

the interfacial interactions of the composites containing 

GT [12,13]. GPTMS is biologically safe and non-toxic 

and that facilitates cell adhesion and proliferation. 

Although fabrication of a bone tissue engineering 

scaffold with only two polymer consituents simulates the 

organic phase of the extracellular matrix and results in 

cell ingrowth, the bioactive components are still 

necessary for bone healing. Among these components is 

Hydroxyapatite (HAp) which is the most important 

inorganic component of the natural bone that is highly 

bioactive and non-toxic [14,15]. HAp can improve the 

mechanical properties of the scaffold and increase both 

cell proliferation and adhesion by creating hydrophilic 

surfaces [15]. It also enhances the osteogenic 

differentiation of the mesenchymal stem cells. In 

addition, it has good distribution, thus facilitating the 

interactions between the scaffold and osteogenic cells 

owing to the relatively high ratio of the surface area to 

volume. 

In order to design a scaffold with the mentioned 

properties, we must determine the ratio of the scaffold 

components as well. In this study, attempts were made to 

design a scaffold with three components and determine 

the best wt. % of the components in order to obtain the 

best mechanical and biological properties. To this end, 

three scaffolds with different wt. % of the components 

containing Gelatin, Nano-HAp, and Tragacanth were 

designed to choose the best scaffold with the closest 

mechanical properties to those of the cortical bone, fine 

apatite formation, and same biodegradability rate as the 

cortical bone formation. 

In fact, the main objective of this study was to design 

and fabricate a scaffold simulating cortical bone 

mechanical, physical, and biological properties based on 

the interactions among the components. 

 

 

2. MATERIALS AND METHODS 
 
2.1. Starting Materials 

In order to prepare the scaffold, Nano-HAp (CAS 

12167-74-7) with the particle size of < 200 nm, Gelatin 

Type B (obtained from alkaline hydrolysis of insoluble 

Collagen) from bovine skin, Tragacanth, G1128, (CAS 

9000-65-1, EC 232-552-5), and Glutaraldehyde (CAS 

111-30-8) were purchased from SIGMA-Aldrich, 

Germany. In addition, Calciumchlorid (CAS 10043-52-

4) and GPTMS (CAS 2530-83-8) were purchased from 

Merck, Germany and then, Phosphate-Buffered Saline 

(PBS) with 1X concentration and pH of 7.3 (CAS 

11510546) was purchased from Gibco, United Kingdom. 

Double Distilled (DD) water was used as the solvent for 

the scaffold components, and SBF was prepared based on 

the Kokubo method [16]. 

 

2.2. Composition of the Scaffolds 

In this study, different compositions of the scaffolds 

were investigated to find the best scaffold with the 

optimum mechanical, physical, and in vitro biological 

properties. 

As a result, three scaffolds were designed considering 

the following compositions given in Table 1. All the 

compositions were inserted as wt. %, and their 

compositions were designed according to our pre-tests, 

containing wash out with DD water and soaking in SBF 

for 28 days. Samples that were not completely 

deteriorated in the SBF for 28 days were selected for 

further studies. All the ratios of GPTMS, the crosslinking 

agent, were constant. The total amount of the cross-

linking agent was considered 10 % of the total weight of 

the polymers used. Of note, GPTMS was selected as the 

cross-linking agent according to the pre-tests when 

compared to CaCl2 and Glutaraldehyde mainly because 

the scaffolds fabricated with different percentages of the 

other two cross-linkers were washed out in distilled water 

and completely deteriorated in the SBF solution after one 

day. It is worth mentioning that the scaffold with the 

minimum wt. % of Gelatin was deteriorated in the 

washing process with DD water and therefore, it was 

omitted. Finally, only two scaffolds with maximum and 

moderate wt. % of Gelatin remained, hence selected for 

further studies. 

 

TABLE 1. Compositions of the studied scaffolds 

Composition Gelatin Tragacanth nHAp GPTMS 

G1 30.3 % 60.6 % 9.09 % Fixed 

G2 47.5 % 42.05 % 10.42 % Fixed 

G3 64.7 % 23.5 % 11.76 % Fixed 

 

 

2.3. Scaffolds Fabrication Technique 
Solutions of the scaffold components with equal 

volumes and different wt. % of the components were 

prepared. In order to make G1, first, 0.909 g of nHAp was 

poured into 10 cc of distilled water and mixed on a stirrer 

to obtain a homogeneous solution. Then, 3.03 g of 

Gelatin was poured into 10 cc of distilled water. Given 

the better solulabilituy and more uniformity of gelatin at 

higher temperatures, the obatined solution was 

transferred to a heater-stirrer at the temprature of  

40-50 °C and mixed for 30 minutes to be completely 

dissolved. Afterwards, 6.06 g Tragacanth was added to 

10 cc of distilled water and mixed with a heater-stirrer to 

be uniformly dissolved. GPTMS was then added to the 

gelatin solution and mixed for another 30 minutes. All 
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mixing processes were done at the speed of 350 rpm. The 

total amount of GPTMS was considered as 10 % of the 

total weight of the polymers: (3.03+6.06)*10% = 0.9. 

Subsequently, 0.9 cc of GPTMS was added to the gelatin 

solution. These three aqua solutions were incorporated 

and mixed for 24 hours on a heater-stirrer at the 

temparature and mixing speed of 40 °C and 350 rpm, 

respectively. The acquired solution was poured into 3 cc 

syringes, transferred to the liquid Nitrogen for quick 

freezing, kept aways from percipitation of nHAp 

particles, and kept in a -20 °C freezer overnight mainly 

because nHAp would only be dispersed in the 

composition. The obtained cylindrical structure was then 

put in the freeze dryer (Pishtaz Equipment Engineering 

Co.) for 48 hours to complete the scaffold fabrication 

procedure. 

The same process was repeated for G2 and G3 

scaffolds with the mentioned wt. % of the components. 

 

2.4. Experiments 
To study the mechanical properties, biocompatibility, 

degradation rate, and cell attachment, the following 

experiments were carried out. 

 

2.4.1. Mechanical Testing 
The scaffolds were cut into cylindrical shapes with the 

diameter and height of 10 mm and 20 mm, respectively, 

with parallel surfaces. The specimens were then 

transferred to a compressive strength testing device 

(SANTAM STM-20). Compression tests were repeated 

with three samples for each scaffold, and the Elastic 

modulus of the scaffolds were obtained through the 

following equation: 

 

E = σ(ε)/ε = 
F/A˳

ΔL/L˳
 = 

FL˳

A˳ ΔL
 (1) 

 

2.4.2. Physical Characterizing 

The scaffolds were characterized using FTIR, XRD, 

and SEM prior to and followed by soaking in the SBF 

solution at different time intervals of 3, 7, 14, 21, and 28 

days to evaluate the phases and bonds and make sure 

whether the bonds between the three components are 

made and they are crosslinked as well and also, to study 

the apatite formation in order to evaluate 

biocompatibility of the scaffolds. The samples were also 

studied using the Scanning Electron Microscopy (SEM) 

to monitor their structure and porosity. 

 

2.4.3. In vitro Apatite Formation 
Scaffolds used in the non-load bearing bone defects 

must be attached well to the adjacent bone. This process 

is not done unless a proper layer of apatite is formed on 

the surface of the scaffold. In this regard, the apatite layer 

formation test in Simulated Body Fluid (SBF) was done. 

Scaffold cylindrical samples were submerged in the 

SBF solution for 3, 7, 14, 21, and 28 days. All FTIR, 

XRD, and SEM experiments were carried out to find 

information about the chemical composition of the 

surface, figure out whether or not the apatite layer is 

formed, and measure the thickness of the apatite layer. 

 

2.4.3.1. FTIR 
To prepare the samples for the FTIR spectroscopy 

(Victor 33, Broker, Germany) with 45 scan per sample, 

the scaffolds were first grinded, and the obtained powder 

was mixed with Potassium Bromide (KBr, an inactive 

material against the IR spectra) to acquire powder 

particles with the diameters of less than 2 µm. Then, the 

powder was compressed to obtain shots and exposed to 

IR spectra to record the FTIR spectra. 

Apatite formation was also evaluated using FTIR 

analysis for the scaffolds prior to and followed by 

soaking in SBF for 28 days based on a comparison 

between the obtained spectrum and identified peaks 

related to Carbonated HAp. 

 

2.4.3.2. SEM 
The scaffolds were cut into thin slices with the 

dimensions of 3 mm, dried well, and covered with a thin 

layer of gold in order to make them electro-conductive. 

Then, the samples were placed into the SEM S360-

Cambridge 1990, and the obtained images were analyzed 

to investigate apatite formation on top of the scaffolds. 

The images were compared for the scaffolds before and 

after 28 days of simmering in SBF. 

 

2.4.3.3. XRD 
The XRD pattern of the scaffold was obtained using 

Philips PW3710 diffractometer with the X-Ray source of 

Cu-Kα and step size of 0.02°. It is worth mentioning that 

λ was obtained as 0.154 nm. 

 

2.4.4. In vitro Biodegradation 
Scaffolds were soaked in Phosphate Buffer Saline 

(PBS) for 3, 7, 14, 21, and 28 days. Then, their weight 

changes were evaluated. 

 

 

3. RESULTS AND DISCUSSION 
 
3.1. Mechanical Testing 

Since the fabricated scaffolds are meant to be placed in 

the cortical bones and preferably in non-load bearing 

sites, their mechanical properties were evaluated using 

compression test (SANTAM STM-20) at the speed of  

1 mm/min. All compression tests were repeated with 

three samples, and the mean value of their mechanical 

properties was considered as the result. 

Figure 1 shows the elongation of the samples as a 

function of the applied force for the G2 sample. The 

elastic modulus as long of peak for each sample was 1.67, 
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1.31, and 1.39 MPa, and the average Elastic modulus was 

1.456 MPa. All mean values of the other mechanical 

properties related to the samples of G2 and G3 are shown 

in Table 2. Elongation as a function of force for the G3 

sample is given in Figure 2. The compression test was 

repeated with three samples. 

 

 

Figure 1. Elongation as long of peak for the G2 sample 

 

TABLE 2. Mean values of the mechanical properties of the G2 

and G3 samples 

 G2 G3 

Sample Peak Break Peak Break 

Force (N) -10.8 -10.3 -54 -52.7 

Extension (mm) -5.94 -5.94 -6.04 -6.08 

Stress (MPa) -0.25 -0.23 -1.13 -1.12 

Elongation (%) -43.4 -43.4 -42.27 -42.58 

Elong Aft. Brk (%) -25.15 -26.01 -32.27 -32.68 

Energy (J) -30.6 -30.57 -159.83 -159.5 

Bending St. (MPa) -0.87 -0.83 -4.17 -4.13 

Bending Strain -1.45 -1.45 -1.38 -1.4 

Bending Module 0.61 0.58 3.04 2.98 

 

 

Figure 2. Elongation as long of peak for the G3 sample 

 

According to the results, the mean elastic modulus for 

the G2 scaffold and the G3 scaffolds were 1.4 MPa and 

12.47 MPa, respectively. The elastic modulus of the G2 

scaffold is lower than those of the other due to less 

Gelatin wt. %. 

Given that the main crosslinking occurs mostly 

between Gelatin, Tragacanth, and GPTMS, less wt. % of 

these two components would result in less crosslinking 

and lower strength of the scaffold, thus confirming the 

results from the previous studies emphasizing that Gelatin 

and GT acted as the binder in ceramic scaffolds [17]. 

Higher wt. % of nHAP is another reason for higher 

elastic modulus of the G3 scaffold. To be specific, 

according to the previous studies [18], an increase in the 

wt. % of HAp results in higher elastic modulus, which is 

an outcome of higher scaffold integrity due to less 

porosity. Higher wt. % of GT in the G2 samples results 

in higher compression yield strength and compressive 

strength, and a decrease in the porosity, according to the 

previous studies [10]. However, higher wt. % of Gelatin 

and its effect on mechanical properties undermined the 

role of wt. % of GT in the scaffold. 

Based on the results from the mechanical testing, it can 

be concluded that the G3 sample has closer elastic 

modulus to that of the trabecular bone, which is in the 

range of 10-3000 MPa. However, given that the elastic 

modulus of the trabecular bone decreases by 10 % for 

every decade of aging due to the changes in the bone 

density and increase in the anisotropy of bone 

compressive strength, the G2 sample can be technically a 

better choice for bone remodeling throughout the healing 

process based on the tissue engineering approaches. 

Moreover, damages casued by osteoporosis can have the 

same effect on the cancellous bone. As a result, the 

scaffold has less elastic modulus and less compressive 

strength, hence a better choice for cortical bone 

substitute. Of note, the compressive strength of the 

spongy bone is quite low, i.e., approximately 0.036-2.945 

MPa [10]. 

 

3.2. Physical Characterizing 
3.2.1. In vitro Biodegradation 

Scaffolds were soaked in the PBS for 3, 7, 14, 21, and 

28 days and changes in their weights were evaluated. The 

degradation value can be obtained through the following 

formula: 

 

Degradation= 
m2−m1

m1
 *100 (2) 

 

where m2 is the sample weight after its exposure to the 

PBS, and m1 the initial weight of the sample. Figure 3 

refers to the degradation as a function of time for G2 and 

G3 samples. 

According to the degradation results, the degradation 

percentage increased with time for both sample groups, 

and the degradation rate of the G2 sample after 28 days 

was more than that of the other samples mainly because 

of the lower wt. % of Gelatin and GT since more cross-

linking happens between Gelatin, GT, and GPTMS, and 

G2 has lower wt. % of these two components. 
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Both G2 and G3 scaffolds were characterized by fair 

biodegradability as well as 10.3 % and 9.5 % weight loss 

after 28 days soaking in the PBS, respectively. This is a 

fair degradation rate because the first two stages of bone 

remodeling, i.e., resorption and reversal, takes about six 

to seven weeks to be completed, and the last stage, i.e., 

bone formation, takes up to four months to completely 

heal the bone [19]. 

 

 

Figure 3. Degradation percentage for the scaffolds in the PBS 

at different time intervals 

 

Higher weight loss of the G2 sample can be 

attributed to lower wt. % of nHAP and Gelatin. As 

stated in the previous studies [16], higher amounts of 

nHAP would result in less porosity and consequently 

less degradation due to less diffusion of the PBS into 

the scaffold. Further, higher wt. % of gelatin in the G3 

sample nullified the binding effect of higher wt. % of 

Tragacanth in the average sample, thus resulting in 

lower degradation rate. Two or three weeks after the 

trauma marks the beginning of the transformation of a 

fragile cartilage like tissue in the defect site into the 

bone tissue. This process takes about 6 to 12 weeks (6 

weeks for the upper limb, and 12 weeks for the load-

bearing sites). In fact, since the degradation rate of the 

scaffolds were close, the G2 scaffold was selected as 

the optimum one owing to the other properties similar 

to the cortical bone. 

 

3.2.2. In vitro Apatite Formation 
3.2.2.1. SEM Analysis 

SEM images from the samples prior to and 

followed by soaking in the SBF were compared to 

study whether or not the apatite layer was formed. 

After 28 days of soaking in the SBF, the G3 sample 

was completely deteriorated, and the apatite 

formation was monitored after three days. Then, the 

G2 samples were dried at the room temperature, cut 

into thin slices with the dimensions of 3 mm, and 

covered with a thin layer of gold to make the samples 

electro-conductive. Next, the samples were put inside 

the SEM (SEM S360-Cambridge 1990). 

Figures 4-7 depcit the SEM images of both sample 

groups where the apatite layer is clearly visible as the 

lighter areas. A thick and dense layer of apatite was 

finally formed on the G3  sample surface, and the 

porosity of the sample was reduced due to shrinkage 

caused by higher wt. % of Gelatin. 

 

 

Figure 4. SEM image of the G2 sample before soaking in the 

SBF 

 

 

Figure 5. SEM image of the G2 sample after soaking in the SBF 

for 28 days. Carbonared Nano-HAp percipitates are visible 

 

 

Figure 6. SEM image of the G3 sample before soaking in SBF 

https://doi.org/10.30501/acp.2022.338756.1087


24 P. Madani et al. / Advanced Ceramics Progress: Vol. 8, No. 1, (Winter 2022) 18-26  

 

Figure 7. The SEM image of the G3 sample after soaking in the 

SBF for three days. Carbonated Nano-HAp percipitates are 

visible 

 

3.2.2.2. XRD Analysis of the Scaffolds 
Figures 8 and 9 show the XRD patterns of the G2 and 

G3 scaffolds, respectively, prior to and followed by 

soaking in the SBF for 28 days. Given that the G3 

scaffold was deteriorated in the SBF after one day, the 

XRD pattern was obtained only before soaking in the 

SBF. As indicated in both XRD patterns, a sharp peak 

around 2θ=32° is observed corresponding to the 

carbonated HAp for the (211) and (112) atomic planes 

(according to JCPDS-9-432) which broadens after 

soaking in the SBF, and the peak width is reduced which 

is a sign of crystallization of the Carbonated HAp. 

 

3.2.2.3. FTIR Analysis of the Scaffolds 
Since the G3 sample was deteriorated in the SBF, its 

FTIR spectra was obtained only before soaking in the 

SBF, as shown in Figure 10. 

Table 3 confirms the presence of the peaks and their 

corresponding bonds of the G3 sample. 

 

 

Figure 8. XRD pattern of the G2 sample before and after 28 

days soaking in SBF 

 

 

Figure 9. XRD pattern of the G3 sample before and after 28 

days soaking in SBF 

 

 

Figure 10. FTIR spectra of the G3 scaffold 

 

TABLE 3. Peaks of FTIR spectra for the G3 sample 

Wave 

No. 
Stretching Mode Ref. 

3376 Stretching vibration of O-H groups in Gum 

Tragacanth 

[20] 

2938 Symmetric stertching vibrations of methylene 

groups in Gum Tragacanth 

[20] 

1659 Amide I regions in Gelatin containing C=O 

stretching vibration with contribution of C-N bond 

stretching vibration 

[21] 

1458 Asymmetric stretching of CO3
2- in nHAp [22] 

1033 Asymmetric stretching of PO4
3- in nHAp [22] 

600 Amide III region in Gelatin representing vibration 

in the plane of C-N and N-H groups of bound 

amide or vibration of CH2 groups 

[21] 

563 Asymmetric bending vibration of PO4
3- in nHAp [22] 
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Table 4 shows the peaks of the FTIR spectra of the G2 

sample. 

 

TABLE 4. Peaks of FTIR spectra for the G2 sample 

Wave 

No. 
Stretching Mode Ref. 

3345 Stretching vibrations of O–H groups in the gum 

Tragacanth 

[20] 

2935 Symmetric stretching vibrations of methylene 

groups in the gum Tragacanth 

[20] 

2880 Asymmetric stretching vibrations of methylene 

groups in Gum Tragacanth 

[20] 

1662 C–O stretching vibrations of polyols vibration 

with contribution of C-N bond stretching 

vibration in Amide I regions of Gelatin 

[21] 

1551 Amide II regions in Gelatin from N-H bending 

vibration and C-N stretching vibration 

[21] 

1454 Ion Stretching of O-H in nHAp [22] 

1240 C–O stretching vibrations of polyols in Gum 

Tragacanth 

[20] 

1204 vibration in the plane of C-N and N-H groups of 

bound amide or vibration of CH2 group in Amide 

III region of Gelatin 

[21] 

1092 Asymmetric stretching of PO4
3- in nHAp [22] 

918 Out of plane bending mode CO3
2- in nHAp [22] 

598 Asymmetric bending vibration of PO4
3- in nHAp [22] 

563 Asymmetric bending vibration of PO4
3- in nHAp [22] 

 

Figure 11 makes a comparison between the FTIR 

spectra of the G2 sample prior to and followed by soaking 

in the SBF based on which, it can be concluded that the 

apatite already began to crystallize since the twin peak at 

1092 cm-1 in the G2 sample was turned into a single peak. 

Peaks at around 1400 cm-1 are related to Carbonates, and 

the twin peaks at 1415 cm-1 in the sample after soaking is 

indicative of the Carbonated HAp. 

A decrease in the peak intensity at 2940 cm-1 in the 

sample after soaking, compared to that at 2935 cm-1 in 

the sample before soaking which is related to the C-H 

bonds, shows that the polymer components of the 

scaffold were absorbed, meaning that the scaffold is 

being well-degraded. 

Moreover, the peak at 1546 cm-1 in the spectra 

followed by soaking is also attributed to the carbonated 

HAp, and the peaks at 601 and 563 cm-1 are attributed to 

PO4
3-. 

Elimination of the peaks at 1240 and 1204 cm-1 

wavenumbers in the FTIR spectra of the G2 scaffold after 

soaking in SBF is a sign of polymeric regions of the 

scaffold since these two wavenumbers are related to GT 

and Gelatin, respectively. 

 

 

Figure 11. FTIR spectra of the G2 scaffold prior to and 

followed by soaking in SBF for 28 days 

 

 

 

4. CONCLUSION 
 
The current research primarily aimed to design and 

fabricate three scaffolds with different wt. % components 

namely Gelatin, Tragacanth, and Nano-HAp. At the end 

of the study, based on the mechanical, physical and 

biological experiments, the G2 scaffold, the sample with 

the moderate wt. % of Gelatin (The scaffold containing 

47.5 % Gelatin, 42.05 % Tragacanth, and 10.42 % 

nHAp), was selected as the optimum sample for bone 

tissue engineering. The Elastic modulus of this scaffold 

was measured as 1.45 MPa, which was suitable for 

spongy or defected bones with osteoporosis. The apatite 

formation of the mentioned scaffold was proved and 

investigated using the XRD, FTIR, and SEM analyses. 

As observed in the SEM images, the apatite layer are 

clearly visible, and the peaks in the XRD spectra at 

2θ=32° demonstrate the carbonated HAp, the main 

component of the natural bone. Differences in the peak 

intensities of the FTIR spectra priror to and followed by 

soaking in the SBF were indicative of the apatite 

crystalization and polymer components absorption as a 

result of the scaffold degradation. These results in 

general proved that the scaffold designed and fabricated 

in this study could be a promising one for further bone 

tissue engineering studies. 
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Investigation of the chemical compositions of pigments in glazed ancient ceramic tiles is of great 

importance from the monuments restoration point of view. In this regard, the current research aimed to 

investigate the chemical compositions and color charactristics of pigments in six glazed ancient ceramic 
tiles (Samples B1-B6) collected from Abdolazim Hasani Shrine (Safavid era), Ray, Iran. The results from 

X-ray Probe Micro Analyzer (XPMA), X-Ray Diffraction (XRD) patterns, and Energy Dispersive X-ray 

Spectroscopy (EDS) spectra revealed that the glazes were silica-based, containing 38.85 to 50.89 wt. % 
silicon in Samples B3 and B1, respectively, with lime, quarts, wollastonite, and cristobalite as the main 

phases. Raman spectroscopy also confirmed the presence of quartz, wollastonite, and tridymite along with 

chalk, gypsum, calcite, copper oxide, and green earth. The particle sizes of the pigments measured through 
Scanning Electron Microscopy (SEM) varied from 0.6 μm in Sample B1 to 5.5 μm in Sample B3. High 

intensity reflectance was also observed in the range of 490-560 nm, confirming the green color of the 

samples with different shades. In addition, CIE L*a*b* parameters clearly showed the correlation between 
the green color and concentration of Cu2+ ions within the silica-rich amorphous phase. Therefore, the 

presence of wollastonite, tridymite, and copper oxide in the samples under study was obviously indicative 

of presence of Egyptian green pigments in the glazes. 
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1. INTRODUCTION 
 

Undoubtedly, Safavid era in Iran (1501-1732) is 

known as a period of shiny colored ceramic glazes in the 

world. However, the history of colored glazes dates back 

to ancient Egypt 4000 BC [1]. The variety of colors and 

geometries of the tiles flourished in the Safavid era. 

Unfortunately, there are very few limited papers of 

references investigating the compositions, colors, and 

glazes of ceramic tiles from the Safavid heritage. Most 

glazed ceramics inherited from the ruling period of 

Safavid dynesty are in blue or green-blue color. 

Throughout the old kingdom (2600BC), Egyptian 

artisans fabricated a blue pigment, called the Egyptian 

blue, which is a mixture of calcium, silicon, and copper 

along with a soda flux. This pigment was used instead of 
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lapis-lazuli all around the Mediterranean region. 

However, the fabrication technology of the menyioned 

pigment was lost after the seventh century AD [2]. On the 

contrary, the synthetic pigment called the Egyptian green 

was produced from different proportions of the same 

components used for fabricating the Egyptian blue 

pigment [3–6]. As known, the diversity of production 

conditions (firing temperature, atmosphere, and cooling 

rate [6]) significantly affects the resulting properties of 

the pigment; however, a silicate enriched compound is 

expected as a final product. There are no ancient recipes 

available for the production of this green pigment [5]. 

Pagés-Camagna et al. [6] identified this type of pigment 

in a number of ceramic tiles from the Old Kingdom (3rd 

Millennium BCE) to the 21st Dynasty (10th Century 

BCE). Ullrich [7] discovered the Egyptian Green color 

on the bust of Nefertiti excavated at Tell el Amarna in the 

Tomb of Tutankhamen. 

Bianchetti et al. [8] studied the fabrication of Egyptian 

blue and green frit using pure chemicals and natural raw 

Egyptian materials under different experimental 

conditions. They also pointed to the dependency of the 

recorded colors on the chemical composition and melting 

conditions. 

A number of researchers produced a green pigment 

similar to para-wollastonite (CaSiO3) together with a 

copper-bearing glass phase by altering the fabrication 

conditions to obtain Egyptian blue and subsequently 

Egyptian green [3-6]. Egyptian green (green frit) is a 

heterogeneous material characterized by the presence of 

para-wollastonite which is stable at 950-1150 °C [9]. It is 

a complex pigment which is usually obtained from 

Egyptian blue pigment CaCuSi4O10 (cuprorivaite) by 

heating CuO, CaCO3, SiO2, and Na2CO3 at the 

tempratures above 1000 ºC [10]. 

Pagés-Camagna et al. [6] investigated the production 

of Egyptian green pigments and analyzed the chemical 

and structural properties of raw Egyptian blue and green 

pigment cakes and pigment samples taken from paintings 

kept in the Louvre Museum, France. In their research, 

they took into account the role of firing temperature, 

atmospheric conditions in the furnace, and cooling rate. 

Demidenko et al. [11] investigated the microstructure of 

a material based on natural wollastonite at different 

sintering temperatures ranging from 850 °C to 1100 °C. 

They also studied the effect of microstructure on the 

porosity, shrinkage, water absorption, and mechanical 

strength. 

Pagés-Camagna et al. [12] studied the Egyptian blue 

and green pigments in archaeological samples using 

Scanning Electron Microscopy (SEM) images and 

Raman spectroscopy. They could finally identify tenorite 

(CuO), confirming that the synthesis of both pigments 

could be performed in an oxidizing atmosphere. In 

another research, Pagés-Camagna et al. [13] reported 

some valuable information on the coloring mechanism of 

Egyptian blue and green pigments. 

Dabanlı et al. [14] investigated the samples of glazed 

tiles belonging to a monument located in Southeastern 

Anatolia. They concluded that alkali and lead oxides 

were the main components of glazes along with small 

amounts of lead oxide. They also found that the 

blue/green turquoise colors were obtained from copper 

while the blue pigment itself was derived from cobalt. 

Omar [15] investigated the body and glaze layer of the 

Sapil (public fountain) and Kuttab (school) of Mustafa 

Sinan monuments. The results from tiles analysis proved 

the application of local clay mixed with a small amount 

of lime. They also stated that the alkaline and lead oxides 

were the main components of the glaze layer with high 

amount of lead oxide in samples. In addition, the 

obtained results confirmed the presence of copper oxide 

contributing to the creation of light blue and green color 

in the samples under study. 

In this research, six samples obtained from green-blue 

glazed ancient ceramic tiles from Abdolazim Hasani 

Shrine, Ray, Iran, inherited from the Safavid era  

(1501-1736) were collected to identify the chemical 

compositions and nature of their pigments through 

analytical techniques. In characterizing ancient colored 

glazes, the pigments in the glaze were identified and 

investigated through different analytical methods based 

on available scientific references. The main objective of 

this study was to determine whether or not the nature of 

green-blue color pertained to the Egyptian blue. 

 

 

2. MATERIALS AND METHODS 
 

2.1. Materials 
Six green-blue glazed samples, shown in Figure 1, 

were collected from ancient potteries belonging to the 

Safavid era from different parts of Abdolazim Hasani 

Shrine, Ray, Iran. 

 

 
 

Figure 1. The glazed samples from different parts of 

Abdolazim Hasani Shrine 
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2.2. Methods 
Followed by collecting the samples, a thin layer of 

glaze was mechanically removed from their surfaces. The 

chemical compositions of the samples were analyzed 

using X-Ray Probe Micro Analyzer (XPMA, HORIBA 

XGT7200). In addition, the phase composition was 

characterized through X-ray Diffraction (XRD, 

Panalytical Expert) method using Cu Kα radiation 

(λ=1.54 Å). The microscopic studies were performed 

using SEM (FEI ESEM QUANTA 200) coupled with 

Energy Dispersive X-ray spectroscopy (EDS, EDAX 

EDS Silicon Drift, 2017) using Backscattered Electron 

Emission (BSE). Raman studies on the colored glazed 

samples were carried out using Confocal Raman 

Microscope (Xplora Plus, Horiba Co., France). In 

addition, FTIR studies were carried out using 

PerkinElmer spectrometer (Spectrum One FTIR, USA). 

The reflectance spectra were recorded using a 4500L 

Hunter Lab Mini Scan EZ spectrophotometer. The 

chromatic values were then expressed as CIE 

L*a*b*color coordinates under D65/10º Illuminant in the 

spectral range of 400-700 nm. 

Considerations of the Raman spectroscopy calibration 

were as follows: 

Part 1- Calibrating the zero-order position: 

The ZERO parameter changed in small increments, 

e.g., +5 or -5 at a time, considered as the number of 

nm moving per motor. 

Part 2- Calibrating the Raman spectrum: 

This calibration stage was done using a known 

emission line from a Mercury or Neon lamp. Then, 

the Laser wavelength was altered, and the XY stage 

movement and Laser Spot Position were calibrated. 

Finally, the required software for data analysis was 

installed. 

 

 

3. RESULTS AND DISCUSSION 
 
3.1. Chemical Composition 

Table 1 presents the results from the XPMA analysis 

(chemical compositions of the elements in glaze samples, 

and Figure 2 lists the concentration values of the detected 

elements (in wt. % of their oxides) in Samples B1-B6. 

In addition to creating a white hue color, CaO can 

increase the resistance of the glaze matrix to water, acid, 

and surface scratches. It also improves the adhesion of 

glaze to the substrate. It is well known that the copper 

oxide in ceramics usually creates a green shade; however, 

in the presence of alkaline and alkaline earth metal oxides 

such as calcium oxide, potassium oxide, and sodium 

oxide, it produces blue and green-blue shades [16]. 

As observed, SiO2 is the main phase in all samples 

along with Al2O3, Cu2O, as well as alkaline and alkaline 

earth metal oxides (i.e. CaO and Na2O, and K2O). 

 

TABLE 1. The chemical composition of the elements in the 

glaze samples B1-B6. The magnitude is as wt. % 

 B1 B2 B3 B4 B5 B6 

Na2O - 13.59 11.94 0.00 0.00 12.64 

MgO 0.01 0.01 0.03 0.03 0.00 0.02 

Al2O3 5.40 3.22 3.58 7.87 2.01 4.89 

SiO2 81.60 73.77 71.46 76.40 85.18 72.54 

SO3 0.18 0.15 0.28 0.15 0.02 0.16 

K2O 1.24 3.35 2.55 3.80 4.49 2.70 

CaO 9.87 4.95 8.39 7.10 5.71 5.48 

TiO2 0.02 0.03 0.04 0.03 0.01 0.04 

MnO2 0.06 0.14 0.14 0.06 0.06 0.04 

Fe2O3 0.18 0.14 0.55 0.17 0.07 0.27 

CuO 1.12 0.60 1.00 3.69 1.33 1.18 

ZnO 0.10 0.00 0.00 0.06 0.04 0.00 

SrO 0.05 0.04 0.04 0.04 0.03 0.05 

PbO 0.16 0.00 0.00 0.61 1.09 0.00 

 

 

Figure 2. XPMA results demonstrating the concentrations of 

the detected elements in Samples B1-B6 

 

3.2. X-Ray Diffraction 
Table 2 summarizes the main phases identified from 

the XRD patterns of Samples B1-B6, and Figure 3 

demonstrates the XRD Pattern of the ancient colored 

glazed Samples B1-B6.  

 

TABLE 2. Detected phases in Samples B1-B6 

Sample Main Phases Chemical Formula 

B1 No crystalline phase - 

B2 No crystalline phase - 

B3 Wollastonite, Quartz, lime CaSiO3, SiO2, CaO 

B4 Wollastonite CaSiO3 

B5 Quartz, lime, Cristobalite SiO2, CaO,SiO2 

B6 Quartz, Cristobalite SiO2, SiO2 
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Figure 3. XRD Pattern of the ancient colored glazed Samples 

B1-B6 

 

While no crystalline phases are observed in the XRD 

patterns of these samples, three mineral phases of lime, 

quartz, and wollastonite (calcium silicate) were detected 

in Sample B3. According to the findings, Sample B4 was 

only composed of wollastonite phase B3. The presence 

of wollastonite in the colored glazes can be important 

evidence for the presence of Egyptian green pigments in 

the glaze formulation [6,10,16]. The XRD patterns of 

Samples B5 and B6 also confirm the presence of quartz, 

lime, and cristobalite. However, the wollastonite phase in 

these samples was not detected due to its low 

concentration. As mentioned in the methodology section, 

the procedure of the separation of glaze from the surface 

of ceramics was in such a way that the adhesion of the 

body to the glaze should be probable. This is why some 

parts of glaze are crystalline while some others are not. 

As reported by Pagés-Camagna et al. [6], Egyptian 

green glazes must have been fired at higher temperatures 

than Egyptian blue ones. As a result, the cristobalite 

phase can be identified in the Egyptian green glazes. In 

other words, cristobalite can be the considered as a main 

characteristic of Egyptian green [6,10,16]. 

 
3.3. Microstructure 

Figure 4 demonstrates the SEM images of the six 

samples according to which, the samples are porous with 

heterogeneous microstructure. Small white pigment 

particles (0.6 µm for samples B1 and B6, 1.25 µm for 

samples B2 and B5, 4.5 µm for sample B4, and 5.5 µm 

for sample B3) are recognizable on the surface of the 

glaze that was eroded due to the aging and long-term 

exposure to severe environmental conditions such as 

wind. In Sample B3, the glaze surface has many bubbles, 

hence not uniform, and there is a significant difference 

between the erosion of the glaze matrix and that of other 

phases such as quartz and wollastonite. Samples B1 and 

B2, however, have a relatively uniform eroded surface. 

Higher degrees of erosion is observed on the surface of 

Samples B3 to B6 probably due to the presence of 

crystalline phases in the glazed ceramic tiles. 

SEM-EDS results for the glaze matrix and white 

particles (shown as white spots in Figure 4) are presented 

in Tables 3 and 4, respectively. 

 

   

   
   

Figure 4. Back-scattered SEM images of the glazed samples at 5000X. EDS spots are shown in each image. The scale bar is 5 m 

B1 B2 B3 

B4 B5 B6 
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TABLE 3. EDS analysis of the glaze matrix (wt. %) 

Sample O Na Mg Al Si K Ca Fe Cu Sn 

B1 23.55 3.29 1.41 3.62 50.89 2.46 7.71 3.78 3.28 - 

B2 25.27 9.49 2.44 2.84 45.25 4.81 6.07 1.31 2.52 - 

B3 29.94 4.66 3.78 3.3 38.85 2.5 9.79 4.53 2.64 - 

B4 28.58 5.03 3.62 5.74 39.58 3.69 4.99 2.27 6.5 - 

B5 27.2 4.83 1.86 2.47 46.29 6.24 6.93 0.94 3.24 - 

B6 20.95 7.6 1.94 3.1 49.62 3.92 5.93 1.79 5.14 - 

Average 25.9 5.8 2.5 3.5 45.1 3.9 6.9 2.4 3.9 - 

Standard Deviation 3.3 2.3 1.0 1.2 5.0 1.4 1.7 1.4 1.6 - 

 

TABLE 4. EDS analysis of white particles shown in the SEM images in Figure 4 (wt. %) 

Sample O Na Mg Al Si K Ca Fe Cu Sn 

B1 25.1 8.4 4.3 3.2 46.3 1.6 6.8 1.0 2.1 - 

B2 24.8 10.0 3.3 2.9 36.6 2.9 4.1 13.3 2.0 - 

B3 12.4 4.8 1.2 1.5 20.4 1.0 3.4 1.6 1.4 52.3 

B4 31.6 6.9 4.4 5.0 38.6 2.9 5.1 2.0 3.5 - 

B5 33.5 6.1 2.6 3.5 41.1 4.6 5.2 0.81 2.6 - 

B6 30.3 8.8 3.1 3.5 36.4 2.7 10.9 1.1 3.3 - 

Average 26.3 7.5 3.1 3.3 36.6 2.6 5.9 1.6 2.6 26.3 

Standard Deviation 7.7 1.9 1.2 1.1 8.7 1.2 2.7 1.0 0.8 7.7 

 

The average and standard deviations are also compared 

in Figure 5. According to this figure, the glazes are silica-

based containing different amounts of silicon from 38.85 

to 50.89 wt. % for Samples B3 and B1, respectively. The 

glazes also contain other alkaline and alkaline earth 

elements such as calcium, sodium, and potassium. 

Copper was also detected in all the samples ranging from 

2.52 wt. % for sample B2 to 6.5 wt. % for sample B4. 

 

 

Figure 5. Comparison between the average and standard 

deviations of different elements in the glaze matrix and white 

particles, as listed in tables 3 and 4 

 

According to Figure 5, the concentration of silicon in 

the white particles (46.34 wt. %) is lower than that in the 

glaze matrix (e.g. for sample B1, 46.34 wt. % and 50.89 

wt. %, respectively). The same trend was also observed 

for Al, K, Ca, Fe, and Cu elements in all six samples. The 

higher Fe content of white particles in Sample B2 is 

inicative of the fabrication of this pigment using iron-rich 

raw materials 

Sample B3 contained high concentration of tin  

(52.34 wt. %) probably due to the presence of tin in the 

copper source (e.g., tin bronze). Oudbashi et al. [17] 

also reported the presence of tin element in their 

samples. White particles in Sample B6 contained 

calcium with high concentration of about 10.86 % 

which may be attributed to the utilization of Ca-rich 

raw materials such as calcite (CaCO3) or CaO in the 

fabrication of this pigment. 

The distribution of the constituents in the glaze matrix 

and white particles was also investigated for Sample B2, 

as a representative sample, using line scan and element 

profile plot, as shown in Figure 6. 

As observed, while moving from point A to point B, the 

concentration of Si (in wt. %) decreased until reaching a 

white particle and then increased again in the Si-rich 

matrix. Since white particle is supposed to be an Egyptian 

green pigment (calcium silicate), the silicon concentration 

decreased while those of Ca and O increased. Evidently, 

copper has uniform distribution throughout the sample 

(i.e., both glaze matrix and white particles). The same 

trend was observed for these elements in other five 

samples that are not shown here. 

The CaO/CuO ratio can be caluclated using SEM-EDS 

analysis of bulk compositions of the glazed samples 

given in Table 5 where it is observed that the bulk lime 

concentration is normally greater than that of the bulk 

copper oxide. Of note, the CaO/CuO ratio is greater than 

1.5. However, due to loss of material through weathering 

and possible contamination during ancient discoveries, 

the differences in the CaO/CuO ratios are less explicit in 

some samples. The obtained results are in accordance 

with the results obtained by Hatton et al. [18]. 
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Figure 6. Line scan and element profile plot of glaze matrix and 

white particles for B2 sample 

 

Another noticeable feature is that these samples 

contain high concentration of soda (Na2O). Moreover, in 

this research, the green-blue colored glaze samples are 

characterized by high flux concentrations, i.e., Na2O plus 

K2O between 5.3 % and 14.1 %, respectively, in Samples 

B1 and B2. This result is also in agreement with the 

results obtained by Pagés-Camagna et al. [6]. 

 

3.4. Raman Spectroscopy 
Raman spectroscopy was used for the characterization 

of the ancient green-blue glazed samples. It is a reliable, 

fast, sensitive and nondestructive test method which 

measures different vibrational modes, thus providing 

complementary information on the analyzed materials. 

Figure 7 shows the Raman spectroscopy spectra of the 

glazed samples. Two weak bands are observed at  

150 cm-1 and 180 cm-1 mainly due to the presence of 

chalk [19] and gypsum [20], respectively. The peak at 

around 260 cm-1 is attributed to the wollastonite 

crystalline phase [21] which is usually found in Egyptian 

green pigment used in the ancient glazed ceramic tiles. 

The weak bands around 406 cm-1, 391 cm-1, and  

253 cm-1 are also attributed to ν(Cu-Cl) stretching [22], 

ν(O-Cu-O) symmetric stretching, and ν(O-Cu-O) 

bending [23], respectively. The bands at around  

300 cm-1 and 360 cm-1 correspond to copper oxide [24] 

while those around at 350 cm-1 and 380 cm-1 belong to 

quartz [25-27]. In addition, the band around at 360 cm-1 

is attributed to calcite [28,29]. 

There are two bands at around 425 cm-1 and 460 cm-1 

which can be attributed to the tridymite [21] and quartz 

[25-29], respectively. Bianchetti et al. [8] reported that 

tridymite was a dominant crystalline phase in the 

Egyptian green pigment that was produced at 

temperatures higher than 950 ºC. 

 
 

 

Figure 7. Raman spectra of the B1-B6 glazed samples 

 

The two bands at around 470 cm-1 and 750 cm-1 in 

Sample B3 is associated with the SnO2 [30] due to the 

presence of about 52.34 wt. % tin in white particles. In 

addition, there are other weak and medium bands at 

around 540 cm-1 and 710 cm-1 which belong to the green 

earth [31] while those at 590 cm-1 and 600 cm-1 

correspond to the Egyptian green [20,32] and copper 

oxide [24], respectively. Raman bands at around 717 cm-1, 

780cm-1 , 865 cm-1, 930 cm-1, and 940 cm-1 are attributed 

to the calcite [28, 29], tridymite [21], allophone [33,34], 

and chrysocolla [35], respectively.  

In contrast to the XRD patterns according to which, 

cristobalite phase was only detected in Samples B5 and 

B6, this phase was found in Samples B1-B6 according to 

Raman bands at around 410 cm-1, 420 cm-1, 598 cm-1,  

780 cm-1, 790 cm-1, and 1075 cm-1 [36-38], respectively, 

thus confirming the presence of the Egyptian green 

pigment in the formulation of all the investigated ancient 

glazed ceramic tiles. The bands at 1020 cm-1, 1085 cm-1, 

and 1170 cm-1 can be attributed to the wollastonite [32], 

calcite [28-29], and quartz [26-29], respectively. 

Moreover, the Raman bands at around 1235 cm-1,  

1356 cm-1, and 1458 cm-1 correspond to the Green earth 

[31]. The weak and medium peaks at around 1445 cm-1 

and 1550 cm-1 may also be attributed to the Verdigris [39]
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TABLE 5. Bulk Chemical compositions of green-blue colored glaze samples (EDS analysis normalized to 100 %) 

Sample Code SiO2 CuO CaO Na2O K2O MgO Al2O3 Fe2O3 CaO/CuO 

B1 62.99 3.14 5.82 2.64 2.69 0.96 13.43 8.31 1.85 

B2 61.62 2.65 5.04 8.39 5.78 1.72 11.59 3.17 1.89 

B3 53.95 2.83 8.30 4.20 3.06 2.73 13.74 11.17 2.92 

B4 51.12 2.60 3.94 4.22 4.21 2.43 22.26 5.21 1.51 

 

while the band at around 1480 cm-1 results from the 

vibration stretching of C-C bond [40]. Of note, the 

Raman bands at around 17549 cm-1 and 1940 cm-1 may 

be attributed to C-O vibration stretching [41] while the 

band at around 1645 cm-1 can be associated with the OH 

stretching mode in water. Moreover, the Raman bands in 

the range of 2000-4000 cm-1 are attributed to the 

vibration stretching of hydroxyl and water [42,43]. 

 

3.5. Colorimetry 
Figure 8 and Table 6 present the reflectance spectra and 

CIE L*a*b* values of the studied ancient glazed ceramic 

tiles, respectively. Table 6 also lists the average values of 

a* and b*. As observed in Figure 8, there is a high 

intensity reflectance spectrum in the range of 490-560 

nm. Therefore, it can be concluded that the samples are 

green with different hues. 

 

 

Figure 8. Reflectance spectra of the green-blue glazed samples 

 

TABLE 6. Colorimetric parameters (L*a*b*) of the ancient 

glazed ceramic tiles based on D65 observer 

Sample  L* a* b* c Cu (wt. %) 

B1 63.53 -10.49 0.44 10.5 3.28 

B2 38.39 -11.78 -2.41 12.03 2.52 

B3 49.47 -2.45 7.15 7.55 2.64 

B4 43.48 -5.38 2.7 6.02 6.5 

B5 60.47 -12.47 1.31 12.54 3.24 

B6 54.27 -6.95 3.67 7.86 5.14 

The copper concentration in the raw material plays an 

important role in achieving better green shades (higher a* 

and c* values) in these glazes. For example, c* = 12.5 

and c* = 10.5 were obtained for 3.2 wt. % and 3.3 wt. % 

copper in Sample B5 and B1, respectively. On the 

contrary, Cu contents higher than this value (3.3) produce 

a poor green shade (e.g. c* = 6 and c* = 7.86 for  

6.5 wt. % and 5.14 wt. % copper in Samples B4 and B6. 

The same results were obtained for copper contents lower 

than 3.3 wt. % (for example, in Sample B3). In Sample 

B2 (Cu = 2.52 wt. % and c* = 12.03), however, the 

pigment is Egyptian blue since b* = -2.41. To be specific, 

the green color is produced due to the presence of Cu2+ 

metallic ion in an octahedral structure in the amorphous 

silica-rich matrix [44]. 

 

 

4. CONCLUSION 
 

In this research, six green-blue ancient glazed ceramic 

tiles collected from Abdolazim Hasani Shrine, Ray, Iran, 

were investigated using the XPMA, XRD, FTIR, and 

Raman spectroscopy. The obtained results confirmed the 

presence of three main phases of tridymite, cristobalite, 

and wollastonite, the main constituents of Egyptian green 

pigments. Colorimetry analysis confirmed that the 

presence of Cu2+ ion in an octahedral structure within 

amorphous silica-rich matrix was responsible for the 

observed green hue. In addition, the SEM-EDS revealed 

the uniform and homogeneous distribution of copper 

throughout the glaze matrix. 
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Large area fabrication of graphene, as a leading two-dimensional material as well as an allotrope of carbon, 

is a challenging requirement prior to its preparation for applications. Chemical Vapor Deposition (CVD) 

is one of the most effective and promising methods for high-scale and high-quality synthesis of graphene. 
In this study, graphene layers were grown on copper (Cu) sheets using low-pressure CVD technique at  

930 °C, 870 °C, and 760 °C. Raman spectroscopy, Field Emission Scanning Electron Microscopy 
(FESEM), Optical Microscopy (OM) and Atomic Force Microscopy (AFM) were employed in this study 

to investigate the effect of the process temperature on the structural properties, morphology, grain 

boundaries, continuity, purity, and number of layers. The results from analyses revealed that at higher 
temperatures, the continuity and quality of the layers and number of grain boundaries were higher and 

lower, respectively. In contrast, at lower temperatures, the nucleation and discontinuity of the deposited 

layers were relatively high. The surface roughness of the graphene sheets increased with a decrease in 
temperature. 
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1. INTRODUCTION 
 

Two-Dimensional (2D) materials have attracted 

considerable attention due to their properties that are 

superior to those of their 3D counterparts. These 

materials are regarded as the potential candidates for 

replacement of conventional resources in many fields of 

technology. Further, they have introduced new 

applications in some areas, but a complete replacement 

of these materials faces several challenges such as 

ensuring the mass production, high purity, and efficient 

utilization [1,2]. 

A leading member of the 2D family [2,3], graphene, is 

a unique material due to its excellent properties such as 

high electrical and thermal conductivity [5], high density 

[6], high optical conductivity [7], and excellent 

mechanical properties [8,9]. A layer of carbon atoms in 

graphene is packed in a honeycomb network with sp2 

hybridized orbitals and a bond length of 0.142 nm [8,9].  
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Graphene can be fabricated using different methods 

such as mechanical exfoliation [11], electrochemical 

exfoliation [12], liquid-phase exfoliation [13], peer 

growth on silicon carbide (SiC) [14], unzipping of carbon 

nanotubes [15], and graphene oxide reduction [16]. 

Exfoliation methods used for graphene production 

produce very small flakes with random thickness values 

while reduction methods would form several layers. 

These are not continuous and still have residues left 

behind from the synthesis method. However, large area 

graphene with controlled number of layers can be 

obtained by Chemical Vapor Deposition (CVD) [17]. In 

CVD, the required carbon atoms are separated from the 

precursor gas under high temperature and low pressure 

and then bonded with a flat metal sheet [18]. CVD is an 

extensive bottom-up method for synthesizing multilayer 

and monolayer graphene films. This approach 

outperforms other methods in terms of its ease of 

installation in laboratories, successful long-term use in 

industrial environments, high potential for large-scale 

production, and beneficial environmental and economic 

factors [19]. The process and types of different chemical 

reactions that occur in a CVD chamber are controlled by 

many complex factors including system regulation, 

furnace configuration, gas bare materials, gas ratios, 

chamber pressure, gas flow, reaction temperature, and 

growth time [20,21]. 

There are several types of CVD methods available 

today that can be used to synthesize graphene-based 

materials. Following its first isolation via 

micromechanical exfoliation in 2004, larger area 

graphene was successfully obtained using Low-Pressure 

CVD (LPCVD) [22]. Historically, CVD growth of the 

crystalline graphite on Ni was first reported in 1966 [23] 

and later, graphite was deposited on Pt using CVD [24]. 

Ever since, LPCVD has been used to grow graphene with 

the advantage of obtaining more uniform sheets with few 

layers [25]. 

Depending on the growth conditions, different CVD 

methods can be classified into several main types based 

on temperature, pressure, precursor nature, gas flow, 

wall/bed temperature, deposition time, and activation 

energy [26,27]. Among the mentioned factors, 

temperature plays a vital role in CVD growth of graphene 

since it provides the required activation energy to 

decompose the carbon source and prepare the substrate 

surface. For instance, the required temperature for 

methane decomposition is about 1000 °C [28]; therefore, 

graphene cannot be formed below this temperature. 

However, graphene can be synthesized at lower 

temperatures using other materials in the growth process 

[29-31]. Under the same laboratory conditions, 

temperature variations cause changes in the growth 

quality, number of layers, and continuity of the grown 

layers. Chaitoglou et al. [32] explored the effect of 

temperature on the CVD graphene growth on Cu. In their 

research, the temperature varied from 970 °C to 1070 °C, 

and no roughness study was conducted. In another study, 

the optical transmittance spectra were used to determine 

the number of the graphene layers grown at 400-1000 °C 

via CVD. Lower temperatures resulted in lower quality 

graphene films [33]. Zheng et al. [34] reported catalytic 

metal engineering to reduce the growth temperature to 

700 °C using Cu-C alloy on SiO2/Si substrate and CVD 

growth of continuous single-layer graphene on Cu by 

sequential melting-resolidification-recrystallization in 

the temperature range of 980-1060 °C. The latter required 

a complicated and costly process, yielding the results 

comparable to those of the usual CVD methods. 

Here, graphene was grown by LPCVD method in a 

homemade LPCVD setup at temperatures around and 

well below the usual temperature (1000 °C) required for 

decomposition of the carbon precursor. Cu substrate was 

used as the catalyst and methane (CH4), as a carbon 

precursor. The dependency of temperature on the growth 

quality, continuity, and number of graphene layers was 

investigated at 930, 870, and 760 °C using different 

surface analysis methods. While Raman spectra and 

FESEM results confirmed the formation of graphene 

sheets, surface roughness parameters obtained from 

atomic force microscopy images yielded novel results 

regarding the as-grown graphene sheets on Cu. Many 

large area graphene sheets are characterized by high 

roughness values that limit their applications, hence 

roughness control based on growth parameters is very 

beneficial. 

 

 

2. MATERIALS AND METHODS 
 

In this study, 99.99 % H2 and 99.9 % CH4 were used as 

the assistant and carbon source gases, respectively, due 

to the following reasons: a) hydrogen is widely used in 

the annealing phases to remove the oxide layer on the 

metal surfaces, and b) it plays a key role in absorbing H2 

from CH4 [17]. Methane has a single bond and lower 

bond energy than a carbon precursor with a double and 

triple bond whereas acetylene with its triple bond 

character can react with unbonded electrons of other 

elements in the environment. Therefore, unwanted 

corrosive and toxic compounds may be produced from 

these reactions [35]. In this study, Cu foils with a 

thickness of 30 µm were used as the substrate, and the 

thermal decomposition of methane was reduced by 930, 

870, and 760 °C to control the growth procedure in the 

presence of Cu as the catalyst substrate. Here, Cu was 

selected for the growth process due to the lower solubility 

of C atoms in Cu. It is known that C solubility in Ni is 

higher. Furthermore, thin film Cu catalyst sheets are 

readily available and inexpensive [36]. 

The foils were cut into sheets of 20×50 mm2 in size. Cu 

sheets were initially immersed in acetic acid (99.9 %, 

Merck) for 10 min to remove surface oxides and then 

washed in ethanol for five min in an ultrasonic bath to 
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remove impurities and contaminations. Cu sheets were 

then air-dried for two minutes. Finally, they were 

transferred via an alumina boat into a quartz chamber in 

the furnace. 

Figure 1 shows the schematics of the home-made 

LPCVD system which is used for growing graphene on 

the Cu sheets. As indicated in this figure, this setup 

consists of a tubular furnace, Mass Flow Controllers 

(MFC) for controlling gas flows, a vacuum gauge for 

controlling the deposition pressure, and a rotary vacuum 

pump with a volume capacity of 80 m3/h for evacuating 

the by-products. 

 

 

Figure 1. Schematics of the LPCVD setup for graphene growth 

 

CH4 and H2 flow rates were set at 35 and 7 (standard 

cubic centimeter/minute) sccm, respectively, to maintain 

the flow ratio of 5:1. The initial pressure of the chamber 

was set at 0.35 mbar. At 200 °C, H2 was allowed into the 

furnace to prevent Cu oxidation. CH4 entered the 

chamber at the desired coating temperature. At the end of 

deposition, CH4 flow was stopped, and the furnace cool-

down stage was performed in the H2 atmosphere. Finally, 

the samples were extracted from the furnace at the 

ambient temperature. Of note, the samples grown at 930, 

870, and 760 °C are named S1-S3, respectively, 

hereafter. In addition to the fabrication of Samples S1-S3 

at different temperatures, and for a comparative study, a 

Cu sheet was annealed at 930 °C in the presence of H2 

and in the absence of CH4. This sample is called bare-Cu 

hereafter. The time required for the growth process for all 

samples was fixed at 30 min. The specific values of the 

growth temperatures were obtained from experimental 

trials. 

Optical microscopy (Nano Raga), Field Emission 

Scanning Electron Microscopy (FESEM-TESCAN 

Mira3 operated at 15 kV), and Atomic Force Microscopy 

(AFM-Advanced Ara Pajauhesh) were used to 

characterize the structural and surface properties of the 

obtained graphene sheets. Raman spectroscopy (Teksan 

530-700 nm wavelength) was also used to ensure the 

formation of graphene. 

 

 

3. RESULTS AND DISCUSSION 
 

Carbon atoms settle together on a Cu sheet during the 

CVD growth of graphene, as indicated in Figure 2. 

During the growth mechanism, Cu, as the metal 

catalyst, determined graphene’s precipitation rate and 

was exploited to reduce the energy barrier of the 

reactions. It should be noted that C atoms are slowly 

adsorbed on the Cu surface. With CH4 entrance in the 

furnace and the increase of the temperature to values 

required for the decomposition of hydrocarbon bonds, 

and C atoms precipitate as a solid on the Cu surface while 

H atoms bond together and leave the chamber as gas. C 

atoms left behind on the Cu surface start to form in-plane 

𝜎 bonds (i.e., covalent bonds where each C atom relates 

to three other C atoms) and cover the whole Cu sheet 

continuously in a single layer [37]. If the growth time is 

long enough, a second or even a third layer may form. In 

this situation, van der Waals force of attraction is 

responsible to hold the layers together. Usually, a large 

number of C atoms, more than what is needed to form a 

single layer, gather near the grain boundaries; therefore, 

the quality of the graphene reduces in these areas [38]. 

 

 

Figure 2. Schematics of LPCVD graphene growth mechanism 

on a Cu sheet 

https://doi.org/10.30501/acp.2022.343786.1090
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According to the FESEM images of the grown 

graphene samples shown in Figure 3 (top row), dark 

regions correspond to higher number of layers while 

bright regions correspond to lower number of layers. At 

higher growth temperatures, Cu surface becomes 

smoother in the lower number of grain boundaries. 

Higher temperatures are close to the melting point of Cu, 

thus providing much better growth conditions. At lower 

temperatures, higher surface roughness and larger 

number of grain boundaries would result in more 

nucleation and slow down the growth procedure [39]. 

According to the FESEM images, graphene domains are not 

continuous, hence more time is required to gain a continuous 

region of graphene. Of note, the number of graphene layers 

increases over time. In addition, increasing the growth time 

diminishes the growth process and creates anisotropic 

layers. These layers damage the existing layers. Here, the 

hydrogen flow, pressure, and evacuation rate (L/h) were 

adequate. Hydrogen controls the shape and size of the 

domains by breaking the hydrocarbon bonds. The pressure 

mainly affects the durability time of carbon atoms on the Cu 

surface. One of the reasons we worked at lower pressures 

was to prevent the saturation of carbon atoms and their 

nucleation on the Cu surface. By controlling these 

conditions, monolayer graphene with continuous layers can 

be achieved [40]. Optical images in Figure 3 (bottom row) 

show larger carbon crystallites in S1 with respect to S2 and 

S3. The grain boundaries in S2 and S3 are much more 

evident than in S1. 

Raman spectra were taken from four random points on 

the graphene grown on the Cu sheets. Figure 4 shows the 

average the mentioned spectra for samples S1-S3. The 

Raman spectrum of the perfect single-layer graphene 

includes sp2 hybridization with two peaks at 1580 cm-1 

and 2700 cm-1 that are attributed to G and 2D bands, 

respectively [41]. 

 

 

Figure 3. (Top row) FESEM images and (bottom row) optical images of S1-930 °C, S2-870 °C, and S3-760 °C, respectively 

 

 

Figure 4. (Top row) FESEM images and (bottom row) optical images of S1-930 °C, S2-870 °C, and S3-760 °C, respectively 
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D band is observed when sufficient number of 

structural defects are reached for the graphene that leads 

to the intensification of the D band [42]. The ratio of 

I2D/IG=1.02, in sample S1 is larger than those of other 

samples due to its higher growth temperature which in 

turn leads to faster breaking of the bonds between H and 

C atoms and smoothing of the roughness on the substrate 

surface [32]. A comparison of the FESEM images of S1 

with those of other samples shows that S1 consists of 

fewer layers. According to the averaged Raman spectrum 

analysis of S2, I2D/IG=0.79, which is less than that of S1. 

This result is consistent with the thickness and number of 

grain boundaries of the two samples shown in the 

FESEM images. According to the Raman spectrum of S3, 

I2D/IG = 0.48 which is lower than that of other samples. 

FESEM image of sample S3 showed more discontinuities 

and higher number of grain boundaries. The results 

obtained here are consistent with those acquired in 

previous studies [43]. Accordingly, at higher growth 

temperatures, I2D/IG ratio will increase which is indicative 

of a larger area of monolayer graphene. At higher growth 

temperatures, lower activation energy is required to break 

C-H bonds, thus resulting in the reduction of substrate 

roughness and the reduction of substrate grain boundaries 

[44]. S. Shukrullah et al. [45] investigated the effect of 

temperature on the activation energy. The coatings 

created therein were treated by CVD. The properties of 

the obtained coatings showed that the activation energy 

is inversely related to growth temperature, calculated by 

the following equation, known as the Arrhenius relation: 
 

K = Ae−
Ea
RT (1) 

 

where K is the growth rate coefficient, Ea the activation 

energy, A the Arrhenius constant, R the global gas 

constant, and T the process temperature. 

One of the important and comprehensive methods for 

identifying the structure of graphene and its 

morphological characteristics is AFM. The continuity of 

the grown layer and presence of impurities and surface 

roughness were confirmed through AFM and relevant 

analyses [46]. 

Roughness characterization is a very important tool 

before and after graphene transfer on the desired 

substrate. Many large-area graphene sheets suffer high 

roughness values that undermine their applications in 

electronic devices or even the separation membrane 

techniques. Therefore, controlling roughness via growth 

parameters is highly advantageous [47]. 

For a comparative study, the surface of the bare Cu 

sheet annealed at 930 °C was characterized in contact 

mode along with S1-S3 in tapping mode, all equipped 

with silicon nitride cantilevers. Figure 5 demonstrates a 

3D view of the bare Cu and three graphene samples  

(S1-S3). As observed, the surface roughness in bare Cu, 

which was not exposed to methane, is higher than in the 

graphene-grown samples. 

However, more quantitatively from roughness 

parameters extracted from topography images with SPIP 

software (Table 1), bare Cu is less rough than S3 

probably due to the much lower annealing temperature 

Sample S3 went through than bare Cu did. Note that C 

crystallite structures on the surfaces of S1-S3 also 

increase the value of the roughness parameters while the 

bare Cu surface with no crystallites has relatively higher 

roughness values. In samples S1-S3, the average surface 

roughness or Sa increases from S1 to S3. Sa, is one of the 

most commonly used roughness parameters [48], and it 

is the average of the deviations of the mean plane. 

Another roughness parameter derived from the AFM 

topography images is Sq which is the standard deviation 

of the height distribution, also known as RMS roughness. 

 

TABLE 1. Roughness parameters of bare Cu and graphene 

covered S1-S3, data extracted from AFM topographic images 

parameters Bare Cu S1 S2 S3 Unit 

Sa 20.4 6.9 16.9 21.3 nm 

Sq 26.0 9.9 21.5 31.3 nm 

 

Changes in this quantity are similar to changes in Sa in 

S1-S3. It is clear that increasing the growth temperature 

contributes to reduction in the deep structural roughness 

in the Cu sheet. Figure 6 shows 2D topographic and phase 

images of the samples. No trace of graphene is detected 

in the topographic or phase images of the bare Cu sample. 

According to the topographic images of samples S1-S3, 

some elements are observed on these surfaces, 

confirming the presence of a material different from the 

Cu sheet. Further, the surface structure in S1-S3 is 

significantly changed compared to that in the bare Cu 

which can be confirmed in the relevant phase images. In 

addition to the graphene grains, thicker carbon hexagonal 

structures can be seen on these surfaces, which is 

consistent with the findings of FESEM. 

In addition, the number of impurities on these surfaces 

and thickness of the carbon crystallites (as bright spots) are 

in good agreement with the Raman spectroscopic findings 

for each sample. According to the phase images, the 

formation of grain boundaries in the grown graphene layers 

is evident. In S3, carbon crystallites as islands of thicker 

graphene (consisting of more layers) are obviously seen. 

Figure 6 indicates the surface morphology of the 

samples, and Figure 4 shows the ratio of I2D/IG, indicating 

the higher graphene coverage and more uniformity in 

samples S1-S3 followed by increasing growth 

temperature. This result is in agreement with the AFM 

results. In addition, based on the results from the 

topographic AFM images and Table 1, it can be 

concluded that the surface roughness decreases with an 

increase in the temperature. According to these results, 

there is a direct impact on the growth quality of graphene 

https://doi.org/10.30501/acp.2022.343786.1090
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mainly due to the sufficient energy provided to break the 

bond between hydrogen and carbon. At higher 

temperatures, this energy is given more to the carbon 

source gas that improves the growth coating quality and 

uniformity. In reality, several problems may arise such as 

limitation of the use of materials with lower melting 

points and high cost of experiments at high temperatures. 

Given these problems, another mechanism should be 

taken into account to produce the energy needed for 

breaking the bond between hydrogen and carbon. 

Consequently, high temperatures are not required for 

CVD graphene. This can be considered as the future 

research focus in this field.

 

 

Figure 5. 3D images of the bare Cu and graphene grown in S1-S3. The size of all images is 10×10 μm2 

 

 

Figure 6. 2D topographic and the corresponding phase images of bare Cu and graphene covered S1-S3. All images are 10×10 μm2 
 

https://doi.org/10.30501/acp.2022.343786.1090


42 A. Noori et al. / Advanced Ceramics Progress: Vol. 8, No. 1, (Winter 2022) 36-43  

4. CONCLUSION 
 

In this study, graphene was synthesized based on the 

LPCVD method using methane and hydrogen gas 

compounds on Cu catalysts at temperatures below 1000 °C. 

To this end, the conditions were optimized by keeping 

other growth parameters constant. According to the 

optical and FESEM analyses, the sample grown at 930 °C 

were characterized by better continuity and larger surface 

area than other samples. Based on the Raman 

spectroscopy analyses, it can be concluded that the ratio 

of I2D/IG at higher temperatures was higher than that at 

lower temperatures which, in this case, was indicative of 

the lower number of layers. The surface roughness from 

the AFM topographic images of the sample grown at 930 °C 

(6.935 nm) was less than that of the other two samples at 

870 °C (16.953 nm) and 760 °C (21.328 nm). The 

measured roughness of the bare Cu (20.485 nm) was 

higher than S1 and S2 samples yet slightly lower than S3 

sample. The obtained results confirmed the higher 

possibility of obtaining smoother graphene with better 

quality at higher temperatures. 
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Gene therapy is an attractive approach to treatment of diseases with genetic or non-genetic origins. This 

procedure is based on the delivery of genetic materials, mainly DNA or small interfering RNA (siRNA), 
to the target cells or tissues. Due to the presence of physical and chemical barriers in the internal 

environment and cells of the body such as degrading enzymes in the circulatory system or electrical charge 

of the cell membrane, transfection of the naked nucleic acids is inefficient. In order to overcome this 
problem, different types of gene transfer carriers were developed. Of note, nanoparticle-based carriers have 

attracted considerable attention owing to their particular properties. Nanoparticles (NPs) are available in 

different types, each with its own specific advantages and disadvantages. Some of their advantages such as 
their small size have made NPs a potential candidate for eliminating obstacles to the genetic material 

delivery. However, these NPs have several limitations. The current study aimed to introduce different types 

of NPs used in the delivery of genetic materials and examine the basic aspects of the fabrication, 
characterization, and functionalization of NPs. Further, it briefly summarized the advantages and 

disadvantages of each approach to gene delivery by means of NPs. Finally, it suggested some applications 

of the nanoparticle-based gene therapies in the clinical trials. 
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1. INTRODUCTION 
 

Gene therapy is defined as the direct transfer of genetic 

materials to cells and tissues affected by either inherited 

or acquired diseases [1,2]. This procedure is considered 

to be a potential candidate for treatment or prevention of 

diseases resulting from defective gene expression [3]. 

This strategy involves introduction of genes (Figure 1) 

into the target tissues or cells to alter the expression of 

endogenous genes for therapeutic purposes or prevent 

further development of the associated disease [4]. Gene 

therapy is used not only for genetic disorders but also for 

other complex diseases such as viral infections (human 

immunodeficiency virus), autoimmune diseases 

(rheumatoid arthritis), coronary heart disease, cancer, 

diabetes, arterial disease, neurodegenerative disorders, 

hemophilia, AIDS, asthma, etc. [1,5]. 

The therapeutic molecules include nucleic acids, 

https://doi.org/10.30501/acp.2022.345741.1091
https://doi.org/10.30501/acp.2022.345741.1091
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/
http://journals.merc.ac.ir/
https://www.acerp.ir/
https://www.acerp.ir/
mailto:solmazmoniri@gmail.com
https://www.acerp.ir/article_153518.html
https://doi.org/10.30501/acp.2022.345741.1091
https://orcid.org/0000-0002-2477-388X
https://orcid.org/0000-0001-7983-1496
https://orcid.org/0000-0003-3267-0896


 S. Moniri Javadhesari et al. / Advanced Ceramics Progress: Vol. 8, No. 1, (Winter 2022) 44-55 45 

 

antagonist oligonucleotides, and small interfering RNAs 

(siRNAs) facilitate the replacement of damaged gene or 

down regulation of undesirable gene expressions [3,6]. 

These molecules are large in size, easily degradable by 

enzymes, and characterized by anionic nature, 

characteristics that make their delivery quite difficult. In 

this regard, carriers play a significant role in the gene 

delivery to the target cells or tissues [3]. Hence, the 

existence of nucleic acid-transferring vectors is necessary 

to facilitate the transport of nucleic acid molecules to the 

cells [1]. 

 

 

Figure 1. Nucleic acid delivery using nanoparticles 

 
 

In general, there are two different methods of gene 

delivery depending on the carrier’s characteristics 

namely the viral-mediated gene transfer and nonviral 

gene transfer using artificial carriers [7]. The 

effectiveness of the viral vectors in the delivery of nucleic 

acids is greater than that of non-viral ones. However, the 

carriers of viral vectors might considerably threaten the 

patients’ health while the non-viral carriers of genes are 

inherently safer than the vectors of viruses [1,8]. 

In addition, these viral carriers have other limitations 

such as limited cell targeting and gene transport capacity 

as well as relatively high large-scale production costs. 

Non-viral carriers carry a wide range of nucleic acids, 

hence they are robust that can be used for large-scale 

production [3]. In ideal situations, gene transfer systems 

should be stable, biologically compatible, non-toxic, and 

highly efficient transfection systems. Nanoparticles 

(NPs) are ideal platforms that can be used among 

different nonviral nucleic acid carriers [7]. 

NPs, usually referred to as the dispersed or solid 

particles ranging from 1 to 100 nm in size, were found to 

be effective tools for gene delivery. NPs with quite small 

sizes can travel in the circulatory system and pass throgh 

many physiological barriers. 

The high ratio of the surface area to the volume 

facilitates modification of the surface of particles with 

functional groups to control the pharmaco-kinetics and 

bio-distribution of the particles [9]. NPs are categorized 

into four main groups namely the polymer-based, lipid-

based, inorganic, and hybrid NPs (Figure 2) [1,4]. 

This study presents a review of the different types of 

NPs, ways of NP production, clinical development of 

gene-transferring NPs, and toxicity of NPs. 

 

 

Figure 2. Gene delivery approaches 

 

 

2. DIFFERENT TYPES OF NPS 
 

2.1. Polymer-Based NPs 
There is a positive charge in the spine in these polymers 

that supports their interactions with the negatively 

charged anionic nucleic acid materials. The binding of 

the cationic polymers to the DNA molecules can form 

nanometric complexes called the polyplexes [1]. Such 

NPs can be produced using biopolymers or synthetic 
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polymers [10]. Biopolymers are defined as the 

macromolecules produced from living organisms that are 

divided into three groups namely the proteins, 

polysaccharides, and nucleic acids [1]. 

Proteins with natural origin such as albumin, collagen, 

gelatin (a natural protein obtained from the degeneration 

of collagen with great biodegradability and 

biocompatibility in physiological conditions [11]), 

elastin, β-casein, fibronectin, zein, and silk protein are 

commonly used to produce biomaterial NPs [1,12]. A 

polypeptide polymer called the Poly-L-Lysine (PLL) is 

the earliest polymer as for non-viral gene delivery carrier 

[12]. Polysaccharides as another group of biopolymers 

are long molecules of carbohydrate that are made of 

repeating units of monosaccharide. These materials 

contain chitosan, pullulan, hyaluronic acid, alginate (a 

natural polysaccharide obtained from brown algae which 

is composed of alpha-l-guluronic acid and beta-d-

mannuronic acid units [13]), dextran, cyclodextrin, 

heparin, and lignin [1,12]. Synthetic polymer-based NPs 

have also drawn considerable attention in recent years 

[14]. Polylactic Glycolic Acid (PLGA)-based NPs, 

polyethyleneimine (PEI), dendrimers, Polyethylene 

Glycol-Cationic Polylactide (PEG-CPLA) copolymers, 

and Polyion Complex Micelles (PIC) are some examples 

of synthetic polymers [1,12]. 

Polyethylenimine is able to condense the DNAs into a 

polyplex, hence widely used as a gene transferring vector 

[12]. There are two types of polyethylenimines available 

called the branched and linear with different molecular 

weights [3]. Dendrimer is a three-dimensional polymer 

characterized by a spherical structure with many 

branches. Polyamines, polyamides, or polyesters are the 

frequently used dendrimers. Polyamidoamines 

(PAMAMs) are also the most commonly used 

dendrimers [1,15]. 

 

2.2. Lipid-Based NPs 
Cationic lipids, cationic solid lipids, cationic 

liposomes, cationic emulsions, lipidoids, and gemini 

surfactants are the lipid-based NPs generally used for 

gene delivery [1,12]. Cationic lipids are positively 

charged molecules of amphiphilic such as dioleoyl 

trimethylammonium propane (DOTAP) and 

Dioleylpropyl trimethylammonium chloride (DOTMA) 

[1]. Cationic liposomes are liposomes containing a 

positively charged lipid and a helper lipid that can keep 

nucleic acids from enzymatic deterioration in the 

bloodstream and interact with cell membranes with 

negative charge to intense internaling cell [1]. 

The main components used for fabrication of liposomes are 

1,2-dioctadecanoyl-sn-glycero-3-phospho ethanolamine 

(DSPE) and dioleoylphosphatidylcholine (DOPC) or 

dioleoylphosphatidylethanolamine (DOPE) [7,9]. Solid 

Lipid NPs (SLNs) or cationic solid lipid core-shells are 

made from high-melting temperature lipid molecules as 

the core of the particle and surfactants as the shells 

around the particles [1]. Production of cationic emulsions 

involves a hydrophobic oil phase covered with cationic 

lipids [1]. Lipidoids or Lipidoid Nano-Particles (LNPs) 

are small molecules similar to the lipids that have 

recently been explored as the RNA interference gene 

transferring vehicles [12].  

Gemini surfactants are basic structures composed of 

more than two polar head groups and two hydrophobic 

tails connected by a molecule as the space creator [12]. 

Gemini are found in four main types of surfactants 

namely the m-s-m (N, N-bis (dimethyl alkyl)-α, ω-

alkanediammonium), peptide-stabilized, carbohydrate-

based, and disulfide-bearing gemini surfactants [12]. 

 

2.3. Inorganic NPs 
There are different types of inorganic NPs including 

Carbon Nano-Tubes (CNTs), graphene oxide, calcium 

phosphate NPs, Magnetic Nano-Particles (MNPs), silica 

NPs, Gold Nano-Particles (GNPs), silver NPs, and 

Quantum Dots (QDs) that are often used as the carriers for 

nucleic acid transportation [1,12]. In addition, zinc oxide 

NPs (ZnO NPs) are regularly utilized as different 

biomolecules delivery vehicles (gene, drug, etc.) [16]. CNTs 

are nanosized fibers with high specific surfaces [17]. Owing 

to their needle-like nanostructure, CNTs can traverse 

through the plasma membrane easily in an endocytosis way 

without causing considerable cell death [1]. They are usually 

insoluble materials that need surface functionalization for 

their stablization in solvents. Considerable attention has 

been paid to the CNTs (with either single- or multi-walls) 

owing to their wide applications in the field of gene therapy 

[9]. Magnetic NPs are another type of synthetic particles in 

submicron size that react with magnetic fields [1]. For 

example, super paramagnetic iron oxide NPs (Fe3O4) or 

SPIONs are used in these nucleic acid transferring systems 

[9]. 

Calcium phosphate NPs are extensively used for gene 

transfection as the in vitro that have been thoroughly 

inspected as an advanced non-viral nucleic acid delivery. 

Application of silica NPs have been recently suggested 

as the non-viral vectors of in vivo gene delivery [1]. 

Metallic NPs, especailly gold NPs, are superior to their 

counterparts in terms of their simplicity of the synthesis 

method, high efficiency in gene transfection, and high 

capability of their surfaces in undergoing chemical 

modifications [1]. 

QDs are successfully used for in vivo and in vitro gene 

transfection. These vectors are approximately spherical 

semiconductor NPs characterized by core-shell structures 

[1]. QDs are also called nanocrystals mainly because they 

are nanometer-sized monodisperse crystals [12]. 

Graphene is an attractive nanomaterial. This allotrope 

of carbon enjoys favorable thermal, optical, and electrical 

advantageous properties. For instance, Graphene Oxide 

(GO) in protection of nucleotides from cleavage, makes 

it a proper gene delivery vector [1,18]. 
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2.4. Hybrid NPs 
Hybrid NPs are divided into two groups of multi-layer 

and Liposome-Polycation-DNA (LPD) NPs. LPD NPs 

are primarily manufactured through the spontaneous 

reorganization of the lipid layer around the polycationic 

DNA core, and arrangement of polycations and 

polyanions Layer-by-Layer (LbL) results in the 

fabrication of multi-layer NPs. Contrary to the cationic 

polypeptides like histone, poly-L-lysine, and protamine 

that are able to flexibly package the DNA molecule, 

polycations in multi-layer NPs are condensing 

polyanions (e.g., DNA) in highly compressed nanometric 

structures [1,19]. There are other types of hybrid vectors. 

For instance, theranostic nanomaterials comprises both 

organic and inorganic NPs and provides specific disease 

management nanosystems by combining different NP 

platforms (therapeutic and diagnostic capabilities) into 

one biocompatible and biodegradable NP [7]. In fact, 

theranostic nanosystems are multifunctional [20]. Of 

note, hybrids of polysaccharides and proteins are 

sometimes utilized to fabricate gene delivery carriers. 

NPs based on the core-shell structures of Albumin-

chitosan-DNA are inquired for gene transportation 

purposes. Further, dendrimer-like hybrid silica NPs are 

functionalized nano-scale carriers that can be appropriate 

candidates for simultaneous and efficient delivery of 

different types of drugs or genes with different sizes [1]. 

A list of NPs that are developed for gene delivery 

puposes are summarized in Table 1. 

 
 
3. FABRICATION OF NPS 

 
Advancement of clinically felicitous NPs for gene 

therapy still faces many problems such as 

biocompatibility and biodegradation, aggregation of NPs 

in physiological fluids, non-specific adsorption by non-

target tissues, inefficient extravasation to reach desired 

tissues, unwanted entrance to the target cells, and 

endosomal escape [4]. 

Fabrication of the commonly used NPs is elaborated in 

the following with the main emphasis on some 

approaches that help overcome the mentioned problems. 

 

3.1. Polyethylenimine 
PEI is a cationic polymer that is commonly used as an 

effective nucleic acid delivery vector. As observed in 

Figure 3, there are two branched or linear forms of PEI. 

Gene transferring efficacy and cellular toxicity of PEI 

originally depend on its size, molecular weight, and 

polymer:nucleic acid charge ratio. In this regard, several 

researches highlighted that PEI with higher molecular 

weight (> 25 kDa) was more toxic than small and 

medium-sized polymers (5-25 kDa), hence less effective 

at gene delivery [9]. 

Typically, aziridine monomers are polymerized in 

 

TABLE 1. Different types of NPs developed for gene delivery 

Ref(s) Materials that have been used Type of  

NPs 

[1] 

[1],[12] 

[1] 

[1],[9],[12] 

[1],[12] 

[1] 

[1],[12] 

[12] 

[12] 

[1],[7] 

[1] 

[1] 

[1] 

[1] 

[1] 

[12] 

[12] 

[1],[12] 

[1],[15] 

[1] 

[12] 

[1] 

Collagen 

Elastin  

Fibronectin 

Silk proteins 

Albumin 

β-casein 

Zein 

Gelatin 

Poly-L-lysine (PLL) 

Chitosan 

Alginate 

Heparin  

Hyaluronic acid 

Pullulan 

Dextran 

Cyclodextrins 

Lignin 

Polyethylenimine  

Dendrimers 

Poly lactic-co-glycolic acid (PLGA) 

PEG-CPLA copolymers 

Polyion complex micelles (PICs) 

Polymer-

based NPs 

[1] 

[1] 

[1] 

[1] 

[12] 

[12] 

Liposomes 

Cationic lipids 

Cationic solid lipids 

Cationic emulsions 

Lipidoids 

Gemini surfactants 

Lipid-based 

NPs 

[1],[12] 

[1],[12] 

[1],[12] 

[1] 

[1],[12] 

[12] 

[16] 

[1],[12] 

[12] 

Carbon nanotubes (CNTs) 

Magnetic NPs (MNPs) 

Calcium phosphate  

Silica  

Gold 

Silver 

ZnO 

Quantum dots (QDs) 

Graphene oxide 

Inorganic 

NPs 

 

aqueous or alcoholic solutions in order to prepare 

branched polyethylenimine polymers. Initial 

concentration of the components and temperature of the 

reaction are two key regulators in the procedure of 

constructing PEI of different molecular sizes that finally 

lead to production of randomly branched polymers. 

Similarly, linear structures of polyethylenimine result 

from the polymerization of cationic ring and unrolled 

ethyl-2-oxazoline to poly (2-ethyl-2-oxazoline). In this 

procedure, partial hydrolysis with an acid or base catalyst 

lead to the generation of linear polyethylenimines. The 

molecular weight and degree of branching can be 

controlled by changing the conditions of each process. 

Essentially, such high-charge polymers are proved to be 

ideal vectors for condensation of nucleic acids and 

transfer of genes in vitro and in vivo. However, high 

charges can cause damages to the cells and tissues due to 

their toxic nature. In general, the effectiveness of the PEI-

based vectors can be affected by some parameters namely 
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the positive charge density, degree of branching, 

molecular weight, cross-linking, buffering capacity, etc. 

These parameters directly affect the DNA binding 

properties of the PEI, surface charge magnitude, and size 

of the prepared compounds [3]. 

PEIs with different molecular weights ranging from 

430 to 800,000 Da were investigated in terms of their 

efficiency in gene transfer, and the transfection efficacy 

of 25 kDa PEI was found to be the best in vitro. 

The cytotoxicity of the PEI results from the polymer 

aggregation on the surface of cells. On the contrary, less 

cytotoxicity of the low molecular weight PEI results from 

the diminished surface charge [21]. The stability of the PEI 

polyplex can be enhanced by modifying the periphery of the 

Polymer. The serum-tolerant capacity of the polyplex can be 

significantly improved by introducing hydroxyl groups. In 

addition, PEGylation as the most commonly used method 

can create a hydrophilic outer layer that lessens non-

specific interactions with serum components and 

clearance by phagocytosis mechanism [7].

 

 

Figure 3. Structures of branched PEI, linear PEI [23], and chitosan [24] 

 

3.2. Chitosan 
Chitosan is derived from chitin which is the main 

component of cell walls of fungi, exoskeletons of 

crustacean and insect, and scales of fish. It is a positively 

charged polymer made of (1–4)-2-amino-2-deoxy-β-ᴅ-

glucan (Figure 3) [22]. Owing to its cationic nature, the 

chitosan polyelectrolytes facilitate strong electrostatic 

interactions with mucus, mucosal surfaces with negative 

charges, and negatively charged macromolecules such as 

the DNA. In addition, presence of amine groups in the 

structure of chitosan made this biocompatible, 

biodegradable, and non-toxic polymer applicable as an 

attractive vector for non-viral gene transfer. Chitosan can 

form small stable particles (20 to 500 nm) with the 

plasmid DNA, and its binding efficacy depends on the 

molecular weight as well as the degree of deacetylation. 

Chitosan shows higher protective ability against DNase 

digestion and better biocompatibility than other polymers 

such as PEI. In the beginning, the efficacy of the DNA 

transfection by means of chitosan was slow; however, the 

transfection efficiency increased over time with lowering 

cytotoxic consequences in vivo [1]. 

Chitosan is a biologically degradable polymer, yet its 

limited transfection efficiency confines its application as 

a gene transferring vector [7]. Chitosan NPs can be 

chemically modified initiating from the base polymers or 

produced NPs. To this end, reactive hydroxyl and amino 

                                                           
1 The sequence of RVG29 is YTIWMPENPRPGTPCDIFTNSRGKRASNGC 

groups of chitosan are used at different temperatures in 

different alkaline conditions. Among the examples are 

alkylation, thiolation, carboxylation, quaternization, and 

PEGylation. 

Chemical modifications is primarily performed as an 

additional process to improve the solubility, efficiency of 

encapsulation, and enzyme inhibition and adhesion 

properties [22]. 

 

3.3. Dendrimers 
The role of dendrimers in gene, siRNAs, and antisense 

oligonucleotides transfer was also investigated in some 

studies. The positively charged surface groups of 

dendrimers can interact with negatively charged nucleic 

acids. Spherical nanoscopic polymers of PAMAM are a 

type of dendrimer generally used for nucleic acid 

transfection. Small dendrimers can provide better DNA 

binding efficiency than larger dendrimers. 

In a study, a unique complex of PAMAM could cross 

the Blood-Brain Barrier (BBB). In fact, a peptide was 

derived from the glycoprotein of Rabies virus (named 

RVG29 peptide)1 which is bound to PAMAM via 

bifunctional PEG as well as a system compounded with 

nucleic acids to generate PAMAMPEGRVG29/DNA 

NPs. 

PAMAMPEGRVG29/DNA NPs confirmed more 

efficient crossing through the BBB than the 
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PAMAM/DNA in the in vitro BBB model57. It was taken 

up endocytotically by the endothelial cells of brain 

capillaries, a phenomenon that can be inhibited by free 

RVG29 [9]. 
 

3.4. Liposomes 
Liposomal formulations optimized for gene transfer 

are usually composed of a complex of charged and 

neutral lipids (helper lipid), often DOPE or DOPC. These 

neutral lipids help form the lipid bilayer of liposome 

[9,12]. In DNA-binding studies mediated by N-(1-(2,3-

dioleoyloxy) propyl)-N,N,N-trimethylammonium 

chloride (DOTAP), DNA was not efficiently combined 

with liposomes made without DOPE [9]. 

Cationic liposomes modified by grafting PEG or PEG-

introduction methods demonstrated that in the presence 

of serum, the transfection efficiency of the conventional 

liposomal compounds was diminished while the related 

efficacy of the PEG-added compounds was retained. In 

addition, the transfection efficacy of the traditional gene 

delivery compounds considerably decreased during 

storage. However, the transfection efficiency remained 

stable for the PEG-containing liposomal gene transfer 

compounds even after storage for two weeks [25]. 
 

3.5. Gold NPs 
Gold NPs (Au-NPs) possess flexible surfaces that 

support their functionalization. This allows nucleic acids 

to be directly compbined with gold NPs. Coating of gold 

NPs with antibacterial Peptides (PEP) or Transactivators 

(Tat) of transcriptional peptides can be used for more 

efficient gene delivery to the stem cells [12]. 

For gold NPs, increasing the particle-to-DNA ratio 

(20:1) notably improved the transfection efficiency. 

Sandhu et al. studied gene transfer using gold NPs 

modified by N,N,Ntrimethyl(11-mercaptoundecyl) 

ammonium chloride and alkyl thiol in different chain 

sizes. Based on the best formulation for NP in their study, 

the transfection efficiency was about eight times more 

than that of the PEI [9]. 

 

3.6. Carbon Nanotubes 
The small size of the CNTs and their chemical 

inactivity are attractive features for gene transfer but their 

hydrophobicity makes them less soluble in aqueous 

solution, thus limiting their applicability in biological 

systems. CNTs can be synthesized through covalent or 

non-covalent interactions to improve their dispersion and 

solubility. Oxidations and cyclo-additions are the two 

most ordinary covalent functionalization reactions. 

Another approach to non-covalent functionalization of 

CNTs is coating with amphipathic molecules such as 

Sodium Dodecyl Sulfate (SDS) or proteins [12]. 

Covalent modification of carbon nanotubes can be 

carried out using the 1,3-dipolar cycloaddition reaction 

of azomethine ylides. Both Single- and Multi-Walled 

Carbon Nanotubes (SWNT and MWNT) are 

functionalized with a pyrrolidine ring equipped with a 

free oligoethylene glycol moiety attached to the nitrogen 

at amino-terminal. Attachment of this functional group 

significantly increases the solubility of CNTs, especially 

in aqueous solutions [26]. 

 

 

4. MECHANISMS OF DNA-NP BINDING 
 

One of the main applications of NP-based approaches 

is developing sensitive and specific medical diagnostics 

and delivery of nucleic acids to cells or tissues. Specific 

or non-specific molecular binding between nucleic acid 

molecules and NPs can provide high sensitivity. Covalent 

bindings between nucleic acids and NP surfaces are 

formed by anchor groups (–OH, –SH––COOH, or NH2). 

In general, thiolated oligonucleotides can functionalize 

gold (Au) or silver (Ag) NPs to generate nucleic acid NP 

probes for specific recognition of complementary nucleic 

acid sequences in testing DNA mutations and 

polymorphism studies. In addition, non-covalent 

adsorption between nucleic acids and NPs result in non-

specific interactions. Similar to the nucleic acid-protein 

interactions in vivo, this approach requires the affinity of 

non-covalent binding to control nucleic acid release in 

gene regulation or therapy. In this regard, a better 

understanding of the interactions between nucleic acids 

and NPs at the atomic level plays a crucial role in 

developing such approaches. Researchers declared that 

binding of short ss-DNA of 24-mer to 13 nm gold NPs 

could significantly prevent aggregation while 

complementary hybridized oligomers failed in 

stabilization of the gold NPs, thus resulting in 

aggregation of Au-NPs in saline mixtures [27]. 

Evaluation of the affinity with the deoxynucleosides- 

Au-NP binding confirmed the strong affinity between the 

four deoxynucleosides namely the Adenine, Thymine, 

Guanine, and Cytosine. Contrarily, the thymine showed 

the weakest affinity with the gold surface among the 

others. The negative charge distributed on the backbone 

of nucleic acid molecules mediate their adsorption on NP 

surfaces through the Fe-O-P interactions. Researches 

highlighted the crucial role of electrostatic interactions 

and hydrogen bonds formation in the adsorption of 

DNA/RNA to IONPs (iron oxide NPs) [28]. 

 

4.1. DNA–Gold NP Binding 

Given that Au-NPs have negative charge on their 

surface, they are regarded as the selective vectors for 

delivery of ss-DNAs. The binding of the gold NPs to the 

ds-DNA is not favorable due to the higher repulsion 

between ds-DNA and negative charges on the surface of 

gold NPs. The longer ss-DNAs cause weaker interactions 

with Au-NPs, and binding of long ss-DNA molecules to 

gold NPs occurs just at high temperatures. In addition, 

the size of NPs is a significant part of interaction between 
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DNA and NPs [27,29]. 

 

4.2. DNA–Silver NP Binding 
Silver NPs were functionalized to detect specific 

sequences of nucleic acids. Then, NPs of 

oligonucleotide-Ag provide ultrasensitive DNA 

detection systems. The results from several studies 

referred to the sequence-dependent interactions of DNA 

and Ag-NPs, thus suggesting the close affinity between 

nucleotides and silver NPs with variable attraction 

strength as the order C > G > A > T. It was also found 

that Ag NPs could efficiently bind to the ds-/ss-DNA 

molecules. As a result of the potential of negative zeta of 

the Ag-NPs, an electrostatic attraction between Ag-NPs 

and negatively charged DNA backbone would seem 

unlikely. 

Accordingly, DNA-Ag complexes were formed 

through coordination coupling. Silver NPs could interact 

with N7 atoms of purines (A & G) and N3 atoms of 

pyrimidines (T & C) [30,31]. 

 

4.3. DNA-CNT Binding 
Different nanomaterials of carbon were studied with 

the main focus on the DNA-NP binding, and the findings 

revealed that single-walled CNTs were bound to ss-

DNAs. Molecular simulation studies also suggested that 

torsional and electrostatic interactions of DNA backbone 

may drive wrapping of DNA molecule around SWNTs in 

order to form compact helices that can be used in gene 

therapy approaches [32,33]. 

 

 

5. THE APPLICATION OF NPS IN GENOME EDITING 
 
In recent years, a versatile genome editing system 

known as CRISPR-Cas9 (Clustered Regularly 

Interspaced Short Palindromic Repeats and CRISPR-

associated protein 9 (Cas9)) has emerged as an efficient 

tool to carry out precise mutations and gene targeting. It 

can perform gene replacements, gene deletions/ 

insertions, and single base pair conversions [34]. 

Since the nuclear genome is the target of CRISPR/Cas9 

complex, the components of this system are required to 

be transported to the nucleus. In this regard, 

CRISPR/Cas9 is needed to pass through the barriers of 

cellular and nuclear membrane and nanocarriers can 

fulfill this purpose. For example, nanocarriers based 

on polymers such as block polymer PEG-b-PLGA, 

lipid-based NPs, chitosan, and PEI or Au-NPs can 

transfer the CRISPR/Cas9 complex into nucleus [35]. 

 

 

6. DEVELOPMENT OF NPS FOR GENE DELIVERY 
AND CLINICAL APPLICATIONS 

 
Gene therapy is the methodology of correcting genetic 

errors in living organisms either by delivery of 

exogenous integrating/non-integrating nucleic acids or 

modification of the gene expression to prevent or treat the 

disease. Recently, a wide variety of NPs have been 

functionalized for delivery of DNA and RNA to the cells 

or tissues of interest. These novel Nano-systems can be 

utilized as alternatives for viral vectors. Gene delivery 

through nanomaterials enjoys several advantages such as 

lower immune response than that of viral vectors, highly 

flexible design, low cytotoxicity, and feasibility of 

targeted gene delivery to the cells and tissues in vivo and 

in vitro [36]. 

Two basic approaches to gene therapy are (i) 

introduction of a functional gene in order to recover the 

function of related defective gene and (ii) antisense 

technology that is the delivery of interfering RNAs such 

as siRNA, micro RNA (miRNA) or short hairpin RNA 

(shRNA) to modulate post transcriptional gene expression 

by degrading the mRNA of interest or repressing its 

translation, or through Antisense Oligo-Nucleotides 

(AONS) that are single stranded nucleic acids directly 

finding their complementary sequences of mRNAs without 

the aid of auxiliary cellular mechanisms. The second 

approach is usually employed to treat tumors or other 

genetic disorders caused by upregulation of specific genes 

[36,37]. 

Nanomaterials are the delivery vectors for small RNA 

molecules [37]. For novel nanomaterials, the approaches 

to gene delivery are still developing. In this respect, the 

key challenges are how to make a balance between 

transfection efficiency, targeting specificity, particle size, 

biodegradability, and cytotoxicity as well as their short- 

and long-term fates in the environment [38]. 

Application of nucleic acid delivery in clinics is still in 

its infancy, and the FDA has not yet approved the NP-

based gene therapy [1,4]. In the following, several cases 

of clinical applications of NPs in gene transfer are 

introduced (Figure 4). 

A study took into account the HER2 expression based 

on some cancerous cells as a principal for developing the 

targeted NPs. HER2 is a tumor marker gene that is 

commonly upregulated in certain tumors such as ovarian 

and breast cancer. A monoclonal antibody called the 

Herceptin (HER) can selectively recognize HER2 and 

target the HER2+ cancerous cells [7]. Magnetic 

antifouling iron oxide NPs (IONPs) coated with block 

copolymer poly(ethylene oxide)-block-poly (γ-

methacryloxypropyltrimethoxysilane) (PEObPγMPS) 

was also utilized to improve cell targeting by reducing 

non-specific uptake. Attachment of Herceptin, the 

antibody of HER2 or a single-chain fragment (ScFv) of 

anti-epidermal growth factor receptor (ScFvEGFR) 

antibody to the IONPs coated with PEO-b-PγMPS 

resulted in HER2- or EGFR-targeting IONPs (anti-

HER2-IONP or ScFvEGFR-IONP). In vitro studies 

demonstrated that anti-HER2-IONPs could specifically 

bind to SK-BR-3, a HER2 overexpressing breast cancer 
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Figure 4. Clinical applications of nanoparticle-based gene therapy 

 

cell line, but it failed to bind to the HER2 

underexpressing MDA-MB231 cell line. Furthermore, 

ScFvEGFR-IONPs exhibited strong reactivity with 

EGFR-positive MDA-MB231 human breast cancer cell 

line but not with an EGFR-negative human breast cancer 

cell line, i.e., MDA-MB453. Transmission electron 

microscopy was employed to demonstrate the 

internalization of NPs targeting the receptors of 

cancerous cells. Of note, non-specific uptake of IONPs 

by macrophages of RAW264.7 mouse was reduced for 

both antibody-conjugated and non-antibody-conjugated 

NPs in vitro. The produced IONPs exhibited long 

persistence in blood circulation with the half-life of 11.6 

hours in serum and lowered accumulation in spleen and 

liver of mice. Administration of ScFvEGFR-IONPs into 

the circulatory system of mice bearing EGFR-Positive 

breast cancer 4T1 mammary carcinoma showed a 

reduction in the magnetic resonance imaging signals in 

the tumors at 24 hours after administration due to the 

accumulation of the targeted IONPs [39]. These targeted 

IONPs can be complexed with therapeutic nucleic acids 

and applied as site specific gene delivery vectors to carry 

the nucleic acids for disease treatment purposes. 
Davis et al. reported he first gene delivery system based 

on the NPs, called CALAA-01 in a Phase I clinical trial 

for cancer. CALAA01 is made of a polymer containing 

cyclodextrin, siRNA that target M2 subunit of 

ribonucleotide reductase (RRM2), PEG stereostabilizer 

agent, and ligand that target the transferrin for attachment 

of NPs to the transferrin receptors that are upregulated on 

the cancer cells 71. According to the results, the systemic 

administration of this “drug” carried the siRNA 

component into the melanoma cells and potentially 

showed the antiproliferative effect on the multiple types 

of cancerous cells [4]. 

IONPs are a group of NPs that can carry the targeted 

nucleic acids, basically in the form of plasmid DNA or 

siRNA, in order to regulate the altered expression of 

genes resulting from the carcinogenesis process. It should 

be noted that the IONPs have the potential to improve the 

efficiency of gene therapy. The complexes of IONP-gene 

make feasible the delivery of nucleic acids to the organ 

of interest such as a tumor and function against the tumor 

either directly or indirecyly.  

In the direct delivery, IONPs that are bound to siRNA 

(siPLK1) act on a cell cycle-specific serine/threonine 

kinas (pololike kinase-1) and two peptides (MUC1 and) 

are injected into tumor-bearing mice. Then, the IONPs 

accumulate in the tumor, efficiently silence PLK1, and 

suppress the tumor by increasing apoptosis. 

In the indirect delivery, IONPs that carry the 

phosphatase and tensin homolog (PTEN) gene increase 

the sensitivity of A549 / CDDP lung cancer cells to 

cisplatin treatment, indicating that PTEN can be 

effectively utilized against cisplatin-resistant lung cancer 

cells [40]. 

Inorganic MNPs are commonly used for gene delivery. 

Typically, MNPs in combination with a delivery platform 

encapsulate nucleic acids and facilitate their uptake by 

cells. However, the efficacy of the MNPs as nucleic acid 

carriers or drug delivery vectors depends on the 

modification of the outer surface of the NPs to permit 

binding of target molecules. The desired therapeutic 

molecules are attached to the NPs by cleavable linkers or 
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electrostatic attraction between the magnetic NP and 

target molecule. Novel reseraches have been conducted 

on how to find ultra-small and biologically compatible 

magnetic NPs that assist genetically modified cells such 

as macrophages and monocytes with efficient uptake by 

tumors after systemic administration [41]. 

In gene therapy, silica-based carriers are preferred to 

other non-viral/viral vectors due to their high safety level, 

flexibly modifiable surface and structure, great stability, 

and affordable costs. Silane is a versatile material with 

high combinatory features with lipids, polymers, and 

inorganic NPs. Silica NPs provide high loading 

capacities, efficient nucleic acid interaction and 

protection, specific tissue targeting, and cargo releasing. 

In this regards, several gene therapy approaches have 

been recently developed based on the silica NPs, e.g., 

forward and reverse transfection as well as sedimentation 

agents (non-porous NPs). Silica-based gene therapy 

yielded promising results both in vitro and in vivo for 

therapy or imaging purposes [42]. 

PEG – PEI - Cholesterol (PEGPEIcholesterol) was 

successfully developed as a carrier for gene transfer in 

the immunotherapy of epithelial ovarian with 

upregulated cytokine interleukin 12. Moreover, some 

gene therapy approaches with the main focus on the NPs 

are commonly employed in clinical trials such as PEI-

based NPs which is used for treatment of ovarian, 

bladder, and pancreatic cancers, lipid-based NPs for 

treatment of advanced solid tumors, transthyretin 

amyloidosis, hepatocellular carcinoma, liver metastases, 

and lung cancer [4]. 

Poly (lactic-co-glycolic acid) (PLGA) is a synthetic 

polyester with favorable properties including 

thermoplasticity, biocompatibility, and aliphatic nature. 

Specific formulations were proposed based on this 

polymer and its relevant homopolymers, poly (lactic 

acid) (PLA), and poly (glycolic acid) (PGA). The 

potential of the PLGA NPs as nanocystems for drug 

delivery was proved for many therapeutic agents 

including proteins, antioxidant drugs, anti-inflammatory, 

antibiotics, antiseptics, and chemotherapeutic agents. 

Then, it can be suitable for targeting tumors and/or DNA 

[43]. For example, clinical evaluation of the PLGA-based 

NPs are under consideration for the treatment of 

pancreatic cancer [4]. 

Chitosan-based NPs can used for delivery of both DNA 

and siRNA. Studies highlighted the potential of chitosan 

NPs as the DNA vaccine carrier and adjuvant for 

effective immunization through a non-invasive nasal 

route [44]. 

 

6.1. The Effect of the Size of NPs on Gene Therapy 
The size of NPs is considered as a significant factor in 

their in vivo/vitro applications that also affects their 

cellular delivery, efficacy of transfection, bio-

distribution, and cytotoxicity. The NPs of 200 nm or less 

in size typically benefits endocytosis mediated by 

clathrin, and those of more than 200 nm in size are 

usually transferred through caveolar endocytosis. As 

shown, the NPs with the size of 100 nm and less 

efficiently enter a wide variety of cell lines while the NPs 

of 50 nm in size are the optimum size for uptake by cells. 

However, the impact of NP size on the transfection 

efficiency is, to some extent, conflicting. There are 

reports on the higher efficiency of transfection with 

smaller NPs (< 200 nm) while some others show the 

better transfection efficacy of larger NPs (> 200 nm). In 

addition, smaller NPs have larger surface areas capable 

of exposing higher percentage of molecules on their 

surface that led to high cytotoxicity of these NPs. 

Furthermore, small NPs, particularly NPs coated by 

biocompatible polymers (such as PEG), were found to be 

persistant in the blood circulatory system for a long time, 

and NPs conjugated to the targeting ligands showed 

better cellular penetrance. Overall, it can be concluded 

that the NPs with the size of 100 nm and smaller coated 

by biologically compatible polymers and attached to the 

targeting ligands can play a critical role in ensuring the 

success of nucleic acid transfer in clinical concerns [45]. 
 
 
7. TOXICITY OF NPS 
 

NPs have great potential for improving gene therapy; 

however, their toxicity-related risks are inevitable. 

Determination of the toxicity and safety profile of a NP 

system for clinical utilization can be significantly 

challenging given the variety of factors involved 

including the size, shape, composition, stability, surface 

chemistry, electromagnetic properties of the 

nanopartciles as well as the genetic and existing 

conditions of the intended individual. Depending on the 

composition and size of the NPs, they can induce 

irreversible cell damages through oxidative stress and/or 

organelle damage [9]. Moreover, NPs can induce 

intracellular calcium (Ca2+) perturbation in homeostasis, 

thus resulting in molecular actions attributed to energy 

and metabolic imbalances as well as cellular dysfunction 

[46]. 

The physicochemical properties of the developed NPs 

notably affect how they interact with the target cells and 

determine their potential overall toxicity. A better 

understanding of these properties can facilitate the 

fabrication of safer less toxic NPs [46]. 

Indeed, most inorganic NPs are biologically toxic. To 

be specific, while lipid-based and hybrid NPs are toxic in 

high doses, NPs based on polymers are less toxic to cells 

[1]. For example, the toxicity of the CNTs depends on 

their size. In animals, while single-walled CNTs are 

taken up easily by macrophages, the multi-walled CNTs 

have a carcinogenic effect similar to that of the asbestos 

after injection into a peritoneal cavity. However, when 

accumulated in the liver in the long run, single-walled 

CNTs will cause disturbance in some biochemical 
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parameters in the form of alanine transaminase, aspartate 

transaminase, LDH, malondialdehyde, and glutathione 

and alter the organ indices among the laboratory animals 

[47]. 

There are evidence of the adverse health effects of long 

exposure to NPs on the brain (neurodegenerative diseases 

such as Alzheimer's disease and Parkinson's disease), 

cardiovascular diseases (Hypertension, atherosclerosis, 

thrombosis, arrhythmia, vasoconstriction, heart disease), 

lungs (emphysema, asthma, cancer), gastrointestinal 

system (colon cancer, Crohn's disease), and skin 

(dermatitis, autoimmune disease) [9]. 

 

 

8. CONCLUSION 
 
Gene delivery to cells or tissues is a critical step in gene 

therapy of diseases with genetic or non-genetic origin in 

order to treat or alter the molecular mechanisms that 

cause different diseases. Transferring the genetic 

materials to the cells is bound to a number of biological 

and other limitations. To overcome these limitations and 

facilitate gene delivery process, noanoparticle-based 

carriers have been recently developed. These types of 

carriers are found in a wide variety including polymer-

based, lipid-based, inorganic, and hybrid NPs that can be 

fabricated through different approaches and 

functionalized for different purposes. Despite the 

positive characteristics of each NP, they have some 

advantages and disadvantages that should be 

simultaneously taken into consideration in special gene 

therapy approaches. One of the main problems in the 

application of NPs as the gene delivery carriers is their 

toxicity. In this respect, a balance should be made 

between the advantages and disadvantages of each NP 

which is a critical step in transferring genetic materials 

by NPs that may result in the development of specific and 

safer clinically applicable gene therapy approches that 

are promising in treating many diseases. 
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NOMENCLATURE 
 

Au-NPs Gold-Nanoparticles 
CNTs Carbon nanotubes 

CPLA Cationic polylactide 

CRISPR Clustered regularly interspaced short palindromic repeats 
DOPC Dioleoyl phosphatidylcholine 

DOPE Dioleoyl phosphatidylethanolamine 

DOTAP Dioleoyl trimethylammonium propane 
DOTMA Dioleoyl propyl trimethylammonium chloride 

ds-DNA Double-stranded DNA 

DSPE 1,2-dioctadecanoyl-sn-glycero-3-phosphoethanolamine 

EGFR Epidermal growth factor receptor 

FDA Food and drug administration 
GNPs Gold Nanoparticles 

GO Graphene oxide 

HER Herceptin 
IONPs Iron oxide Nanoparticles 

LbL Layer-by-layer arrangement 

LNP Lipidoid Nanoparticles 
LPD Liposome-polycation-DNA Nanoparticles 

miRNA Micro RNA 

MNPs Magnetic Nanoparticles 
MWNTs Multi-walled carbon nanotubes 

NPs Nanoparticles 

PAMAM Polyamidoamine 

pDNA Plasmid DNA 

PEG Polyethylene glycol 

PEG-b-
PLGA 

Polyethylene glycol-b-poly (lactic-glycolic acid) 

PEI Polyethyleneimine 

PGA Poly glycolic acid 
PIC Polyion complex micelles 

PLA Poly lactic acid 

PLGA Polylactic glycolic acid 
PLL Poly-L-lysine 

PTEN Phosphatase and tensin homolog 

QDs Quantum dots 
RRM2 M2 subunit of ribonucleotide reductase 

RVG29 Peptide derived from the glycoprotein of rabies virus 

SDS Sodium dodecyl sulfate 
shRNA Short hairpin RNA 

siRNA Small interfering RNA 

SLNs Solid lipid Nanoparticles 
SPIONs Super paramagnetic iron oxide Nanoparticles 

ss-DNA Single-stranded DNA 

SWNTs Single-walled carbon nanotubes 
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