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ABSTRACT 
 

 

White spot lesions (WSLs) commonly develop around orthodontic brackets. Amorphous 

calcium phosphate (ACP) is known for its remineralizing properties, which can help 

prevent WSLs. However, the incorporation of ACP may compromise the mechanical 

strength of the material. This study focuses on the development of experimental 

orthodontic adhesives incorporating cellulose nanocrystal (CNC) and amorphous calcium 

phosphate (ACP) to evaluate their bond strength and mineral release properties. The 

experimental resin formulation included BisEMA, TEGDMA, 4-META, 

camphorquinone, and DMAEM. Adhesive disks underwent characterization through FE-

SEM, EDS, and XRD techniques. The release of minerals was quantified using ICP-OES. 

The shear bond strength (SBS) was evaluated immediately after bonding metal brackets 

to bovine incisors. Adhesives containing various fractions of ACP (15%, 20%, and 40%) 

exhibited sustained release of calcium and phosphorus over a 30-day period. The 

incorporation of ACP and CNC contributed to a reduction in adhesive cytotoxicity. The 

adhesive formulation with 40% ACP + 5% CNC showed the lowest SBS, whereas the 

adhesive with 15% ACP + 5% CNC demonstrated suitable bond strength for orthodontic 

applications. Addition of 20% CNC to the experimental resin positively impacted bracket 

bond strength. Likewise, 20% ACP improved shear bond strength. However, the 

combination of 5% CNC with ACP did not significantly affect bond strength. ACP 

nanoparticles show promise for integration into experimental orthodontic adhesives 

containing BisEMA, TEGDMA, 4-META, CQ, and DMAEM. The synergistic use of ACP 

with CNC remains a topic of debate and warrants further investigation. 
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INTRODUCTION 

Tooth enamel, which is composed of long 

apatite crystals [1], can experience demineralization 

around orthodontic brackets, leading to the formation 

of white spot lesions (WSLs) [2]. WSLs are frequently 

observed in orthodontic patients [3]. To mitigate the 

risk of WSLs, researchers are exploring the use of 

remineralizing agents [4]. One approach involves 

enriching orthodontic adhesive with nanoparticles that 

contain minerals like calcium (Ca), phosphorus (P), 

and fluoride (F). These nanoparticles have the potential 

to inhibit tooth demineralization and promote 

remineralization, effectively preventing the occurrence 

of WSLs [5-8].  

Polymer-ceramic composites are widely 

utilized as biomaterials for the repair of bone and tooth 

defects [9-11]. These versatile materials find 

applications in dental implants, dental composites, and 

orthodontic adhesives [12-14]. Specifically, resin-

based composites are commonly employed in 

orthodontic treatments [15]. The incorporation of 

calcium phosphate into composite structures imparts 

bioactivity to these materials [16]. While previous 

studies have predominantly focused on the use of 

crystalline forms of calcium phosphates in dental 

applications [17], there has been a shift towards 

exploring the potential of Amorphous Calcium 

Phosphate (ACP) in dental resins [18-20]. As a result, 

several toothpastes based on ACP have been 

introduced to the market [17]. The dental composites 

containing small amounts of ACPs have the ability to 

release significant quantities of Ca and P due to the 

large surface area of ACPs. This characteristic allows 

for more fillers to be incorporated into the resin, thus 

reinforcing its structure [19]. However, it should be 

noted that an excessive amount of ACP in the adhesive 

can lead to a reduction in bond strength [7, 8]. For 

instance, Zhang et al. [7] successfully developed an 

orthodontic cement by incorporating 40% ACP, which 

not only exhibited sufficient ion release but also 

demonstrated adequate shear bond strength (SBS) for 

orthodontic applications. Their formulation consisted 

of nano-sized ACP mixed with a resin matrix 

comprising HEMA, BisGMA, and PMGDM-

EBPADMA [7]. However, it is important to note that 

the use of HEMA as a monomer in dental resins can 

lead to a weakening of the polymer mechanical 

properties since HEMA cannot form cross-links [21]. 

Additionally, HEMA has been found to increase 

toxicity due to the metabolization of methacrylic acid 

[22]. The safety of Bis-GMA is also a subject of 

controversy due to the release of bisphenol-A [23], and 

these systems are prone to hydrolytic and enzymatic 

degradation, which can further reduce the strength of 

bracket bonds [17]. To address these concerns, other 

monomers such as Bis-EMA (which has a low 

viscosity), TEGDMA (which exhibits high water 

sorption properties), and DMAEM (which offers better 

biocompatibility) can be utilized in dental resins [24]. 

For example, Aleesa et al. [6] synthesized an 

orthodontic adhesive containing BisEMA, TEGDMA, 

DMAEM, Camphorquinone, 4-META, and bioactive 

glass, which demonstrated long-term release of 

fluoride, calcium, and phosphate ions while 

maintaining a satisfactory bracket bond [6]. It should 

be noted that the resin matrix composition of 

orthodontic adhesives plays a crucial role in bracket 

bond strength [7], necessitating the selection of 

appropriate monomers.  

Studies have indicated that orthodontic 

adhesives containing ACP nanoparticles can achieve 

acceptable bracket bonding [7, 8, 25]. However, other 

studies have reported that orthodontic adhesives 

incorporating ACP exhibit lower bond strength 
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compared to conventional adhesives [14, 26, 27]. The 

aggregation of ACP particles may contribute to the 

reduction in mechanical properties of the composite 

[27, 28]. It has been observed that the inclusion of more 

than 40% ACP in the adhesive leads to minimal bond 

strength despite maximum ion release [8]. To 

overcome this challenge, the combination of ACP with 

reinforcing fillers can help optimize the bracket bond 

without sacrificing ion release. In previous studies, 

barium boroaluminosilicate glass particles measuring 

1.4 μm have been used as reinforcing agents in tandem 

with ACP [8, 18, 19]. Another potential reinforcing 

agent is cellulose nanocrystals (CNCs), which are 

needle- shaped nanoparticles known for their high 

modulus of elasticity and dimensional stability. The 

longitudinal tensile modulus of CNCs (145 GPa) 

exceeds that of Kevlar (130 GPa), suggesting that 

CNCs have the potential to enhance the mechanical 

performance of the composite material [29-31]. Wang 

et al. [32] have reported that CNC/ZnO nanohybrids 

influence the mechanical properties of dental resin 

composites. However, more research is needed to fully 

understand the impact of CNC on the physical 

characteristics of dental resins [33].  

Cellulose/calcium phosphate hybrids have 

been identified as potential materials for dental repair 

[34]. Recent advancements in nanotechnology offer 

new possibilities for eradicating WSLs. One promising 

approach involves incorporating nanoparticles into 

adhesives to facilitate the regeneration of tooth enamel 

[35]. However, it is crucial to develop an orthodontic 

adhesive that can release mineralizing ions while 

maintaining sufficient bond strength. Limited research 

exists on the use of CNC in dental adhesives or the 

combination of ACP and CNC. In this study, 

experimental orthodontic adhesives were formulated 

with ACP as a bioactive filler and CNC as a reinforcing 

filler to investigate the release of minerals and the bond 

strength of the bracket. The study aimed to test the 

following hypotheses: (1) The presence of CNCs 

influences the bond strength of the experimental 

adhesive. (2) The presence of ACPs influences the 

bond strength of the experimental adhesive. (3) The 

combination of ACPs and CNCs influences the bond 

strength of the experimental adhesive. (4) The 

experimental adhesive containing ACP releases Ca and 

P. (5) The experimental adhesive, which includes ACP 

with CNC, releases Ca and P. 

EXPERIMENTAL  

 

Preparation of the fillers 

CNC was synthesized using the acid 

hydrolysis method as outlined in previous works [36, 

37]. The process involved grinding Whatman filter 

paper and subjecting it to hydrolysis with sulfuric acid. 

Cold water was used to halt the hydrolysis reaction, 

followed by removal of the supernatant from the settled 

solution. The resulting white slurry underwent 

centrifugation and dialysis. The CNC suspension was 

sonicated, filtered, and then stored at 4 °C. Prior to 

freeze-drying, the suspension underwent additional 

rounds of sonication and filtration. Initially, the 

suspension was frozen at –80 °C for 24 hours and 

subsequently dried for 72 hours. The resulting CNC 

powder was characterized using DLS, AFM, and FE-

SEM techniques. Amorphous calcium phosphate 

(ACP) nanoparticles with a particle size below 150 nm 

(BET) were procured from Sigma-Aldrich and utilized 

without further modification. 

Preparation of the resin 

 The resin was prepared utilizing specific 

monomers detailed in Table 1, based on previous 

studies [6, 38]. All monomers, sourced from Sigma-

Aldrich, were directly used as received. The monomers 

were accurately weighed and transferred into an 

aluminum foil-wrapped bottle. A magnetic stirrer was 

employed to mix all components for 30 minutes at 

room temperature to ensure a homogeneous blend. The 
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light-sensitive mixture was shielded from light 

exposure.  

Production and characterization of the 

adhesive disks 

The adhesive disks were fabricated following 

previous studies [6, 38]. The resin and fillers (ACP, 

CNC) were manually mixed using a spatula. This 

adhesive mixture was filled into a metal mold 

measuring 10 mm in diameter and 1 mm in thickness. 

Acetate films were positioned above and below the 

mold, sandwiched between two glass slides. Gravity 

and pressure were utilized, with 200g weights placed 

on the glass slides to facilitate the escape of air bubbles 

and excess adhesive. Each side of the assembly was 

then cured with an LED light source 

(GuilinWoodpecker Medical Instrument, LED.D) for 

20 seconds per side (40 seconds total). The adhesives 

were formulated based on previous studies [6, 8, 18-20, 

39], yielding the following compositions:  

 R1: resin (control) 

 R2: resin + 20% CNC 

 R3: resin + 15% ACP + 5% CNC 

 R4: resin + 20% ACP 

 R5: resin + 40% ACP + 5% CNC 

Orthodontic adhesive disks were prepared 

(Fig. 1), with R1 representing an unfilled resin, 

designated as the control group. The adhesive disks 

were characterized using FE-SEM, EDS, and XRD.  

 

Table 1 Methacrylate monomers and the polymerization-initiating components in the experimental resin based on previous 

studies [6, 38] 

Resin Component Chemical name Acronym 
Content 

(mass%) 

Base monomer 
Ethoxylated bisphenol A glycol 

dimethacrylate 
Bis-EMA 42.25 

Diluent monomer Triethylene glycol dimethacrylate TEGDMA 55 

Adhesion promoter monomer 4-methacryloxyethyl trimellitate anhydride 4-META 2 

Light cure initiator monomer Camphorquinone CQ 0.5 

Co-initator & accelerator 

monomer 
Dimethylamino ethyl methacrylate DMAEM 0.25 

 

 

 

Fig. 1 Experimental adhesive disks: R1 (unfilled resin), R2 (20% CNC), R3 (15% CNC+ 5%ACP), R4 (20% ACP), R5 (40% 

ACP+5% CNC) 

Measurement of Ca and P release 

Following a previous study [40], seven disks 

were prepared for each experimental group. Disks were 

immersed in 11 ml deionized water within centrifuge 

tubes, and stored at 37 °C, as described in previous 

studies [6, 41-43]. The tubes were sealed, and after 30 
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days, the release of Ca and P was quantified via 

inductively coupled plasma optical emission 

spectroscopy (ICP-OES, Spectro, ARCOS).  

Cytotoxicity test 

 Human gingival fibroblast cells (HGF, CELL 

No. IBRC C10459) were sourced from the Iranian 

Biological Resource Center and cultured following 

previous protocols [44-46]. These cells were 

maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) and cultivated in a standard incubator. In line 

with previous methodologies [45, 47], one composite 

disk measuring 10 mm in diameter and 1 mm in height 

were fabricated for each experimental group. The top 

and bottom surfaces of the disks were cured for 20 

seconds, followed by UV sterilization of each side of 

the disks for 30 minutes (totaling 1 hour). Disks were 

eluted in a culture medium with a surface/volume ratio 

of 1.25 cm2/mL [45, 46, 48]. The eluates were 

incubated for 24 hours, after which the disks were 

removed, and the extracts were filtered for MTT assay. 

HGF cells were seeded at a concentration of 1×104 

cells/mL in a microplate and cultured in the incubator. 

Subsequently, the cell cultures were exposed to the 

composite extract, and cytotoxicity levels were 

evaluated after 24 hours. The MTT solution was 

introduced into the culture plate, and the cells were 

incubated. After discarding the supernatant, the 

formazan crystals were dissolved, and the optical 

density (OD) was measured at 570 nm. Cell viability 

was calculated using the formula: (OD of test group / 

OD of control cells) × 100 [49]. The cytotoxicity 

outcomes were categorized as severe (≤30%), 

moderate (30–60%), mild (60–90%), and non-

cytotoxic (>90%) based on established criteria [44, 46, 

50-52]. 

Shear bond strength (SBS) and adhesive 

remnant index (ARI) 

 Fifty bovine incisors, sourced from a local 

slaughterhouse (East Livestock Industrial 

Slaughterhouse, Sari, Iran), were utilized in the study 

(Fig. 2a). The teeth underwent de-tissueing to remove 

soft tissues (Fig. 2b) before being embedded in cold-

cure acrylic (Acropars Cold-Cure Acrylic, Iran) (Fig. 

2c). Based on previous studies [53], ten teeth were 

assigned to each group for testing different adhesives. 

Mandibular incisor orthodontic brackets were affixed 

to the teeth, with all bonding procedures performed by 

a single operator. The teeth were initially polished 

using aluminum oxide paste (Dentonext, Iran) and 

etched with 37% phosphoric acid gel (Condac 37 - 

FGM, Brazil). A thin layer of adhesive was applied to 

the mesh of the stainless-steel bracket (IMD, China), 

which was then positioned near the center of tooth. The 

adhesive was light-cured for 10 seconds on each side 

(total of 40 seconds) and immediately subjected to 

shear force testing using a Universal Testing Machine 

(Koopa TB-5T, Iran) (Fig. 3) at a crosshead rate of 0.5 

mm/min. The maximum force required for bracket 

detachment was recorded in Newton and converted to 

MPa [54]. Post-debonding, each tooth was analyzed 

under a stereomicroscope (Dewinter Technologies) to 

assess the Adhesive Remnant Index (ARI) based on 

established criteria [55, 56], specifically: 

0: no residual resin on the tooth 

1: < 50% resin remaining on the tooth 

2: ≥ 50% resin remaining on the tooth 

3: 100% resin remaining on the tooth 

Statistical analysis 

 Data analysis was conducted utilizing IBM 

SPSS Statistics 20 software. Group comparisons were 

performed using the Kruskal-Wallis test, while 

pairwise comparisons were assessed using the Mann-

Whitney U test [53]. The difference was considered 

significant when P ≤ 0.05. 
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Fig. 2 Preparation of bovine teeth: a) Extraction of mandibular incisors, b) Removal of soft tissue, c) Embedding tooth in 

cold-cure acrylic 

 

 
 

Fig. 3 Placement of tooth for shear bond strength test 

 

 

RESULTS AND 
DISCUSSIONS  
 

Characterization of the CNCs 

The CNC powder underwent characterization 

using DLS, AFM, and FE-SEM techniques. The 

average length of the CNCs was found to be 105.06 ± 

7.38 nm based on DLS analysis (Fig. 4). 

 The morphology of the CNC powder was 

visualized in Fig. 5a, showing the presence of CNCs. 

The AFM image in Fig. 5b confirmed the needle-like 

shape of the CNCs. The FE-SEM image at 500x 

magnification (Fig. 6a) revealed the flake-like structure 

of the CNC powder. At a higher magnification of 

50000x, the typical rod and needle shapes of the CNCs 

were observed, providing evidence for successful CNC 

synthesis (Fig. 6b).  

Characterization of the adhesive disks 

The FE-SEM image of disk R1 (unfilled 

resin) is presented in Fig. 7. It also displays the 

presence of needle-shaped CNCs in the composite as 

evidenced by the image of disk R2 (20% CNC). Disks 

R3, R4, and R5 containing nano-ACP showed the 

presence of spherical ACP nanoparticles, although they 

were observed to be agglomerated within the matrix 

(Fig. 7). Elemental composition analysis of disk R1 

using EDS revealed the highest amounts of carbon 

and nitrogen. This is attributed to the absence 
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of fillers in disk R1, which consisted solely of resin 

monomers (Table 2). Disk R5 (40% ACP + 5% CNC) 

had the highest filler content, and EDS analysis 

confirmed the elevated levels of calcium and 

phosphorus in this disk (Table 2). Disk R2 (20% CNC) 

exhibited the highest amount of oxygen due to the 

presence of CNCs, which are rich in oxygen (Table 2). 

Comparatively, disk R4 (20% ACP) contained higher 

amounts of calcium and phosphorus than disk R3 (15% 

ACP + 5% CNC) (Table 2). These EDS findings 

validate the elemental composition consistency of the 

adhesive disks with their primary theoretical 

formulation. 

 

 

Fig. 4 Size distribution of CNCs obtained from DLS; (Red: first run, Green: second run, Blue: third run) 

 

 

Fig. 5 a) Dry powder of CNC, b) Corresponding AFM image 
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Fig. 6 FE-SEM image of CNC powder: a) 500x magnification, b) 50000x magnification 

 

 

Fig. 7 FE-SEM images of the adhesive disks: R1 (unfilled resin), R2 (20% CNC), R3 (15% CNC + 5% ACP), R4 (20% ACP), 

R5 (40% ACP + 5% CNC) 

Table 2 The elements of the adhesive disks based on EDS analysis 

Wt: weight, AT: atomic, R1 (unfilled resin), R2 (20% CNC), R3 (15% CNC + 5% ACP), R4 (20% ACP), R5 (40% ACP + 

5% CNC) 

 

Elements 
C O N Ca P 

Wt% AT% Wt% AT% Wt% AT% Wt% AT% Wt% AT% 

R1 62.81 68.92 33.37 27.49 3.82 3.59 - - - - 

R2 56.12 63.10 43.57 36.78 - - - - - - 

R3 54.83 62.49 40.75 34.86 1.57 1.54 1.45 0.49 1.33 0.59 

R4 51.85 60.13 41.81 36.40 1.57 1.56 2.36 0.82 2.33 1.05 

R5 35.30 47.01 41.70 41.70 1.26 1.44 11.74 4.68 9.82 5.07 
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The XRD analysis of the disks is presented in 

Figure 8. The scans were conducted within the 2ϴ 

range of approximately 10-90°. In the XRD pattern of 

disk R1, two humps can be observed in the 2ϴ range of 

about 10-50°, indicating the presence of the amorphous 

phase of the resin [57] (Fig. 8). These humps are also 

visible in the other four disks, albeit with lower 

intensity. Disk R2 (20% CNC) exhibits a prominent 

crystalline peak at 2ϴ=22.68°, along with smaller 

peaks at 2ϴ=14.75° and 2ϴ=16.71°, confirming the 

presence of CNC based on previous studies [58, 59] 

(Fig. 8). The XRD pattern of ACP is characterized by 

two broad humps in the 2ϴ range of 20° to 60° [60-62]. 

In this context, a hump is somewhat visible in disk R3 

(15% ACP + 5% CNC) within the 2ϴ range of 

approximately 25-35°, and with lower intensity in 

disks R4 (20% ACP) and R5 (40% ACP + 5% CNC), 

indicating the presence of ACP. The peak at 

2ϴ=22.91° in the pattern of disk R3 confirms the 

presence of CNC. Likewise, the peak at 2ϴ= 22.60° 

confirms the presence of CNC in disk R5. The patterns 

of disks R3, R4, and R5 exhibit two crystalline peaks 

at approximately 2ϴ=26° and 3 2ϴ=40°, which may be 

attributed to the crystallization of ACP particles. 

Premature crystallization poses a significant challenge 

in handling ACP particles, as studies have shown that 

ACP powder can transform into crystalline 

hydroxyapatite within a few hours at room temperature 

[63, 64]. ACP tends to crystallize rapidly under both 

wet and dry conditions [63, 65]. However, the XRD 

patterns of disks R3, R4, and R5 do not align with 

crystalline phases such as apatite or octacalcium 

phosphate, suggesting that the ACP particles were not 

fully crystallized. Overall, the XRD patterns (Fig. 8) 

are consistent with the components of the adhesive 

disks. 

Mineral release 

The adhesive disks were evaluated for the 

release of Ca and P following a 30-day immersion 

period (Fig. 9). Disk R5 (40% ACP + 5% CNC) 

demonstrated the highest Ca and P release compared to 

Disk R3 (15% ACP + 5% CNC) and Disk R4 (20% 

ACP), with statistically significant differences (P = 

0.002). Moreover, Disk R4 exhibited a greater Ca 

release than Disk R3, with a significant difference (P = 

0.048). Similarly, the P release from Disk R4 surpassed 

that of Disk R3, with a statistically significant 

difference (P = 0.035) (Fig. 9). 

Adhesive R5 (40% ACP + 5% CNC) 

demonstrated higher calcium (Ca) and phosphorus (P) 

release when compared to R3 (15% ACP + 5% CNC) 

and R4 (20% ACP) (Fig. 9), a finding consistent with 

previous studies [7, 8, 17, 20]. Skrtic et al. [66] 

highlighted the critical role of filler quantity in 

determining ion release capacity, noting a significant 

increase in Ca and P release at specific ACP content 

thresholds (0.37 to 0.40) [66]. In this study, there was 

a sharp escalation in Ca and P release as ACP content 

rose from 0.15 to 0.40 (Fig. 9). Higher ACP content in 

adhesives promotes water and ion diffusion by 

enhancing interface availability [8]. The nano-sized 

ACPs, with their extensive surface area and strong 

water affinity, facilitate rapid mineral release [7, 17, 

19]. ACP content exceeding 40% was deemed 

impractical in this study as it resulted in overly dry 

adhesives. While the Ca and P release from adhesives 

R3 (15% ACP + 5% CNC) and R4 (20% ACP) did not 

exhibit significant levels, it provides valuable insights 

into mineral release from the experimental resin. 

Aleesa et al. [38] highlighted that a composite 

containing bioactive glass in a neutral solution has a 

subdued reaction but can induce apatite precipitation in 

Ca and PO4 ion-enriched solutions. Given that disk R5 

(40% ACP + 5% CNC) released the highest levels of 

Ca and P (Fig. 9), it holds promise for apatite formation 

in neutral solutions. ACPs are known to transition from 

volatile states to crystalline CaPs in solutions, 

suggesting potential tooth mineral regeneration 
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through ACP composites [17, 67]. Therefore, the 

mineral loss of teeth can be regenerated by the use of 

ACP composites [68, 69]. It is postulated that 

ACP/CNC particle distribution was uneven in this 

study. During the water absorption and ion release 

process, the filler-resin matrix interfaces were subject 

to unpredictable spatial variations [70].  

In this study, triethylene glycol 

dimethacrylate (TEGDMA) was introduced into the 

resin to regulate viscosity, boasting a degree of 

hydrophilicity leading to water absorption. On the 

other hand, ethoxylated bisphenol A glycol 

dimethacrylate (Bis-EMA) exhibited lower viscosity 

and hydrophilicity [71, 72]. Polymerization was 

initiated using a free radical mechanism involving 

camphoroquinone (CQ), with an accelerator like 

dimethylaminoethyl methacrylate (DMAEM) included 

[73-75]. The ion release kinetics from the adhesive 

disks (R3-R5) were chiefly influenced by the 

TEGDMA monomer content, as its hydrophilic nature 

aids water absorption, ion diffusion, and potentially 

internal mineral saturation [17, 22, 73-75]. Moreover, 

the experimental adhesives featured 4-

methacryloxyethyl trimellitate anhydride (4-META), 

which may enhance the composite-to-tooth bond by 

acting as a chelator of calcium ions and improving 

enamel surface wetting [76, 77], potentially impacting 

calcium release. 

 

 

Fig. 8 XRD patterns of the adhesive disks: R1 (unfilled resin), R2 (20% CNC), R3 (15% CNC + 5%ACP), R4 (20% ACP), 

R5 (40% ACP + 5% CNC) 
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Fig. 9 Average Ca and P release (Mean ± SD) from adhesive disks after 30 days. Symbols (*♦) indicate pairwise significant 

differences between groups (P < 0.05). R1 (unfilled resin), R2 (20% CNC), R3 (15% CNC + 5% ACP), R4 (20% ACP), R5 

(40% ACP + 5% CNC) 

 

Cell viability 

 Cell viability was lower for all adhesive disks 

in contrast to the pure medium, with statistical 

significance (P = 0.05), except for disk R4 (20% ACP) 

(Fig. 10). This suggests that disk R4 displayed superior 

biocompatibility among the adhesive disks. Notably, 

the cell viability post-exposure to disk R1 (unfilled 

resin) was 61.3 ± 0.8%, indicating mild toxicity. In 

comparison, adhesive R2 (20% CNC) demonstrated a 

cell viability of 86.9%, signaling low toxicity attributed 

to cellulose nanocrystals (Fig. 10). 

 In Fig. 11, the appearance of HGF cells 

post-exposure to the composite extracts is depicted. 

Mediums R1 (unfilled resin) and R2 (20% CNC) 

showcased more cells with spherical shapes, implying 

a distinct cellular response compared to mediums R3 

(15%ACP+5%CNC), R4 (20%ACP), and R5 

(40%ACP+5%CNC), where cells exhibited 

predominantly polygonal and spread shapes similar to 

those in the pure medium (Fig. 11a). The presence of 

polygonal and spread cell shapes in mediums R3, R4, 

and R5 signifies the biocompatibility of ACP 

nanoparticles, as evidenced by cellular morphology 

akin to that of healthy cells. The microscopic 

observations align with the Elisa reader outcomes 

(Fig. 10 & 11). To mitigate toxicity, nanoparticles 

were incorporated into the resin, although further 

research is warranted to confirm the safety of 

cellulose nanocrystals (CNC) for clinical applications. 

Menezes-Silva et al. [78] successfully enhanced the 

biocompatibility of commercial glass ionomer cement 

(GIC) by incorporating CNC. 

SBS & ARI assessment 

Significant differences were observed in the 

mean SBS of the control adhesive (R1: unfilled resin) 

compared to other experimental groups (P < 0.05) (Fig. 

12), suggesting diverse adhesive performances. No 

substantial difference was noted in the bond strength 

between adhesive R2 (20% CNC) and R3 (15% ACP + 

5% CNC) (P = 0.199) (Fig. 12). While the mean SBS 

of adhesive R4 (20% ACP) exceeded that of R2 (20% 

CNC), the distinction was not statistically significant 
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(P= 0.096) (Fig. 12). Adhesive R5 (40% ACP + 5% 

CNC) demonstrated the lowest SBS among the groups, 

with a statistically significant difference (P < 0.01), 

indicative of a weaker bond when compared to other 

formulations.  

In terms of bonding strength, the composite 

resin displayed a range of 2 to 13 MPa with metal 

brackets in previous studies [79]. Adhesive R1 (pure 

resin) demonstrated a reasonably strong bond strength 

of approximately 10 MPa, indicating that Bis-EMA 

and TEGDMA in combination form a robust bond with 

enamel (Fig. 12). The mechanical functionality of 

adhesives R3 (15% ACP + 5% CNC), R4 (20% ACP), 

and R5 (40% ACP + 5% CNC) containing ACP is 

predominantly influenced by the irregular distribution 

of ACP clusters rather than the composition of the resin 

[17, 80]. Skrtic et al. [70] integrated Zr-ACP particles 

into dental resin, with a median particle diameter of 8.6 

± 2.4 µm. They suggested that reducing the size of ACP 

particles enhances the interaction between ACP and 

resin, thereby improving the mechanical strength of the 

composite [70]. In this study, nano-sized ACP particles 

(<150 nm) were utilized, potentially impacting the 

shear bond strength (Fig. 12). Furthermore, Skrtic et al. 

[66] noted that amorphous calcium phosphate could 

weaken the filled polymer compared to the unfilled 

polymer. The inherent aggregation of ACP particles 

weakens ACP/resin interactions, leading to the 

destabilization of the filler/polymer interface and 

reduced mechanical strength [17, 27, 62], limiting the 

use of ACP-based composites to non-stress-bearing 

applications like fissure sealants [14, 17, 69, 80]. 

Unexpectedly, adhesives R3 (15% ACP + 5% CNC) 

and R4 (20% ACP) exhibited higher shear bond 

strength than the unfilled resin (R1) in this study (Fig. 

12). This enhanced strength in adhesives R3 and R4 

(Fig. 12) can be attributed to the incorporation of nano-

sized ACP and CNC. Nano-ACPs offer a larger surface 

area, providing more room within the polymer matrix 

for incorporating reinforcing fillers and enhancing 

mechanical properties [8]. However, adhesive R5 (40% 

ACP & 5% CNC) displayed an SBS of approximately 

6 MPa, the minimum acceptable bond strength that 

could result in premature bracket debonding during 

treatment [8] (Fig. 12). It is hypothesized that the 

heterogeneous ACP/CNC fillers could not establish a 

close interlocking network with the experimental resin. 

Optimal CNC content within the resin can create a 

permeated network, as seen with the incorporation of 

20% CNC (R2), yielding a suitable shear bond strength 

(Fig. 12). Past research has demonstrated that CNC can 

effectively enhance the mechanical properties of dental 

resins [32, 81]. Sabir et al. [81] successfully enhanced 

the mechanical properties of dental adhesive by 

incorporating CNC. Likewise, Moradian et al. [82] 

discovered that incorporating bacterial CNC into resin-

modified glass ionomer cement (RMGICs) can 

improve shear bond strength properties.  

There were no substantial differences in ARI 

values between the control adhesive (R1) and the other 

experimental groups (P > 0.05) (Fig. 13), suggesting 

similar patterns of adhesive residue distribution post-

bond failure. 

The performance of composites is influenced 

by the type of filler, filler quantity, and resin 

composition [83]. An effective adhesive must not only 

endure the functional stresses in the oral cavity but also 

safeguard oral tissues from damage [84]. The high 

Adhesive Remnant Index (ARI) scores observed in this 

study (Fig. 13) could impact the enamel post-

orthodontic treatment. A higher amount of adhesive 

remnant necessitates additional enamel polishing to 

eliminate the adhesive residue after bracket debonding 

[85]. Nonetheless, there is conflicting information in 

the literature regarding ARI scores. A greater presence 

of adhesive remnants on the enamel suggests bracket 

debonding occurs at the bracket/adhesive interface, 

preventing enamel chipping and fracturing [85-88]. In 

our investigation, the elevated ARI scores across all 

adhesives correlated with increased bond strength, with 
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the exception of adhesive R5 (Fig. 12 & 13). A high 

ARI score (2 & 3), indicative of greater bond strength, 

could be advantageous in orthodontic applications [85, 

88, 89].  

 

 

Fig. 10 Results of MTT assay after 24 h. Symbol (*) denotes significant differences between pure medium (untreated cells) 

and adhesive disks (P = 0.05).  R1 (unfilled resin), R2 (20% CNC), R3 (15% CNC + 5% ACP), R4 (20% ACP), R5 (40% ACP 

+ 5% CNC) 

 

 

Fig. 11 Optical micrographs of HGF cells post exposure to extracts from adhesive disks. a) Pure medium (untreated cells), R1 

(unfilled resin), R2 (20% CNC), R3 (15% CNC + 5% ACP), R4 (20% ACP), R5 (40% ACP + 5% CNC) 
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Fig. 12 Shear bond strength (Mean ± SD) of experimental adhesives. Symbol (*) indicates significant differences between R1 

(control) and other groups (P < 0.05). Symbols (♦∆■) represent pairwise significant differences between groups (P < 0.05). 

R1 (unfilled resin), R2 (20% CNC), R3 (15% CNC + 5% ACP), R4 (20% ACP), R5 (40% ACP + 5% CNC) 

 

 

Fig. 13 Average ARI (Adhesive Remnant Index) score (Mean ± SD) based on adhesive remnants on tooth after bracket 

debonding. R1 (unfilled resin), R2 (20% CNC), R3 (15% CNC + 5% ACP), R4 (20% ACP), R5 (40% ACP + 5% CNC) 

 

CONCLUSION 

The effects of incorporating ACP and CNC into an 

experimental resin were investigated for orthodontic 

use. The adhesive R2, which contained 20% CNC, had 

a suitable shear bond strength for orthodontic 

applications. Adhesive R4, which contained 20% ACP, 

released calcium and phosphorus and also provided 

acceptable shear bond strength. Adhesive R3, a 
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combination of 15% ACP and 5% CNC, released 

calcium and phosphorus but had a lower shear bond 

strength compared to R4. Adhesive R5, with 40% ACP 

and 5% CNC, had the highest mineral release but the 

lowest shear bond strength. The incorporation of ACP 

into the experimental resin showed promise for 

orthodontics and prevention of white spot lesions 

(WSLs). However, the addition of 5% CNC alongside 

ACP did not significantly affect the bracket bond 

strength. Further experiments are needed to confirm the 

therapeutic benefits of ACP and the mechanical 

properties of CNC in resin-based orthodontic 

adhesives.  
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ABSTRACT 
 

 

Conventional techniques for diagnosing skin cancer include shape, size and skin 

tumor color, bleeding, a disorder in the tumor, and so on. The goal of researchers in 

this field of study is to find simpler and safer methods for cancer tumor detection. The 

conical dielectric probe will be an effective instrument for analyzing mankind tissue 

illnesses like the initial stage of skin cancer. This illness will be incredibly treatable 

when the tumors are distinguished at the initial stages. The possibility of making a 

probe to detect the cancerous cells with the least destructive side effect in the early 

stages was evaluated. Our research examined the input applied frequency variations 

(35GHz, 45GHz, 65GHz, and 90GHz) according to the microwave-based detection 

method and compared the obtained results, which are required for a better 

understanding of heat transfer and necrotic properties in the biological objects. 

According to the microwave reflection characteristics, developed models and 

simulations based on the finite element method, by increasing the frequency, the 

temperature change increases, and the proportion of damaged tissue increases slightly 

after 10 minutes of millimeter wave exposure.  
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INTRODUCTION 

   The skin as the outermost layer of the 

human body acts as the initial barrier against 

pathogens, chemicals, mechanical damage, and UV 

light. In addition to its function as a protective obstacle, 

the skin supports people keep the right internal 

temperature and allows them to sense the world 

through nerve endings. The skin as a complex organ, is 

not a homogenous structure but consists of a number of 

different layers with different anatomy and function. 

The three main layers of the skin are the epidermis, 

dermis, and hypodermis that are divided into several 

sub-layers. Giving the skin its color and protecting the 

body from the external environment are the 

responsibilities of the epidermis layer. The water 

content is the lowest in the stratum corneum, which is 

the outermost layer of the skin and part of the 

epidermis, and hydration increases toward the inner 

layers [1-4].  

   Skin cancers are cancer types that result 

from the skin tissue where other vital organs are 

protected by this outer layer of the body. They are due 

to the development and spreading of 

abnormal cells that have the ability to invade 

or spread to other parts of the body to make problems 

in their performance. It can be classified into two 

categories: melanoma and non-melanoma types. 

Melanoma is an aggressive skin cancer type because it 

can spread and invade other organs rapidly [5-9]. The 

current diagnostic procedure to detect skin cancer is 

based on a visual analysis involving full-body 

examination by a qualified physician using 

dermatoscopy. However, naked-eye observations have 

drawbacks such as low accuracy and false detections 

therefore it is regarded as a handicap in the detection 

process. 

   Microwaves which are electromagnetic 

waves with high frequency, have been successfully 

applied to a wide range of applications, such as 

dielectric materials evaluations and medical diagnostic 

and therapy areas [10, 11]. Microwave therapy system 

is preferred to surgery for most cancer types because it 

is a non-invasive process [12]. It is one of the standard 

treatment methods with fewer treatment-related side 

effects, therefore it is preferred to other methods [13]. 

   Microwave-based detection method has 

gained increasing attention for early detection and 

diagnosis of cancer cells before they develop in other 

organs [14-17]. Electromagnetic measurement has 

been applied to biological tissue and the discovered 

difference in dielectric properties between healthy 

normal tissue and malignant tumor tissue raised the 

hopes toward the application of microwave for medical 

diagnostics, especially in cancer tumor detection fields. 

   Microwave measurement techniques on the 

skin have been used by numerous researchers for 

different applications, including the plain 

determination of the skin permittivity, the evaluation of 

skin tissue hydration for cosmetic investigation, and 

the monitoring of wound healing in medicine. 

Microwave reflectometry with open-ended coaxial 

probes or rectangular microwave probes has so far been 

the most commonly used method. Data for the 

permittivity of skin and skin tumors indicates that there 

is sufficient contrast between cancer and healthy skin 

tissue in the microwave band [1]. This contrast is a key 

factor for determining the healthy cell from the 

cancerous cell by this type of detection. 

   In designing a diagnostic system, the spatial 

resolution, frequency range and depth of sense are the 

factors that play important role. For those sensors that 

target the diagnosis or detection of skin cancer cells, a 

sensing depth in the range of several hundred 

micrometers up to one millimeter and sub-millimeter 

spatial resolution is sufficient [1]. 

   Good coupling of the microwave high-

https://en.wikipedia.org/wiki/Cancer
https://en.wikipedia.org/wiki/Skin
https://en.wikipedia.org/wiki/Cells_(biology)
https://en.wikipedia.org/wiki/Metastasis
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frequency signal into biological organs is an important 

factor for high-sensitivity measurements and 

diagnostics. When designing a microwave system for 

medical purposes, there are several aspects that must 

be considered for better performance of the system 

[18]. 

   The dielectric properties of skin tissue are 

directly related to parameters such as water, sodium, 

and protein content, which varies prominently between 

normal skin and malignant tumors. The water content 

for normal skin is around 60.9% and that for the 

malignant tumors is 81.7% [19]. These variations in 

water content are detectable in the microwave 

measurements range. Malignant tissue also has higher 

sodium content than normal skin, therefore it causes 

more absorption of water and takes on higher values of 

permittivity and conductivity. The differences in 

protein content of normal and up-normal tissue, may 

result in variations in the relaxation frequency that 

contributes to differentiation among these tissues in 

microwave measurements [19]. At microwave 

frequency ranges, the dielectric properties of normal 

skin can be distinguished from those of cancer tumors 

by measuring their reflection properties in early-stage 

of the tumor. The reflection properties of tissues that 

are measured by microwave measurement techniques, 

are directly affected by the dielectric properties of the 

different materials [19, 20]. 

   In order to optimize the dielectric conical 

probe design with respect to measurement contrast, a 

good understanding of the microwave interaction with 

skin is needed. Several factors are important for use in 

clinical practical applications. However, before real 

experimental cancer therapy, there should be basic 

numerical modeling and simulation. As a result, the 

modeling of a conical probe is needed for a better and 

more profound understanding of wave propagation, 

heat transfer mechanism and the fraction of necrotic 

tissue. 

    To date, very few studies have been 

reported on the simulation of the dielectric conical 

probe for a skin cancer diagnosis. It motivated us to 

perform a series of simulations by the finite element 

method to better realize the probe performance. It is 

generally a good idea to be aware of how the variation 

of applied microwave frequency affects the profiles 

such as the temperature distribution around the tissue 

which is related to the heat transfer mechanism, the 

necrotic fraction of tissue and so on.  

   In this work, the electromagnetic and bio-

heat equations are coupled together. Since the working 

frequency has a great effect on several aspects of the 

detection, with regard to its special characteristics, the 

operating frequency of the probe is varied between 

35GHz, 45GHz, 65GHz and 90GHz. In the following 

numerical research, some input data for the microwave 

conditions, with different frequencies and the contrast 

between variable frequencies of 35GHz, 45GHz, 

65GHz and 90GHz and corresponding results are 

presented. 

 

MODEL DEFINITION  

Parameters, geometry and boundary conditions 

 The millimeter waves of two microwave 

frequencies of 35 GHz and 95 GHz are regarded to be 

very sensitive to the materials with high water content. 

In this work, the utilization of a low-power 35 GHz, 

45GHz, 65GHz, and 90GHz Ka-band millimeter wave 

and their reflectivity to moisture for non-invasive 

tumor detection has been carried out. Because skin 

tumors contain more moisture content in comparison 

with healthy ones, it results in stronger reflections 

profiles on this frequency range.  

    The abnormalities detections by the probe 

are defined in terms of S-parameters at the locations in 

which tumor cells exist. By using a 2D axis symmetric 

simulation model, microwave transition by a circular 

waveguide and a conically tapered dielectric probe to 

the target zone, is performed by the finite element 
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method. The temperature changes of the skin tissue and 

the rate of damaged tissue analysis are conducted in the 

following section. According to Figure 1, the simulated 

model containing a circular waveguide, a tapered PTFE 

dielectric probe, and a phantom, regarding skin chunks. 

The entire presented model is bounded by an air 

domain regarding its outermost shell with perfectly 

matched layers (PML) boundary conditions to be 

capable of absorbing any radiation from the rod or 

reflected radiation from the skin phantom area. One 

terminal of the waveguide terminates with a circular 

port and is actuated utilizing the dominant TE1m mode. 

    Here m denotes the azimuthal mode 

number of this presented 2D axisymmetric model 

which is regarded as 1 in the Electromagnetic Waves, 

Frequency Domain physics interface settings. The 

other terminal of the waveguide is adjoined to a tapered 

conical PTFE dielectric (εr =2.1) rod. As demonstrated 

in the figure, the shape of the rod is symmetrical. 

Therefore, its radius increases from the inside to the 

outside of the waveguide, therefore for impedance 

matching purposes, between the two domains of a 

waveguide and the air, it decreases gradually. The ring-

shaped structure in the middle part, makes the rod 

connected and stabilized on the edge of the waveguide. 

The ending point of the tapered rod touches the skin 

phantom and is in direct contact with the skin tissue. 

For neglecting any dissipation of the system, 

the conductivity of the metallic waveguide is regarded 

to be high value and is modeled as a perfect electric 

conductor (PEC). With the chosen radius of the 

proposed waveguide and the applied TE mode to the 

system, the cut-off frequency is near 29.3 GHz, which 

is determined by the following equation: 

𝑓𝑐𝑚𝑙 =
𝐶0𝑃𝑛𝑚

′

2𝜋𝑎
                                               (1) 

C0 shows the speed of light, pnm denotes the root 

derivatives of the Bessel functions Jn(x), m and n shows 

the mode indices, and a shows the waveguide radius. 

The value of p 11 is considered approximately 1.841. 

The operating frequencies of the probe, 35 GHz, 

45GHz, 65GHz and 90GHz are higher than the 

waveguide cut-off frequency. The applied microwave 

is propagating through the waveguide.  

   As shown in Figure 2, the circular port 

boundary condition is considered on the inner 

boundary where the reflection and transmission 

characteristics of the applied microwave are calculated 

according to S parameters. In the setting section of the 

port boundary condition, PEC backing is regarded in 

the slit boundary condition part. The input power is 

considered about 1[mw]. 

  Table 1 shows the geometry and operating 

conditions of the designed dielectric conical probe. As 

shown in Table 2, the electromagnetic properties of the 

designed model, are analyzed without a phantom. The 

complexity, for a healthy phantom then for a phantom 

containing a skin tumor is added in the next step. 

  Because the waveguide actuation occurs by 

low input power, it is expected harmless in this 

condition. Its influence on necrotic tissue is studied by 

analyzing Bioheat Transfer as well as temperature, in a 

10-minute scale-time.
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Fig. 1. The zoomed 3D picture of the skin tumor area. The entire dielectric probe model is simulated in 

a 2D axis symmetric dimension. The calculated S-parameters vary according to the different moisture content in 

each skin phantom. 

 

Fig. 2. Boundary conditions of conical probe. 

 

Table 1. Operating conditions. 

Name Expression Value Description 

fc 1.841*c_const/2/pi/r1 2.928E10 1/s Cut-off frequency 

f0 35[GHz],45[GHz], 65[GHz], 90[GHz] 9E10 Hz Frequency 

r1 0.003[m] 0.003 m Waveguide radius 

lda0 c_const/f0 0.003331 m Wavelength, free space 

l_probe 12.8[mm] 0.0128 m Tapered probe length 

w1_probe 3[mm] 0.003 m Tapered probe width1 

w2_probe 0.58[mm] 5.8E-4 m Tapered probe width2 

T0 34[degC] 307.15 K Initial skin temperature 

 

Table 2. Material property of the set-up. 
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Property Probe only healthy phantom tumor 

Relative permittivity (imaginary part) 0 10 15 

Relative permittivity (real part) 1 5 8 

 

  

 

BIOLOGICAL HEAT EXCHANGE 

Pennes' bio-heat equation, has been widely 

applied to solve the biological heat transfer. This 

equation describes how heat transfer happens inside 

biological tissue. This equation can be defined as 

follows [12]: 

𝜌𝐶
𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘𝑡ℎ∇𝑇) + 𝜌𝑏𝐶𝑏𝜔𝑏(𝑇𝑏 − 𝑇) + 𝑄𝑚𝑒𝑡 +𝑄𝑒𝑥𝑡       

(2) 

  here, the left side of Eq. (2) indicates the 

transient term. The first, second, third and fourth terms 

on the right side, indicate conduction of heat, heat loss 

by the blood flow, internal heat or metabolic heat 

source, and external heat source (heat which is created 

by the applied electric field), respectively.  (ρb is the 

blood density, Cb is the specific heat capacity of the 

blood, 𝜔𝑏  is the blood perfusion rate, 𝑇𝑏  is the arterial 

blood temperature, and Kth is the thermal conductivity). 

The external heat source takes into account the effects 

of the resistive heat formed by the electromagnetic 

field which can be defined as [12]: 

  𝑄𝑒𝑥𝑡 =
1

2
𝜎𝐿𝑖𝑣𝑒𝑟|𝐸⃗ |

2
                                                                  (3) 

The temperature rise is affected by electrical 

properties. When microwave waves propagate, their 

energy is absorbed by the tissue and converted into 

internal heat generation, raising the temperature of the 

tissue. In our study, since the probe is outside of the 

skin tissue, the second and third term in Eq. (2) is zero 

(Cb,  𝜔𝑏  and ρb are zero). 𝑇𝑏  is considered 310.15[K]. 

 

SIMULATION RESULTS:   

 

Figure 3 shows the real part of the electric 

field Er excited from one end of the waveguide with a 

tumor phantom. As the figure shows, by increasing the 

Frequency from 35GHz to 90GHz, the density of wave 

fronts increases. The maximum electric field with red 

color, varies between 150 to 300 (V/m). When the 

tissue is not considered, the entire field passes and at 

the end of the conical probe it gradually diverges. But 

when the tissue is considered, the reflection of 

electromagnetic waves is observed. This field is in the 

form of spherical wave fronts and is stronger near the 

tip of the waveguide. 

is the temperature parameter. In other words, 

this model is based on the temperature difference 

between the environment and the surface of the tissue 

(k (T0-T). Because the temperature of tissue which 

contains a tumor is higher than the temperature of 

tissue without a tumor, this temperature change is a 

good help to the diagnosis and the location of the 

tumor. 

    Temperature change on the surface of the 

phantom with the tumor area is depicted in Figure 4. 

Since the low input power of the waveguide port is 

considered around 1 mW, the temperature change is 

within 0.05 C even after 10 minutes of millimeter 

wave exposure. These temperature variations with 

tumor cells are larger than in the case without tumor 

cells. It helps to diagnose the tumor cells from healthy 

ones. As the frequency increases from 35GHz to 

90GHz, the temperature increases and reaches 0.3 C. 

The color difference indicates the relatively hotter spot 

where the temperature is still very close to the initial 

temperature of 34 C. It is easily expected that the 
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temperature variation is less than the case with the 

tumor because the resistive loss should be lower due to 

the smaller imaginary part of the permittivity of the 

healthy skin.  

   According to Figure 5, the damaged tissue 

ratio is presented. It shows that the influence of the 

low-power millimeter wave can be neglected. As 

shown in the figure, the level of necrotic tissue is 

extremely low even after 10 minutes of microwave 

exposure. In spite of the fact that the maximum rate of 

tissue necrosis value increases with increasing 

frequency from 35GHz to 90 GHz, it is not significant 

in all cases. It can be seen that by increasing the input 

frequency, the area of necrosis becomes smaller  and 

does not cover the entire area.  Figure 6 shows the 

resistive losses in the case where the tumor is added in 

the middle of the center the top of skin surface. The 

value of resistive losses induced by the temperature, 

increases with increasing the applied microwave 

frequency. 

The calculated S-parameters show more 

reflection when the skin with the tumor is considered, 

according to its higher moisture ingredient, and they 

are summarized as shown in Table 3. 

 

Fig. 3. Wave propagation from the dielectric rod depicted with the Er component of the E-field.  

    One of the most important parameters which play a key role in determining and diagnosing skin cancer 
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Fig. 4. The temperature profiles after 10 minutes, when the microwave frequency varied from 

35[GHz],45[GHz], 65[GHz], 90[GHz]. 

 

Fig. 5. The level of necrotic tissue after 10 minutes of millimeter wave exposure when the microwave 

frequency varied from 35[GHz],45[GHz], 65[GHz], 90[GHz]. 

 

 

Fig. 6. The resistive losses in the case when the microwave frequency varied from 35[GHz],45[GHz], 

65[GHz], 90[GHz]. 

 

Table 3. S-Parameter response of the conical probe 

 Probe only With normal Phantom Tumor added 

S11 -29.5 dB -9.84 dB -8.97dB 

 

The electromagnetic material properties of 

skin and tumor at 35 GHz are approximated to show 

the feasibility of the S-parameter method by detecting 

the areas with higher moisture content. Figure 7 shows 

the graphical representations of far-field patterns in the 

frequency range of 35, 45, 65 and 90 GHz. As it can be 

seen, the radiation is from the tapered probe toward the 

top side. From these presented patterns, the location of 

cancerous tumors can be determined. 

   In the following section of our work, 

temperature change of skin tissue at the presence of 

tumor, at the frequency of 35GHz in times of 0, 1, 3, 5, 

8, and 10 minutes were carried out. Figure 8 shows the 

3D representation of the growth rate of tissue 
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temperature with time at 0, 1, 3, 5, 8, and 10 minutes at 

frequency of 35GHz. As it can be clearly seen with the 

increase of time the amount of temperature increases 

and it covers the entire tumor area.  

 

 

 

Fig. 7. The Far-field patterns in the frequency range of 35, 45, 65 and 90 GHz indicate the radiation 

from the tapered probe toward the top side. 

 

Fig. 8. The pattern of changes in temperature around the phantom in the presence of a tumor between 0 

and 10 (0, 1, 3, 5, 8 and 10 minutes) minutes at 35 GHz. 

 

CONCLUSION 

The contribution of water content is important 

since normal skin and cancerous lesions differ in their 

water content as well as their salinity. Microwave 

signals are sensitive to both of these parameters, 

making these measurements ideal for skin cancer 

detection purposes. The results of this presented study 

indicate that using dielectric conical probes to measure 

the variation of skin properties holds promise for skin 

cancer tumor detection. Our work examined the input 

frequency variations applied and compared the 

obtained results, which are required for a better 

understanding of the heat change and necrotic 

properties. According to the microwave reflection 

characteristics, developed models and simulations, by 

increasing the frequency, the temperature change 

increases and the proportion of damaged tissue 

increases (not significantly) after 10 minutes of 
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millimeter wave exposure.  
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ABSTRACT 
 

 

Silver nanoparticles are one of the most famous and widely used nanotechnology products, 

it is estimated that nearly 320 tons of silver nanoparticles are used in the world every year 

and this widespread use causes it to eventually become a pollutant of the soil and the 

environment, this pollution can occur indirectly by entering the environment or directly 

by agricultural activities. A detailed study of the physical, chemical and biological 

properties of silver nanoparticles and their synthesis and applications is necessary, because 

the physicochemical properties of a particle can have a significant effect on its biological 

properties. The findings of the present study clearly showed that synthesize of silver 

nanoparticles with defined size and morphology under optimal conditions is possible via 

an eco-friendly approach. The findings revealed that silver nanoparticles produced by the 

green synthesis method, in spite of good antibacterial activity cause negligible cytotoxicity 

and the toxic effects of silver nanoparticles synthesized by physical and chemical methods 

are inevitable compared to biological synthesis methods. So far, a few studies have been 

done on the toxicity of silver nanoparticles and findings of the present study showed that 

the final studies on determining the toxicity of silver nanoparticles are not sufficient 

because their toxicity depends on many factors such as their concentration, size, shape and 

surface. Also sources, the route of entry, toxicological evaluation methods and dose units 

may vary significantly hence it is difficult to determine the exact range of toxicity of silver 

nanoparticles. 
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INTRODUCTION 

Silver nanoparticles are one of the most 

famous and widely used nanotechnology products, it is 

estimated that nearly 320 tons of silver nanoparticles 

are used in the world every year (Nowack et al. 2011). 

This widespread use causes it to eventually become a 

pollutant of the soil and the environment, this pollution 

can occur indirectly by entering the environment or 

directly by agricultural activities (Zhang et al. 2012). 

Apart from primary medical applications, silver 

nanoparticles are also used in domestic, industrial and 

agricultural applications such as: water purification, 

plant growth and textile cleaning (Pareek et al. 2018; 

Hänsch and Emmerling, 2010). In the last decade, the 

volume of production and the fields of application of 

silver nanoparticles have increased due to its unique 

characteristics such as: high surface-to-volume ratio, 

high chemical reactivity and optical properties (Sun et 

al. 2017; Abbasi et al. 2016). Silver nanoparticles can 

undergo various physico-chemical transformations 

such as: oxidation, aggregation, dissolution, complex 

and secondary reactions. These developments, in turn, 

affect the mechanism as well as the bioavailability of 

silver nanoparticles and cause the toxicity of silver 

nanoparticles (Masrahi et al. 2014). 

 

EXPERIMENTAL  

 
Analysis of silver nanoparticles 

    Accurate description of silver nanoparticles 

is necessary, because the physicochemical properties 

of a particle can have a significant effect on its 

biological properties, the biological activity of silver 

nanoparticles depends on factors such as surface 

chemistry, size, size distribution, shape, particle 

morphology, particle composition, coverage, 

aggregation and dissolution rate, particle reactivity in 

solution, ion diffusion efficiency and cell type (Gliga 

et al. 2014). Therefore, the development of silver 

nanoparticles with controlled structures that are 

uniform in terms of size, morphology and performance 

is necessary for various applications (Sriram et al. 

2010). 

 

Properties of silver nanoparticles 

    Today, extensive strategies are available to 

modify the surface chemistry of various nanoparticles; 

these engineered silver nanoparticles have different 

optical, electrical, magnetic, chemical, and mechanical 

properties due to the higher surface-to-volume ratio of 

the material, while decreasing the size. They increase 

and ultimately lead to an increase in the absorption of 

environmental atoms and changes in the properties and 

behavior of materials, which begin to obey quantum 

mechanical laws as soon as the size of the particles 

decreases significantly (Carbone et al. 2014). 

 

Physical properties of silver nanoparticles 

    Physical characteristics of silver 

nanoparticles such as size, shape, size distribution, 

surface area, etc. should be considered before 

evaluating toxicity or biocompatibility (Lin et al. 

2014).  

Smaller sized particles can cause more toxicity than 

larger particles because they have a larger surface area 

(Sriram et al. 2012). Shape is equally important in 

determining toxicity (Stoehr et al. 2011). For example, 

in the field of biomedicine, a variety of nanostructures 

have been used, including: nanocubes, nanoplates, 

nanorods, spherical, flower-like nanoparticles, etc. 

(Wei et al. 2015). The atomic density of silver affects 

its shape, rod or plate nanoparticles have more 

antibacterial activity compared to shapes (spherical, 

triangular, etc.) due to higher atomic density (Pareek et 

al. 2018). The toxicity of silver nanoparticles mainly 

depends on the coatings on the surface of the 
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nanoparticles and its availability with chemical or 

biological substances. The surface charges of silver 

nanoparticles can determine their toxic effect in cells, 

for example: the positive surface charge of these 

nanoparticles makes them more suitable and allows 

them to be available for a long time compared to nano 

negatively charged particles (Schlinkert et al. 2015). 

What makes a toxic nanomaterial so far has not been 

simply defined, current knowledge shows that it largely 

depends on the physical properties of the nanoparticles, 

on the properties of the nanomaterials themselves, in 

particular their size, composition and surface function 

(Krug and Wick. 2011). As mentioned, silver 

nanoparticles exhibit their intrinsic antimicrobial 

activity through a variety of mechanisms they give 

(Dakal et al. 2016). 

 

Chemical properties of silver nanoparticles 

    The chemical characteristics of silver 

nanoparticles include: the speed of dissolution of ions, 

oxidation potential, etc. It is silver particles, because 

the ionic form of silver has a greater toxic potential 

than silver nanoparticles (McQuillan and Shaw. 2014). 

It is predicted that the release of silver ions from the 

core of silver nanoparticles is the ultimate basis of the 

bactericidal activity of silver nanoparticles (Panáček et 

al. 2018). The surface coating also has a great effect on 

the kinetics of ion release from silver nanoparticles 

(Pareek et al. 2018).  

    When bacteria are exposed to silver 

nanoparticles, due to the formation of peroxide, 

superoxide and free hydroxyl ions, they experience a 

high level of oxidative stress, which ultimately leads to 

the inactivation of the bacterial cell (Reidy et al. 2013). 

 

Biological properties of silver nanoparticles 

    Most studies have shown that different 

metals cause distinct damages to microbial cells, which 

include cell wall, and membrane damage, oxidative 

stress, protein dysfunction, and cell damage (Lemire et 

al. 2013). Nanomedicine is rapidly advancing, and 

there is a fine line between the use of innovative 

medical tools and the careless exposure to the use of 

nanomaterials that are potentially harmful to human 

health and the environment (Ebrahimzadeh et al. 

2018). While enjoying silver nanoparticles as an option 

to deal with diseases, one should pay attention to the 

fact that the same treatment technique can also produce 

dangerous and unpleasant results, silver nanoparticles 

are toxic substances and there is still a device to 

determine nontoxicity. No, since silver nanoparticles 

have become a major drug to fight diseases such as 

cancer, anti-angiogenic effects in the retina, etc., 

researchers plan to develop silver nanoparticles that, in 

addition to reducing the adverse effects of toxicity 

include the main feature at a reasonable cost 

(Ebrahimzadeh et al. 2018). The biological activity of 

silver nanoparticles depends on the morphology and 

control of the size and shape of the structure of silver 

nanoparticles, as far as the size and shape of silver 

nanoparticles are concerned, the smaller the size and 

the shorter the triangular shape of the nanoparticles, the 

more effective it is and the superior properties (Zhang 

et al. 2016). Silver nanoparticles increase the 

bioavailability of therapeutic agents after systemic and 

local administration (Jo et al. 2015). On the other hand, 

it can affect cellular absorption, biological distribution, 

penetration into biological barriers and resulting 

therapeutic effects (Duan and Li. 2013). Therefore, the 

development of silver nanoparticles with controlled 

structures that are uniform in size, morphology, and 

functionality is essential for various biomedical 

applications (Zhang et al. 2016). Silver nanoparticles 

are one of the most widely used antimicrobial metal 

nanoparticles in today's era due to their inherent 

characteristics and extensive bactericidal effects 

against gram-negative and gram-positive bacteria 

(Shao et al. 2018). Currently, silver nanoparticles with 

their inherent anti-bacterial and anti-inflammatory 

effects are used in dressing wounds and burns, as well 
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as in various pharmaceutical formulations such as: 

ointments, antibacterial clothing and medical 

equipment coatings (López-Esparza et al. 2016). 

 

Synthesis methods of silver nanoparticles 

    The synthesis of silver nanoparticles is 

carried out by two methods (top-down) and (bottom-

up), the term (top-down) refers to the synthesis of 

nanoparticles from bulk by physical processes, the 

(bottom-up) approach to the formation of nanoparticles 

refers to the constituent atoms by chemical processes, 

biological methods of silver nanoparticle syntheses are 

used as an alternative to physical and chemical 

methods and using microorganisms (algae, fungi, 

yeasts, bacteria and viruses), enzymes and plants (plant 

extracts) are done (Zhu et al. 2020).  

 

Physical method of synthesis of silver nanoparticles 

    Evaporation, condensation and laser 

ablation are the most important physical approaches, 

the absence of solvent contamination in the prepared 

thin layers and the uniformity of the distribution of 

silver nanoparticles is one of the advantages of physical 

synthesis methods compared to chemical processes, 

high consumption of electrical energy, occupying 

space a lot and spending a lot of time to achieve thermal 

stability is one of the disadvantages of the physical 

synthesis method of silver nanoparticles (Iravani et al. 

2014). 

 

Chemical method of synthesis of silver nanoparticles 

    The most popular chemical methods for the 

synthesis of silver nanoparticles include: chemical 

reduction using a variety of organic and inorganic 

reducing agents, electrochemical techniques, 

physicochemical reduction and radiolysis, which are 

widely used, among the mentioned methods, the most 

common method for nano synthesis of silver particles 

are chemically reduced by organic and inorganic 

reducing agents, generally different reducing agents 

such as sodium citrate, ascorbate, sodium borohydride, 

hydrazine and hydroquinone are used in this method 

(Iravani et al. 2014). Most of these methods are still in 

the development stage and face practical problems 

such as stability and accumulation of nanoparticles, 

control of crystal growth, morphology, size and size 

distribution, extraction and purification of produced 

nanoparticles, the advantages of silver nanoparticles 

synthesis by chemical methods: ease of production, 

low cost and high efficiency (Gurunathan et al. 2015). 

 

Biological method of synthesis of silver nanoparticles 

    To overcome the shortcomings of chemical 

methods, biological methods of silver nanoparticle 

synthesis have appeared as suitable options, recently, 

the synthesis of silver nanoparticles is a simple and 

cost-effective approach using different biological 

systems, including: bacteria, fungi and plants, therefore 

it is important to identify the biological properties of 

silver nanoparticles in order to evaluate the functional 

aspects of the synthesized particles, extracts and small 

biomolecules, such as vitamins and amino acids as an 

alternative method for chemicals are used not only for 

the synthesis of silver nanoparticles, but also for the 

synthesis of several other nanoparticles such as gold 

and graphene (Gurunathan et al. 2015). Gram-negative 

and gram-positive bacteria are indicators for the 

synthesis of silver nanoparticles, the main advantage of 

biological synthesis methods is the availability of 

amino acids, proteins or secondary metabolites, it 

seems that controlling the size and shape of the 

particles in the method of biological synthesis of silver 

nanoparticles is an important factor for various 

biomedical applications (Gurunathan et al. 2014). By 

using bacterial proteins or plant extracts as reducing 

agents, the shape, size and distribution of silver 

nanoparticles can be controlled (Zhang et al. 2016). 

Other advantages of the biological synthesis methods 

of silver nanoparticles include the availability of a wide 

range of biological sources, shortening of time, high 
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density, stability and solubility of prepared silver 

nanoparticles in water (Zhang et al. 2016). In the 

method of biological synthesis of silver nanoparticles, 

extracts of biological agents such as: microbes and 

plants can be used as a reducing or protective agent to 

make silver nanoparticles, in these extracts there are 

various combinations of biological molecules that have 

reducing potential, such as: Amino acids, Vitamins, 

Proteins, Enzymes and Polysaccharides are found 

(Keat et al. 2015). 

 

Applications of silver nanoparticles 

    Due to the unique properties of silver 

nanoparticles, they are used for several applications 

including antibacterial agents, in industrial, household 

and healthcare-related products, in consumer products, 

coating medical devices, optical sensors and cosmetics. 

They have been used in the pharmaceutical industry, in 

the food industry, in diagnostics, in orthopedics, drug 

delivery, as anti-cancer agents, and finally, they have 

increased the tumor-killing effects of anti-cancer drugs 

(Chernousova and Epple. 2013). Recently, silver 

nanoparticles have been repeatedly used in many 

textiles, keyboards, wound dressings and biomedical 

devices (Li et al. 2017). Silver nanoparticles can 

change the regulation of more than 1000 genes, among 

several genes, metallothionein, heat shock protein and 

H\histones were notable (Foldbjerg et al. 2012). 

Recently, autophagy-induced cell death has been 

another identified mechanism for the anticancer 

activity of silver nanoparticles. Nanoparticle-induced 

autophagy is a critical cellular degradation process, and 

increased autophagy can cause cell death (Lin et al. 

2014). The ability of silver nanoparticles in cellular 

imaging can be used to study inflammation, tumors, 

immune response and the effects of stem cell therapy. 

Silver plays an important role in imaging systems due 

to its stronger and clearer plasmon resonance. Because 

of their smaller size, silver nanoparticles are mainly 

used in diagnosis, treatment, as well as combination 

therapy and diagnostic approaches, which ultimately 

lead to increased brightness and clearer imaging 

(Meyers and Cottone. 2013). Nano silver has been 

intensively used in several applications, including 

diagnosis, cancer treatment, and as a drug carrier (Ge 

et al. 2014). Silver nanoparticles in combination with 

vanadium oxide have been used in battery cell 

components to improve battery performance in 

implantable medical devices (Etheridge et al. 2013). 

 

RESULTS AND 

DISCUSSIONS  

 
RESULTS  

Today, there is a need to develop eco-friendly 

processes, which do not use toxic chemicals in the 

synthesis. The biological synthesis methods of silver 

nanoparticles are an important field of modern research 

dealing with design and biosynthesis of particle 

structures ranging from approximately 1-100 nm. For 

the green synthesis of silver nanoparticles it is 

necessary to take plant extracts as a reducing agent and 

use plant extracts taken from the  bark, stems, roots, 

leaves, flowers, oil, fruit peels and seeds, Table (1). 

    The findings of the present study clearly 

showed that can synthesize silver nanoparticles with 

defined size and morphology under optimal conditions 

and with an eco-friendly approach, Table (1). The 

findings revealed that silver nanoparticles produced by 

the green synthesis method, in spite of good 

antibacterial activity, cause negligible cytotoxicity. 

Create green the biological synthesis of silver 

nanoparticles does not require high temperature or 

toxic and dangerous additives, but the biological agents 

used must be carefully selected, Tables (2) and (3). 

 

DISCUSSION 
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    Although silver nanoparticles play an 

important role in clinical research, several factors such 

as: raw materials, synthesis method, stability, bio 

distribution, controlled release, and aggregation, cell-

specific targeting and finally toxicological issues must 

be considered. A detailed study of the physical, 

chemical and biological properties of silver 

nanoparticles and their synthesis and applications is 

necessary, because the physicochemical properties of a 

particle can have a significant effect on its biological 

properties; this step is just as important as the synthesis 

approach. Nano-sized metal particles are unique and 

due to their surface-to-volume ratio, they can 

significantly change physical, chemical, and biological 

properties, for this reason, these nanoparticles have 

been exploited for various purposes (Zhang et al. 

2016).  

    Metal nanoparticles based on their size and 

characteristics, have unique properties such as surface 

expansion, pore size, charge density on the surface, 

cylindrical and spherical shape, color, amorphous and 

crystalline structures. Environmental factors such as 

air, heat, sunlight and humidity affect the properties of 

nanoparticles. Energy sources such as light, heat, 

electricity, sound and short energy waves are used in 

the synthesis process of silver nanoparticles. In 

addition to the types of precursor salts, additives such 

as reducing agents, coating agents and stabilizers are 

used with the expected size and shape, and reaction 

parameters such as reaction temperature, time, pH and 

additional energy sources are used in the process. The 

production of silver nanoparticles is considered. 

Physical and chemical methods of silver nanoparticles 

synthesis seem very expensive and dangerous. Silver 

nanoparticles produced by biological synthesis method 

have high performance, solubility and stability 

(Gurunathan et al. 2015). 

    The green material or entity used for the 

production would substantially define the physical and 

chemical properties and as a consequence, the 

biological activities of the obtained nanomaterials 

(Rónavári et al. 2021). After the green material is 

selected, and its active ingredients have been regarded, 

all other chemicals required for nanoparticle synthesis 

should be attentively picked to preferentially utilize 

biocompatible substances and to avoid toxic chemicals 

(Rónavári et al. 2021). 

 

CONCLUSION 

    The preferred synthesis method of silver 

nanoparticles is green synthesis, because it is eco-

friendly, simple process, low cost, reproducible and 

requires a small amount of energy. In nanochemistry, 

the size of the particles is the most critical factor, and 

by using different plants, you can get nanoparticles of 

different sizes from the same metal. It has been clearly 

seen that different plants have different capabilities in 

reducing metal ions. Therefore, the only disadvantage 

of the green synthesis method is the production of 

smaller amounts of silver nanoparticles. The toxic 

effects of silver nanoparticles synthesized by physical 

and chemical methods are inevitable compared to 

biological synthesis methods. To ensure the biological 

safety of using silver nanoparticles in humans, studies 

related to the biocompatibility of silver nanoparticles 

and their interaction with cells and tissues should be 

done, and biological applications based on 

nanotechnology must be safe, reliable, and durable. So 

far, a few studies have been done on the toxicity of 

silver nanoparticles and the findings of the present 

study showed that the final studies on determining the 

toxicity of silver nanoparticles are not sufficient 

because their toxicity depends on many factors such as 

their concentration, size, shape and surface. Also 

sources, route of entry, toxicological evaluation 

methods and dosage units may vary considerably; 

hence it is difficult to determine the exact range of 

toxicity of silver nanoparticles. 
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Table (1). Synthesis of silver nanoparticles by intermediary plants 
 

Precursor  
Intermediary Plants 

  
Size of Silver Nanoparticles (nm) 

Silver Nitrate Mentha peprita 90 

Silver Nitrate Tribulus terrestris 16–28 

Silver Nitrate Nyctanthes arbor-tristis 50–80 

Silver Nitrate Azadirachta indica 50–100 

Silver Nitrate Pelargonium sidoides 16–40 

Silver Nitrate Vigna unguiculata 24.35 

Silver Nitrate Cinnamomum camphora 55–80 

Silver Nitrate Aloe barbadensis miller 15.2 ± 4.2 

Silver Nitrate Amaranthus retroflexus 10–32 

Silver Nitrate Artocarpus heterophyllus lam 10.78 

Silver Nitrate Prunus yedoensis 20–70 

Silver Nitrate Morinda citrifolia 30–55 

Silver Nitrate Bunium persicum 20–50 

Silver Nitrate Justicia adhatoda 25 

Silver Nitrate Adenium obesum 10–30 

Silver Nitrate Coffee arabica 20–30 

Silver Nitrate Vigna radiata 5–30 

Silver Nitrate Jatropha curcas 10–20 

Silver Nitrate Lantana camara 14–27 

Silver Nitrate Sesuvium portulacastrum 5–20 
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Table (2). Synthesis of silver nanoparticles by intermediary bacteria  

 

Precursor Intermediary Bacteria for Green Synthesis Size of Silver Nanoparticles (nm) 

Silver Nitrate Klebsiella pneumonia 1–6 

Silver Nitrate Deinococcus radiodurans 4–50 

Silver Nitrate Bacillus subtilis 20–50 

Silver Nitrate Serratia nematodiphila 10–31 

Silver Nitrate Nocardiopsis 45 ± 0.15 

Silver Nitrate Pseudomonas (proteolytic, meridiana) 6–13 

Silver Nitrate Bacillus licheniformis 18–63 

Silver Nitrate Bacillus pumilus 77–92 

Silver Nitrate Gluconacetobacter xylinus 40–100 

 

 
Table (3). Synthesis of silver nanoparticles by intermediary fungi  

 

Precursor   Intermediary Fungi for Green Synthesis Size of Silver Nanoparticles (nm) 

Silver Nitrate Amylomyces rouxii 5–27 

Silver Nitrate Aspergillus niger 3–30 

Silver Nitrate Alternaria alternate 20–60 

Silver Nitrate Aspergillus fumigatus 5–25 

Silver Nitrate Rhizopus stolonifer 9.47 

Silver Nitrate Cladosporium sphaerospermum 15.1 ± 1.0 

Silver Nitrate Fusarium oxysporum 5–15 

Silver Nitrate Pestalotiopsis microspore 5–25 

Silver Nitrate Phanerochaete chrysosporium 50–200 

Silver Nitrate Cochliobolus lunatus 3–21 

Silver Nitrate Aspergillus terreus 6–100 

Silver Nitrate Penicillium expansum 14–76 
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ABSTRACT 
 

 

In biomedicine, magnetic nanoparticles (MNPs) have been used for the treatment 

of numerous disorders and targeted drug delivery. Among iron oxides, Fe3O4 can 

be useful in effective drug delivery to target tissues such as the liver. In this study, 

the side effects of Fe3O4 nanoparticles synthesized by the green method were 

compared to chemical methods in liver tissue. Gene expression analysis of 

metallothionein-1 and glutathione reductase-1, in addition to liver biochemical 

function was measured. Forty-two rats were studied in 7 groups. A control-l group 

with standard food (N = 6) and six treatment groups were administered 50, 100, 

and 150 mg/kg Fe3O4 nanoparticles synthesized by green and chemical methods, 

respectively (N = 6 for every treatment group). The destruction of liver tissue was 

more in the groups treated with chemicals compared to the groups treated with 

green synthesis nanoparticles. Also, biochemical analysis presented significant 

alterations in SGPT level in the treated groups, however, no significant finding was 

observed in the level of SGOT and ALK levels. Tea nanoparticles showed a 

significant increase in the expression level of MT1 and GR genes in the treated 

groups. The findings showed that the nanoparticles prepared by chemical method 

caused more damage to the liver tissue than the green nanoparticles, and the 

changes in the expression of genes involved in homeostasis in the groups treated 

with green synthetic nanoparticles were significantly positive. 
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INTRODUCTION 

Green synthesis nanotechnology refers to the 

production of nanomaterials or nanoparticles without 

using dangerous chemicals that emit poisonous 

byproducts. Green synthesized nanoparticles have 

many applications in medical science, drug delivery, 

and chemotherapy. Many strategies have been 

involved in the process of their synthesis to be safe and 

without side effects [1,2].  

The goal of creating metal oxide nanoparticles 

is to change the properties of metals and increase their 

reactivity and efficiency. Iron oxide, aluminum oxide, 

cerium oxide, titanium oxide, and magnetite are 

examples of the several utilized metal oxide 

nanoparticles [3]. In biomedicine, magnetic 

nanoparticles (MNPs) have been used to induce heat to 

treat hyperthermia, provide contrast effects for 

magnetic resonance imaging, and control targeted drug 

delivery remotely. Numerous iron oxides are known, 

which usually categorized in to three types: Fe3O4 

(magnetite), α-Fe3O4 (hematite), and γ-Fe3O4 

(maghemite). Among all iron oxides, Fe3O4, due to 

superior magnetic properties, has attracted more 

attention [4]. Based on their employment, Fe3O4 

nanoparticles appear to have more excellent capability 

and capacity than Fe3O4 nanoparticles [1].  

Nanoparticle size and surface charge 

determine its biological properties, such as absorption 

by cells and distribution in the body [5]. The 

nanoparticles deposit in essential organs like the brain, 

liver, or kidneys after entering the body by ingestion, 

inhalation, contact with the skin, or interaction with the 

genitourinary tract. Nanoparticles impair cellular 

activities by crossing membranes and interacting with 

biomolecules, damaging DNA and proteins or crossing 

the blood-brain barrier, causing neurological damage. 

Therefore, the need for primary research on 

nanoparticles' effect on biochemical parameters is 

emphasized [6]. This study focused on MT1 and GSR 

genes as two appropriate markers for analyzing 

oxidative stress and tissue resistance to metals. 

Invertebrates, plants, bacteria, and vertebrates all have 

low-molecular-weight, cysteine-rich intracellular 

proteins called metallothioneins (MTs). The 

metallothionein molecules' α and β binding domains 

are made up of cysteine clusters. The peptide N-

terminal region, known as the β-domain, has three 

binding sites for two-valent ions. Also, the C-terminal 

area (α-domain) can bind to four two-valent metal ions. 

Many organs contain MT1 and MT2, including the 

kidneys, liver, gastrointestinal tract, and pancreas. The 

brain, cardiovascular system, retina, kidneys, breasts, 

prostate, bladder, and genital organs contain MT3. On 

the other hand, MT4 is mainly found in squamous 

epithelium stratified [7,8].  These molecules can also help 

modulate and improve immune responses by 

controlling the levels of toxic metals [9]. MTs elevate 

the tolerance of the cells to the radical species. The 

liver is the main organ of the body with antioxidant 

weapons. Liver cells use glutathione as the most 

critical antioxidant in mammals that directly eliminates 

various oxidants, including (superoxide anion, 

hydroxyl radical, nitric oxide, and carbon radicals) 

[10,11]. An NADPH-dependent oxidoreductase called 

glutathione reductase (GR) expedites the 

transformation of oxidized glutathione (GSSG) to 

reduced glutathione (GSH) [12,13]. Biochemically, 

oxidation products are widely used to measure 

oxidative stress [14]. Metalloenzymatic alkaline 

phosphatase (ALP) [EC 3.1.3.1] consists of several 
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isoenzymes. It is said that each isozyme evolves from 

a common ancestral gene and is a membrane-bound 

glycoprotein encoded by particular locus genes. 

Chromosome 2 harbors three ALP genes, while 

chromosome 1 harbors the fourth [15]. Therefore, in this 

study, by synthesizing nanoparticles using the green 

method, its effects on liver enzymes, liver tissue, and 

antioxidant genes were investigated, and we compared 

the results with the effects of nanoparticles synthesized 

by chemical methods. 

 

EXPERIMENTAL  

 

Material and methods 

Synthesis of green Fe3O4 nanoparticles 

Green method 

Green tea was utilized to make Fe3O4 

nanoparticles. Green tea extract was added dropwise to 

a room-temperature 1:2 iron chloride solution. The 

creation of iron oxide nanoparticles was verified by 

developing a solid, black solution after the mixture had 

been agitated with a magnetic stirrer for 15 minutes. 

Centrifugation was used to separate the nanoparticles 

at 15,000 rpm for 10 minutes, followed by three to four 

rounds of washing with ethanol and water. The 

nanoparticles are dried in a 70 °C oven for 3 hours and 

kept in a covered container [16]. 

 

Chemical method 

FeCl2 4H2O (1.98 g), FeCl3 6H2O (5.41 g), 

and NaOH (3.2 g) were dissolved in 100 ml of distilled 

water for the production of Fe3O4 nanoparticles. The 

reaction temperature was increased to 80°C and 

maintained there for two hours after stirring for 20 

minutes. A magnetic decantation process was used to 

separate the resultant black precipitate, which was then 

washed three times with distilled water and ethanol. 

Magnetic nanoparticles were dried out under low 

pressure. The supplies were all purchased from Sigma 

Company (USA).  

 

Chemical Fe3O4 coating with chitosan 

To prepare chitosan solution, 1.74 ml of acetic 

acid (99%) was added to 300 ml of deionized distilled 

water. Then 0.125 g of chitosan powder was weighed 

and 300 ml of solution was added to it and stirred for 

20 minutes with a magnetic stirrer until the powder was 

dissolved in the solution. 20 ml of this solution was 

removed and its pH was adjusted to 4.8 with NaCl (1 

M). Then weigh 0.5 g of Fe3O4 that we produced by 

chemical method and add it to it and mix it for 30-45 

minutes. With this method, we coated the Fe3O4 

nanoparticle which was chemically synthesized with 

chitosan. 

 

Particle size, PDI, and zeta potential 

Dynamic light scattering (DLS) was used to 

gauge the size of nanoparticles. The magnetically 

created nanoparticles zeta potential, polydispersity 

index, and particle size were measured using the Zeta-

sizer (Nano ZA, Malvern Instruments, UK). The 

temperature was 25 °C, the detecting angle was 135°, 

and the number of captured nanoparticles ranged from 

1400 to 1930 kilo counts per second (KCPS). The 

Zetasizer used the same method to calculate zeta 

potential (Nano ZA, Malvern Instruments, and UK). 

 

Animal treatments 

In the present study, 42 male Wistar rats with 

an average weigh 250 ± 15.34 g and with ages of 8 to 

9 weeks were involved in the study, including seven 

groups: 1-Control (sterile saline solution), 2- Fe3O4 

nanoparticles made by green method at a dose of 50 

mg/kg, 3- Fe3O4 nanoparticles made by the green way 

at a dose of 100 mg/kg, 4- Fe3O4 nanoparticles made 

by green method at a dose of 150 mg/kg, 5- Chemically 

synthesized Fe3O4 nanoparticles at a dose of 50 mg/kg, 

6- Chemically synthesized Fe3o4 nanoparticles at a 
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dose of 100 mg/kg and 7- Chemically synthesized 

Fe3o4 nanoparticles at a dose of 150 mg/kg. Animals 

were maintained on a 12-hour light cycle at room 

temperature and controlled humidity. Animals had 

unrestricted access to standard laboratory water and 

nutrition. Sterile saline-soluble iron nanoparticles were 

injected intraperitoneally (IP) daily for 30 days. Our 

study protocol was reviewed and approved by 

Najafabad Branch, Islamic Azad University Ethics and 

Laboratory Animal Rights Monitoring Committee with 

the ethics code IR.IAU.NAJAFABAD.REC.1400.070. 

 

Liver tissue biopsy, staining, and blood sampling 

24 hours after discontinuation of the last 

treatment, rats were anesthetized with 10% ketamine 

and 2% xylazine. Blood samples were taken by heart 

perforation in sterile centrifuge bottles and rotated for 

5 minutes to separate the serum. A part of the liver of 

each animal was removed and saved at - 80 ° C for 

RNA extraction and gene expression analysis. H&E 

staining was utilized to assess the histological shifts of 

rat liver tissues by a microscopic analysis based on the 

vain and cells morphological maintenance. 

 

Biochemical assays 

Aspartate aminotransferase (AST) and 

Alanine aminotransferase (ALT) are determined using 

the Abcam commercial kits (Cat. No. ab105135 and 

ab105134 respectively. Abcam Co. USA). Alkaline 

phosphatase (ALP) was measured using a commercial 

kit from Randox. 

 

Gene expression analysis 

RNA extraction and cDNA synthesis 

According to the manufacturer's instructions, 

RNA was extracted from liver tissues using RNXplus 

buffer (Cinaclon Co., Iran). The first strand of cDNA 

was then produced with 50 ng total RNA using oligo 

primers (dT) and random hexamer as directed by the 

manufacturer using a cDNA synthesis kit (SmoBio 

Co., South Korea). 

 

Primer design and real time RT-PCR  

Dedicated primers for GR and MT1 genes 

were designed utilizing Generunner software version 

6.5.52, 64-bit (Table 1). Also, ActB gene was selected 

as reference gene or internal control. Realtime-RT-

PCR was performed using ABI system StepOne 

(Applied Biosystem, USA) in final reaction mixture 

volume 20 μl containing 1X Master Mix, 3.5 μl of 

DEPC water, 0.5 μl of each of the forward and reverse 

primers, and 0.5 μl of template cDNA. All reactions 

were performed in duplicate well in 40 cycles 

containing 95oC for 15 sec, 55 oC for 30 sec, and 72 oC 

for 30 sec. Also, melting curve was calculated between 

65 oC and 95 oC with ramping rate 0.3 oC/1min.  

 

Data analysis 

Data were provided as mean ± SEM. SPSS 

V.21 software was utilized to perform a one-way 

analysis of variance (one-way ANOVA) on the data. At 

P <0.05, the mean values were considered statistically 

significant. For data normality analysis, the 

Kolmogorov-Smirnov test was used. Finally, Prism 

V.9.0.0 was utilized for graph preparation. 

 

Table 1. Primer sequences and their properties.  

Primer 

name  
Sequence 

Target 

length 

Target 

gene 
Accession no. 

FACTBRat 5’- AGCCTTCCTTCCTGGGTATGG-3’ 
109bp ActB NM_031144.3 

RACTBRat 5’ AGCACTGTGTTGGCATAGAGG-3’ 

https://www.ncbi.nlm.nih.gov/nucleotide/NM_031144.3?report=genbank&log$=nuclalign&blast_rank=3&RID=EZAGJX24014
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FMT1rat 5'-GCTCCAGCGGCTGCAAGAAC-3' 
129bp MT1 NM_138826.4 

RMT1rat 5'-AGCACGTGCACTTGTCCGAG-3' 

FGSRrat 5'- CACTGAAGATGAAGCCGTC-3' 
124bp GR NM_053906.2 

RGSRrat 5'- ACAAACCATCTTCATCACGC-3' 

 

 

RESULTS AND 

DISCUSSIONS  

 
Nanoparticle properties 

Table 2 shows some specific properties of 

the produced nanoparticles. Results of the particle 

analysis confirmed the standard indexes for a 

nanoparticle.  Figs. 1a and 1b shows SEM image of 

green and chemical nanoparticles respectively. Figs. 

2a and 2b show FT-IR results on the synthesized 

nanoparticles. 

Nanoparticles have special physical, 

chemical, mechanical, electrical and magnetic 

properties due to their small size; they easily enter the 

cell and interfere in its natural and vital process. The 

use and application of nanotechnology in various 

branches of science such as medicine, 

pharmaceuticals, imaging, environment and industry 

has attracted the attention of many scientists. 

Nanoparticles are spherical materials found in 

nanometer size and derivatives of iron oxide 

paramagnetic nanoparticles with different and 

variable coatings are used in drug delivery 

mechanism. Therefore, evaluating the bioavailability 

of these nanoparticles seems necessary to understand 

the mechanisms of action and toxicity resulting from 

their activity. Many researchers have used biological 

methods to synthesize metal nanoparticles or metal 

oxides from different parts of plants, especially 

leaves, stems, roots, and fruits. However, magnetite 

nanoparticles behave differently depending on how 

they are synthesized. In addition, the size and shape 

of the magnetite crystal affects its magnetic 

properties. 

 

Table 2. Physical properties of the produced Fe3O4 nanoparticles. 

Particle name Color Particle size 

Mean ± SD 

Zeta potential 

(mV) 

PDI 

(Polydispersity Index) 

Green tea extract method Green 21.51 ± 1.7 -25±0.87 0.4±0.45 

Chemical method Brown 13.19 ± 1.2 -19 ± 0.34 0.2 ± 0.91 
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Fig. 1. a. SEM image of green tea extract method synthesized Fe3O4 nanoparticles. b. SEM image of chemical 

method synthesized Fe3O4 nanoparticles 

 

 

 

Fig. 2. FT-IR graph of the synthesized nanoparticles. a. Nanoparticle coated with chitosan and b. Fe3O4 

nanoparticle and c. Chitosan 

 

 

Pathological findings 

Fig. 3 presents Hematoxylin-Eosin staining of 

the dissected tissue of the treated rats with the green 

nanoparticles compared with chemical nanoparticles. 

In this study, Fe3O4 nanoparticles were 

synthesized by two chemical and green methods, and 

the effect of these synthetic nanoparticles as well as 

chitosan-coated nanoparticles in different 

concentrations on the activity of rat liver enzymes and 

gene expression was investigated. Yusefi et al. utilized 

Fe3O4 nanoparticles to destroy colon cancer cells. 

Fe3O4 nanoparticles were precipitated with the crude 

extract of Garcinia mangostana fruit in different 

weight percentages. HCT116 colon cancer cells were 

destroyed by the generated samples more than normal 

CCD112 colon cancer cells [17]. In the studies of Al-

Karagoly et al., iron oxide nanoparticles (IONPs) were 
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synthesized using black seed extract, and as a strong 

rejuvenating agent, their cytotoxic and antibacterial 

properties were investigated. In addition to the 

significant non-cytotoxic effect shown by MTT in 

Vero cell line, these biosynthetic nanoparticles 

(IONPs) showed excellent antibacterial activity against 

Escherichia coli and Staphylococcus aureus [18]. 

 

Biochemistry analysis 

Serological analysis of the serum collected 

from the treated rat’s blood showed some variance 

between the level of SGPT, SGOT and ALK enzymes 

between the control groups, the groups treated with the 

chemical synthesized nanoparticles and the groups 

treated with the green tea synthesized Fe3O4 

nanoparticles (Figs. 4, 5, and 6).  

No significant differences were observed between the 

chemical synthesized nanoparticles treated groups in 

comparison with the control and green tea synthesized 

Fe3O4 nanoparticle groups. C: control group, 1, 2, and 

3 are 50, 100 and 150 mg dose of chemical synthesized 

Fe3O4 nanoparticle respectively. 4, 5, and 6 are 50, 100 

and 150 mg dose of green tea synthesized Fe3O4 

nanoparticle respectively. 

Significant differences were observed between the 

chemical synthesized nanoparticle treated groups in 

comparison with the control and green tea synthesized 

Fe3O4 nanoparticle groups. C: control group, 1, 2 and 3 

are 50, 100 and 150 mg dose of chemical synthesized 

Fe3O4 nanoparticle respectively. 4, 5 and 6 are 50, 100 

and 150 mg dose of green tea synthesized Fe3O4 

nanoparticle respectively. 

No significant differences were observed 

between the chemical synthesized nanoparticle treated 

groups in comparison with the control and green tea 

synthesized Fe3O4 nanoparticle groups. However, there 

is significant difference in the ALK level between the 

ends of course analysis compared with the middle of 

the course. C: control group, 1, 2 and 3 are 50, 100 and 

150 mg dose of chemical synthesized Fe3O4 

nanoparticles respectively. 4, 5 and 6 are 50, 100 and 

150 mg dose of green tea synthesized Fe3O4 

nanoparticles respectively. 

The effects of silver nanoparticles on the 

metabolism of Wistar rats were investigated in a study. 

Mice were treated daily with silver nanoparticles 

(AgNPs). AgNPs did not affect the amount of food 

eaten by mice or their weight. But when mice were 

exposed to AgNP, serum and tissue levels of AST, 

ALT and ALP changed significantly. After treatment 

with 100 mg/kg of silver nanoparticles, the level of 

AST and ALT in the blood and tissues of mice 

decreased significantly. On the other hand, when 

AgNPs were given to mice, ALP levels increased in 

their blood and tissues [6]. In the studies of Albukhaty 

et al. superparamagnetic iron oxide nanoparticles were 

coated with poly-L-lysine (SPIONs-PLL). These 

nanoparticles were used to evaluate the efficiency of 

gene expression for SPIONs-PLL as a non-viral carrier 

in NSCs. Histological analysis showed that the 

concentration of intracellular nanoparticles is higher 

than that of intercellular nanoparticles. Therefore, these 

results indicated that SPIONs-PLL can act as a new 

alternative for transfection of BDNF-NSCs, which is 

useful for gene therapy [19].  

In the blood and tissues of male Wistar rats, 

the toxicity of molybdenum trioxide nanoparticles was 

investigated by Akhundipour et al. The findings 

showed that high concentrations are more harmful than 

low values for blood and serum parameters [20]. In a 

study on adult male Wistar rats, TiO2 nanoparticles 

were administered orally. Data showed that oral 

administration of TiO2 nanoparticles (<100 nm) may 

lead to hepatotoxicity in mice [21]. For 28 days, Wistar 

rats of both sexes were gavage with small silver 

nanoparticles (10 nm) coated with 

polyvinylpyrrolidone (PVP). Oxidative stress markers 

and blood parameters were changed in all animals, 

indicating the toxicity of AgNPs even at moderate 

doses. Gender differences are evident in all analyzed 



J. Nanoanalysis, 11(1): 656-661, Winterr 2024 

 F. Karimi et al. /. Comparison of the effect of Fe3O4 nanoparticles … 

 

658 

 

parameters. Compared to male mice, female rats 

receiving moderate amounts of AgNPs eliminated 

nanoparticles more efficiently from their liver and 

kidneys.  

In this research by examining the effect of 

Fe3O4 nanoparticles on the activity of liver enzymes in 

rats after 30 days of treatment, it was found that 

nanoparticles synthesized by chemical method had the 

most destructive effect on hepatocytes at 

concentrations of 100 and 150 (mg/kg). As a result, the 

activity of liver enzymes increased and can lead to 

tissue destruction. Nanoparticles synthesized by the 

green method did not have a destructive effect on liver 

cells and did not show significant results after 

examining the activity of the studied enzymes 

compared to the control group and the group treated 

with chemically synthesized nanoparticles. 

Chitosan is considered a polymer and is 

obtained by deacetylation of chitin. Chitin is found 

naturally in the exoskeleton of crustaceans and the cell 

wall of fungi, which is the second most abundant 

natural polymer after cellulose. The length and acetyl 

residues of the resulting chitosan polymers are 

different depending on the conditions used in the 

deacetylation method. It may be converted into 

molecules with weights between 300 and over 1000 kD 

In addition, the degree of chitosan acetylation, which 

ranges from 5 to 70%, significantly affects the 

physicochemical properties, including viscosity and 

solubility. Therefore, this non-toxic and biodegradable 

compound was used to coat iron oxide nanoparticles. 

[22].  

The results showed that the coating of 

artificial nanoparticles with chitosan reduces the 

destructive effect of Fe3O4 nanoparticles on liver cells 

to such an extent that the activity of the enzymes 

studied in the control group decreased compared to the 

group treated with Fe3O4 nanoparticles synthesized by 

chemical method. Considering that the destructive 

effect of iron oxide nanoparticles on liver cells follows 

the use of magnetic fields, these magnetic fields 

activate processes in the body that conduct messages 

from the cell membrane to the nucleus and genetic 

content. It also affects the function of organs and 

changes the cell membrane potential and ion 

distribution in the cell.  These changes affect 

biochemical processes and change the activity of serum 

enzymes and biochemical parameters [23]. 
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Fig. 3. Liver tissue sections treated with chemical (a, c, and d, X=400, b, X=100) compared with the rat’s liver 

tissue sections treated green synthesized nanoparticles (e, g, and h, X=400, f, X=100) by hematoxylin-eosin 

staining (h, e, X=100). Lysis of hepatocytes and release of nuclei, nuclear atrophy, disorder and destruction of 

hepatocyte cords, disorder and dilation of sinusoids, venous congestion, and destruction of the venous wall is 

very intensive in treated groups treated with chemical nanoparticles relative to the green synthesized 

nanoparticles treatment groups. 
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Fig. 4. SGOT levels in the treated rats.  

 

 

 

Fig. 5. SGPT levels in the treated rats. 

 

*

*

0

50

100

150

200

250

300

50 mg^kg 100 mg^kg 150 mg^kg

S
G

O
T

 (
U

/L
)

Injected Dose Concentration

Control

Fe3O4

Fe3o4 green

* *

0

20

40

60

80

100

120

50 mg^kg 100 mg^kg 150 mg^kg

S
G

P
T

 (
U

/L
)

Injected dose concentration

Control

Fe3O4

Fe3o4 green



J. Nanoanalysis, 11(1): 656-661, Winterr 2024 

 F. Karimi et al. /. Comparison of the effect of Fe3O4 nanoparticles … 

 

659 

 

 

Fig. 6. ALK levels in the treated rats.  

 

 

Gene expression 

RNA extraction and real time RT-PCR analysis 

Total RNA was extracted by using RNX plus 

solution and subjected to agarose gel electrophoresis 

(Fig. 7). 28S and 18S rRNAs show an optimal quality 

of the extracted RNA.   

Figs. 8 and 9 is the statistical analysis of GR 

and MT1 gene expression. As mentioned in this study, 

the expression changes of Gr gene as an antioxidant 

molecule and MT1gene as metal balance regulator in 

liver were measured by the 2-∆ΔCt method. Using SPSS 

software ver. 18 and performing the statistical 

independent t-test, the research hypothesis was tested 

and the results are presented by GraphPad prism 

software. The distribution of data for the results of gene 

expression between control group and the rats treated 

with nanoparticles was performed by KS test. 

Metallothioneins are essential in regulating 

metal homeostasis and controlling the physiological 

toxicity of heavy metals, DNA damage and oxidative 

stress [10, 11]. In living organisms, MT1 functions as an 

antioxidant protein and a metal carrier to maintain 

physiological balance and prevent damage from metal 

overload. Several agents, including heavy metals, 

antioxidants, alkylating agents, glucocorticoids, 

cytokines, and lipopolysaccharides, can stimulate MT1 

expression to exert several immunomodulatory effects. 

MTs protect organisms against oxidative stress by 

scavenging hydroxyl radicals and superoxide radicals 

[24]. Glutathione synthesis occurs exclusively in liver 

cells. Micronutrients such as vitamin E and C and thiol-

rich proteins such as metallothionein and ubiquinone 

are only some of the mechanisms that the liver uses to 

resist oxidative stress [12, 13]. Oxidative stress occurs 

when reactive oxygen species (ROS) are produced at a 

rate higher than the antioxidant capacity of living 

organisms. Measurement of oxidation products can be 

used to determine oxidative stress because most 

oxidants have very short half-lives [14].  Arial et al. 

found that the evaluation of the expression and function 
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of metal binding to MTs may be important for 

analyzing the biodegradation of Me-NPs. MTs as 

highly reactive thiols can also play a role in inhibiting 

reactive oxygen species (ROS) caused by Me-NPs. 

Therefore, metal ion binding to metallothioneins leads 

to a change from an antioxidant function to a metal ion 

buffer/ chaperone [25]. Also, Dai et al showed that 

although metal ion regulation of MT expression has 

been reported in several studies, the expression of MT1 

creates a high capacity to bind these heavy metal ions 

in vivo and in vitro, and thus the detoxification process 

begins [9].  

In our research, the results showed that MT1 

gene expression in mice treated with Fe3O4 

nanoparticles synthesized by the green method was 

more significant compared to mice treated with 

chemical nanoparticles, and a high level of MT1 gene 

expression was observed in green tea nanoparticles 

groups. Also, low concentrations of green 

nanoparticles in treated mice reduced GR gene 

expression compared to groups treated with Fe3O4 

chemical nanoparticles. The reason for these changes 

is probably due to the antioxidant property of green tea, 

which prevented the destructive effects of the magnetic 

fields of iron oxide nanoparticles and exerted its 

antiparamagnetic effects on the expression of the 

studied genes. 

 

CONCLUSION 

    This study was conducted in order to compare the 

effect of iron oxide nanoparticles synthesized by green 

method and concentrated nanoparticles by chemical 

method on functional indices of rat liver. The results of 

this study showed that despite the increase in the size 

of the nanoparticles due to the coating, this increase in 

size is not enough to exceed the critical size limit (30 

nm for iron oxide). Iron oxide nanoparticles 

synthesized by the green method prevented the 

increase in the activity of liver enzymes in mice and 

had a protective effect. Chitosan coating on iron oxide 

nanoparticles also helped to reduce the toxic effects of 

nanoparticles. In the group treated with nanoparticles 

coated with green tea, compared to the control group 

and the groups treated with uncoated nanoparticles, 

most of the changes were decreasing and sometimes 

increasing, but these changes were not statistically 

significant. Due to the antioxidant property of 

nanoparticles synthesized by the green method, MT1 

gene expression was increased in the groups treated 

with this nanoparticle, and GR gene expression was 

decreased in the same groups compared to the control 

group and the group treated with chemical 

nanoparticles. Probably, the short-term use of chitosan-

coated iron oxide nanoparticles in biological and 

medical cases does not cause special toxicity in the 

body. Therefore, the results obtained from the present 

research can be the basis for future research in the 

direction of using nanoparticles synthesized in a green 

way, with less toxicity for pharmaceutical and medical 

purposes. 

 

 



J. Nanoanalysis, 11(1): 656-661, Winterr 2024 

 F. Karimi et al. /. Comparison of the effect of Fe3O4 nanoparticles … 

 

658 

 

 

Fig. 7. Qualification of the extracted RNA. 28s and 18s rRNA shows an optimal quality of the extracted RNA. 

Green viewer-stained 1% agarose gel. M: 100bp DNA size marker. 

 

 

 

Fig. 8. One-way ANOVA analysis between the chemical Fe3O4 nanoparticles treated rat GR gene expression 

compared with the rat treated by green tea nanoparticles. a. GR gene expression changes between the treatment 

groups with different concentrations of chemical nanoparticles were not significant, but a significant decrease 

was observed between the treatment groups and the control group. b. significant decrease between the control 

group and green nanoparticle treated groups in the GR gene expression. Comparison between the chemical and 

green synthesized nanoparticle treated groups. Decrease in the GR gene expression in the green treated groups is 

more considerable (P ≤ 0.05, CI: 95%). 
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Fig. 9. One-way ANOVA analysis between the chemical Fe3O4 nanoparticles treated rat MT1 gene expression 

compared with the rat treated by green tea nanoparticles. Significant variance was observed between the green 

group and the chemical ones. Elevated level of the MT1 gene expression was observed in the green tea 

nanoparticle groups (P ≤ 0.05, CI=95%). 

 

 

Fig. 10. XRD of Fe3O4 nanoparticles. A. X-ray diffraction image of chitosan coated, B. X-ray diffraction image 

of Fe3O4 nanoparticles
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ABSTRACT 
 

 

Incorporating zinc oxide nanoparticles (ZnONPs) into nylon significantly 

alters its mechanical and thermal characteristics. Nanocomposites with 0, 1, 

and 2 wt% ZnONPs were created through a two-step process of dry mixing and 

single-screw extrusion. Tensile testing (at strain rates from 0.02 to 2) showed 

that both neat nylon and the nanocomposites exhibit strain rate hardening, with 

ultimate tensile strength (UTS), yield strength, and tensile modulus all 

influenced by strain rate. Critically, adding ZnONPs improved these 

mechanical properties, with the 2 wt% nanocomposite showing a 45% higher 

tensile modulus and a 26% higher UTS than neat nylon. Thermal stability was 

enhanced by the nanoparticles, as confirmed by thermogravimetric analysis 

(TGA), and differential scanning calorimetry (DSC) revealed a slight increase 

in glass transition temperature. A constitutive model effectively captured the 

nonlinear, strain rate-dependent behavior of both the base polymer and the 

nanocomposites. While thermal conductivity and diffusivity showed complex 

trends with increasing ZnONP content, the 2 wt% sample exhibited the highest 

conductivity and lowest diffusivity. Finally, the dielectric constant increased, 

and resistivity decreased, with higher ZnONP loadings. 

 

 
 

 

 

How to cite this article 
Farahbod F., Shakeri A., Hosseinimotlagh S. N., Investigation of the mechanical and thermo- electrical properties of nylon filaments 
reinforced with nanoparticle. J. Nanoanalysis., 2024; 11(1): 662-667.  

 

 

 

 

 

 

 

 

http://creativecommons.org/licenses/by/4.0/


J. Nanoanalysis, 11(1): 662-667, Winterr 2024 

 F. Farahbod et al. /. Investigation of the mechanical and … 

 

656 

 

INTRODUCTION 

Nylon 6, a versatile engineering 

thermoplastic, finds broad application due to its 

favorable combination of mechanical properties and 

chemical resistance [1]. However, conventional 

reinforcement strategies often require substantial filler 

content to achieve notable property enhancements, 

which can compromise the inherent advantages of the 

polymer [2]. Nanocomposites, leveraging small 

amounts of nanoparticles, offer a compelling 

alternative [3]. Zinc oxide nanoparticles (ZnONPs) are 

particularly attractive for reinforcing polymers due to 

their potential to improve mechanical performance [4]. 

This research investigates how incorporating ZnONPs 

affects the mechanical and thermal properties of nylon 

filaments [5]. Mechanical behavior is assessed through 

tensile testing, while Scanning Electron Microscopy 

(SEM) is employed to examine fracture surfaces and 

understand failure mechanisms [6]. Finally, 

experimental data informs the development of a 

constitutive model that describes the tensile behavior 

of the resulting nylon-ZnO nanocomposites [7]. 

Nanoparticle reinforcement offers a powerful method 

to tailor and enhance the properties of nylon fibers [8]. 

The following summarizes the primary impacts of 

incorporating nanoparticles into this material: 

Incorporating nanoparticles into nylon fibers 

offers a pathway to significantly tailor and improve 

material performance [9]. These reinforcements impact 

mechanical, thermal, and other functional 

characteristics [10]. Mechanically, nanoparticles can 

increase strength and stiffness by acting as reinforcing 

agents within the nylon matrix, leading to 

improvements in tensile strength, yield strength, and 

modulus [11]. Some nanoparticles also enhance 

toughness, improving resistance to cracking and 

fracture, and reduce creep by hindering polymer chain 

movement under sustained stress [12]. Thermally, 

certain nanoparticles can improve thermal stability, 

increasing resistance to high-temperature degradation, 

and elevate the glass transition temperature (Tg), 

allowing the material to maintain stiffness and strength 

at higher temperatures [13]. Beyond these, 

nanoparticles can impart additional functionalities 

[14]. For example, titanium dioxide (TiO2) or zinc 

oxide (ZnO) can provide UV protection, while silver 

nanoparticles (AgNPs) can introduce antimicrobial 

properties. Conductive nanoparticles, like carbon 

nanotubes or graphene, can even render nylon fibers 

electrically conductive. The degree of property 

modification is influenced by several key factors: the 

specific type of nanoparticle used, its concentration 

within the nylon matrix, the uniformity of nanoparticle 

dispersion (agglomeration can create weaknesses), and 

the processing technique employed (e.g., melt mixing, 

solution blending, or in-situ polymerization) [15]. This 

study focuses specifically on the tensile mechanical 

properties of nylon filaments reinforced with zinc 

oxide nanoparticles. 

EXPERIMENTAL  

Determining the novelty of a manuscript 

concerning the mechanical and tensile properties of 

nanoparticle-reinforced nylon filaments requires a 

thorough literature review. However, several potential 

areas of innovation can distinguish such work. These 

include developing a novel nanoparticle incorporation 

method (e.g., unique surface treatment, 

mixing/extrusion technique, or functionalization for 

enhanced nylon interaction), exploring less common 

nanoparticle types or combinations (with strong 

justification and investigation of synergistic effects), or 

focusing on a specific, under-studied mechanical 

property (e.g., fatigue, impact, creep, or wear) with 

detailed analysis as a function of concentration and 

processing. Critically, going beyond simply reporting 
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property improvements and establishing detailed 

structure-property relationships via advanced 

characterization (e.g., TEM, SAXS) to analyze 

nanoparticle dispersion, interfacial bonding, and 

microstructural changes is essential for demonstrating 

originality. Other avenues for innovation include 

developing new theoretical models or employing 

advanced simulations (e.g., nanoscale finite element 

analysis) to understand deformation mechanisms, 

systematically optimizing processing parameters (e.g., 

extrusion temperature, screw speed, drawing ratio) 

using a design of experiments approach, or focusing on 

a specific application and demonstrating how 

nanoparticle incorporation enhances performance in 

that context. Ultimately, manuscript originality hinges 

on demonstrating something new and non-obvious in 

the materials, processing, characterization, modeling, 

or application, with a clear articulation of the research 

gap and the work's contribution. 

 

ZnONP Characterization 

Zinc oxide nanoparticles (ZnONPs) exhibited 

a hexagonal wurtzite structure (Figure 1). As a 

semiconductor with a bandgap of approximately 3.22 

eV, ZnO interacts with UV-visible light through 

electronic excitation between its conduction and 

valence bands, a phenomenon observed in other ZnO-

containing materials as well [32, 33]. While ZnONPs 

have been shown to exhibit some agglomeration within 

material matrices, this study also investigated the 

impact of ZnO addition on the mechanical and optical 

properties of LDPE thin films. Young's modulus, 

strength, and elongation at break were determined from 

stress-strain curves. The presence of ZnO significantly 

altered these properties. The improved strain at 

fracture, regardless of ZnO concentration, suggests a 

mechanism involving surface adhesion and interaction 

between the ZnONPs and the LDPE matrix [33]. 

Materials 

High-purity, sub-50 nm spherical zinc oxide 

nanoparticles (ZnONPs) were synthesized via a sol-gel 

method. The matrix material was a high-performance 

polyamide. 6 resins (Nylon P1011F) specifically 

designed for stable high-speed extrusion. This resin, 

according to supplier specifications, has a melting 

temperature range of 215-225 °C, a density of 1.09-

1.19 g/cm³, and typical mechanical properties 

including 70-80 MPa tensile strength, 100% tensile 

elongation at break, and 1-3 GPa tensile modulus. 

Research process 

Nylon powder and precisely weighed 

ZnONPs were dry-mixed for one hour using a high-

speed mechanical blender (22,000 rpm), with 10-

minute cooling intervals to prevent thermal 

degradation. A single-screw extruder (19 mm screw 

diameter, five heating zones) melted and mixed the 

nylon and ZnONPs. The barrel temperature profile 

consisted of three progressively increasing zones (222 

°C, 232 °C, and 242 °C) followed by two zones at 242 

°C near the die, ensuring gradual melting and effective 

mixing. The homogenized nylon-ZnO nanocomposite 

was then extruded through a die plate, heated steel 

tube, and die (Figure 2). 

Composite filaments were produced via 

continuous extrusion under controlled tension. The 

extruded material then passed through a godet wheel 

and heating zone before being wound onto a rotating 

bobbin at 70 rpm (Figure 3). 

Testing 

A START data acquisition system was used 

for all experiments. Three sample groups were 

analyzed: neat nylon filaments, and composite 

filaments with 1 wt% and 2 wt% ZnO nanoparticles. At 

least ten replicates per group were tested for statistical 

significance. FE-SEM samples were sectioned and 
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argon plasma etched (TEK Vac Industries, Inc.) for one 

hour at 600 mTorr and 2.5 W/cm² power density. 

 

 

 
Figure 1. The wurtzite structure model of ZnO. 

 

 

  

(a). (b). 

 

Figure 2. Extruder die geometry. (a) Top view of circular die plate. (b) Side view of die profile. 
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Figure 3. Schematic of the PAN-based carbon fiber spinning process. 

 

 

 

RESULTS AND 

DISCUSSIONS  

 

Thermal response 

Thermogravimetric analysis (TGA) curves, 

shown in Figure 4a, depict the mass loss of neat nylon 

filaments and composite filaments with 1 wt% and 2 

wt% ZnONP loadings as a function of temperature. 

Derivative thermogravimetric (DTG) curves (Figure 

4b) were analyzed to determine the decomposition 

temperature. These curves, representing the rate of 

mass loss versus temperature, show peaks 

corresponding to the maximum degradation rates. 

Derivative thermogravimetric (DTG) analysis 

(Figure 5b) revealed decomposition temperatures of 

445°C for neat nylon, increasing to 455°C and 456°C 

with the addition of 1 wt% and 2 wt% ZnO 

nanoparticles, respectively. The glass transition 

temperature (Tg) (Figure 5a) also increased, from 49°C 

for neat nylon to 55°C and 56°C for the 1 wt% and 2 

wt% nanocomposites, respectively. This elevation in 

Tg indicates that the incorporation of ZnO 

nanoparticles restricts the movement of nylon polymer 

chain segments. 

Figure 5b shows that both 1 wt% and 2 wt% 

ZnO-nylon composites exhibit a higher crystallization 

temperature (Tc) of 193°C compared to 190°C for the 

neat nylon control. Crystallinity also increased from 

approximately 24% in the neat nylon to around 28% in 

both nanocomposites. These results indicate that the 

incorporated ZnO nanoparticles act as nucleating 

agents, promoting earlier crystallization and a higher 

degree of crystallinity. However, it is possible that 

higher nanoparticle concentrations could alter 

crystallization kinetics and potentially slow down the 

crystallization rate. 

While the melting temperature (Tm) remained 

consistent at approximately 224°C across all samples 

(Table 1), the nanocomposite filaments exhibited 



J. Nanoanalysis, 11(1): 662-667, Winterr 2024 

 F. Farahbod et al. /. Investigation of the mechanical and … 

 

658 

 

significantly higher crystallinity and heat of fusion 

compared to the neat nylon control. 

 

 

(a). 

 

 

(b). 

Figure 4. Thermogravimetric Analysis (TGA) Curves for neat nylon and nanocomposite filaments (a, 

b). 

 

 

(a). 
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(b). 

Figure 5. DSC curves for neat nylon and nanocomposite filaments (a, b). 

 

 

 

Table 1. Differential scanning calorimetry. 

Samples Tg (°C) Tm (°C) Hf (Joule/g) Crystallinity (%) 

Neat nylon 49 224 52.24 24 

1%ZnO–nylon 55 222 62.15 27 

2%ZnO–nylon 56 223 64.2 28 

 

Stress–strain diagrams 

Tensile stress-strain (TSS) curves for neat 

nylon and the nylon nanocomposites are shown in 

Figures 5-7. Both materials exhibit nonlinear stress-

strain behavior, including strain hardening, even before 

yielding. Table 2 summarizes the tensile properties 

under the various test conditions. 

The stress-strain behavior of the materials is 

presented in Figures 6-8. For all materials tested, 

modulus increased with increasing strain rate. The 

parallel curves in the strain hardening region indicated 

that the hardening modulus is relatively insensitive to 

strain rate within the tested range. 

At a strain rate of 2 min⁻¹, the 2 wt% ZnO 

nanocomposite shows superior mechanical 

performance compared to neat nylon, exhibiting a 

23.4% increase in tensile modulus (Figure 9). While 

ZnONP incorporation significantly improves nylon 

mechanical properties, its impact on ductility is 

minimal, with comparable strain at break observed 

across all samples. 

Sensitivity of strain rate 

Neat nylon and its nanocomposites both 

display strain rate-dependent mechanical behavior, as 

shown in Table 2 and Figures 5-7. This characteristic 

is often described as strain rate sensitivity. Figure 10 

shows how tensile properties vary with strain rate. The 

linear relationship between strength and ln (ε̇) suggests 

power-law dependence. The slopes of these linear fits 

quantify the strain rate sensitivity of each material. The 

following equations describe the observed correlations 

between yield strength, tensile strength, and strain rate. 
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In Equations (1) and (2), σb₀ and σY₀ 

represent the tensile strength and yield strength, 

respectively, at a reference strain rate, ε₀̇. The 

coefficients λ₁ and λ₂ (defined in Equation (3)) quantify 

the strain rate sensitivity of each material. 

.12
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(3) 

 

 

 

Figure 6. TSS curves for neat nylon at various strain rates. 

 

 

Figure 7. TSS curves for one wt.% ZnO/nylon Composite at various strain Rates. 
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Figure 8. TSS curves for two wt. % ZnO/nylon composite at various strain rates. 

 

 

 

Figure 9. TSS curves for neat nylon and nanocomposite filaments. 

Table 2. Mechanical characteristics of neat nylon and nanocomposites. 

Material 
Strain rate 

(1/min) 

E 

(GPa) 

σY 

(MPa) 

Hardening modulus 

(MPa) 

UTS 

(MPa) 

Neat Nylon 0.02 1.30 68.4 174 243 

Neat Nylon 0.2 1.47 83.4 177 262 

Neat Nylon 2 1.76 125 176 293 

Nylon with 1 wt.% ZnO 0.02 1.65 96.7 206 287 

Nylon with 1 wt.% 

nanoparticle 
0.2 1.88 117 205 309 

Nylon with 1 wt.% ZnO 2 2.08 129 204 311 

Nylon with 2 wt.% ZnO 0.02 1.88 120 219 306 
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Nylon with 2 wt.% ZnO 0.2 1.95 125 215 313 

Nylon with 2 wt.% ZnO 2 2.16 138 219 342 

 

 

 

Figure 10. Yield and tensile strength variation with strain rate (ln ˙ε). 

 

Least-squares regression analysis of the 

experimental data yielded the strain rate strengthening 

coefficients, λ₁ and λ₂, which are presented in Table 3. 

These results suggest that nanoparticles restrict 

polymer chain mobility at higher strain rates (Equation 

4). 

2

RT
V =  

(4) 

Activation volumes (ΔV), which reflect the 

energy barrier to atomic-level deformation, were 

calculated using Equation (4) and incorporating the gas 

constant (R), absolute temperature (T), and the strain 

rate sensitivity coefficient (λ). These calculated values 

for both neat nylon and the nanocomposites are 

presented in Table 3. 

As shown, Figure 11 evaluates the effect of 

nanoparticle content and degree of tension on the 

viscosity coefficient. In Equation (5), E1 and E2 

represent the elastic modulus of the spring in the 

Maxwell element and the spring in the Kelvin element, 

respectively, while η is the viscosity coefficient (stress 

× time). The initial slope of the stress-strain curve can 

be expressed as shown in Equations (6) and (7). 
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The viscosity coefficient relationships for 

pure nylon and nylon containing 1 and 2 weight percent 

nanoparticles are presented in Table 4. 

XRD patterns of ZnONPs were obtained 

using a Miniflex XRD machine (Rigaku, Japan). The 

crystalline domain dimension (D) was calculated using 

Scherrer's equation: 

𝐷 = 𝐾𝜆
𝛽𝑐𝑜𝑠𝜃⁄   

where ʎ represents the wavelength of the incident X-

ray beam, θ is Bragg's diffraction angle, β is the width 

of the X-ray pattern line at half-peak height in radians, 

and the dimensionless shape factor (K) has a normal 

value of 0.89 but varies depending on the actual 

crystalline structure. SEM (FEI Company, USA) was 

used to study the morphology of the materials. 

 

Density of nanocomposites 

The theoretical density (ρth) of the 

nanocomposites is given by: 

𝜌𝑡ℎ = 𝜌𝑓𝑉𝑓 + 𝜌𝑚𝑉𝑚  

Where pf and pm are the density of Zno and matrix, 

respectively. Vf and Vm represent the volume fractions 

of ZnO and matrix, respectively. The experimental 

density (ρex) was calculated using Archimedes’ 

principle and following eq.:  

𝑃𝑒𝑥 =
𝑊𝑎𝑖𝑟𝑝𝑙𝑖𝑞

𝑊𝑎𝑖𝑟 −𝑊𝑙𝑖𝑞
⁄   

Wliq and Wair are the weights of samples in liquid 

medium (ethanol) and air, respectively. 

 

Thermal conductivity test 

A Lee's Disc device (George and Griffin™) 

can be used to calculate the thermal conductivity 

coefficients of test materials. In this device, heat flows 

from the heater into each sequentially stacked disc. The 

temperatures of the three discs (TA, TB, and TC) are 

determined using internally inserted thermometers. 

The sample (S) is placed between the discs A and B, 

while the heater is placed between discs B and C. It is 

essential to ensure that the surfaces of the copper are 

clean and in good contact to obtain the best heat 

transfer. The thermal conductivity value is determined 

using the following equation: 

 

 

(8) 

Where e denotes the amount of thermal 

energy that passes through the unit area of the disc 

material per second (W/m2.k), and it is estimated from 

the following equation: 

 

(9) 

IV is the thermal energy that passes through 

the heating coil per unit time; TA, T B, and TC 

represent the respective disc temperatures; and d and r 

are the thickness and radius of the disc (mm), 

respectively. According to ASTM-D150, the 

specifications for measuring thermal conductivity were 

a thickness of 6.73 mm and a diameter of 40 mm. 

 

Dielectric property 

The device used for measuring the dielectric 

constant values of the composites was an electrical 

circuit (connected in series) consisting of a capacitor, a 

resistor, a coil, a frequency generator, and an ammeter. 

After placing the sample between the capacitor's plates, 

the frequency of the power supplier was adjusted until 

the maximum current value was obtained. The 

frequency, which reflects the resonance frequency 

value (fr), was recorded at this maximum value. The fr 

value was then calculated without a sample (i.e., in the 

presence of air only). From the relationship, the 

capacitor's capacity could be determined as: 𝐶 =

𝐾  
𝑇𝐵 − 𝑇𝐴

𝑑𝑠
 = 𝑒{𝑇𝐴 +

2

𝑟
 𝑑𝐴 +

1

4
𝑑𝑠 𝑇𝐴 +

1

2𝑟
𝑑𝑠𝑇𝐵} 

𝐼𝑉 = 𝜋𝑟2𝑒(𝑇𝐴 + 𝑇𝐵) + 2𝜋𝑟𝑒𝑑𝐴𝑇𝐴 + 𝑑𝑠

1

2
(𝑇𝐴 + 𝑇𝐵) + 𝑑𝐵𝑇𝐵 + 𝑑𝐶 
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1
4𝜋2𝑓𝑟

2𝐿⁄   where L represents the inductance of the 

coil. The dielectric constant (εr) can be calculated from 

the equation,𝜀𝑟 = 𝐶
𝐶0
⁄  in which Co represents the 

capacity of the capacitor in the existence of air, while 

C represents the capacity of the capacitor in the 

presence of a sample. (See Table.5) 

Table 3. Model variables for neat nylon and nanocomposites. 

Material λ1 λ2 V (nm)3  , shear rate=2 

(1/min) 

 , shear rate=0.2 

(1/min) 

 , shear rate=0.02 

(1/min) 

Nylon 10.7 12.4 12.4 80 550 4000 

One wt.% ZnO 9.12 7.91 7.91 85 700 6000 

One wt.% ZnO 7.82 3.78 3.78 90 800 7000 

 

Figure 11. The effect of nanoparticle content and degree of tension on the viscosity coefficient, η. 

 

Table 4. Viscosity coefficient relationships for pure nylon and nylon containing 1 and 2 weight percent 

nanoparticle 

Nylon 
849.0.

143
=

=  (MPamin) 

Nylon containing 1% by weight of nanoparticles 
924.0.

160
=

=  (MPamin) 

Nylon containing 2% by weight of nanoparticles 
945.0.

173
=

=  (MPamin) 

 

 

Table5: Experimental values of dielectric constant, resistivity, thermal conductivity of nanocomposites, 

diffusivity and density of all samples. 

 

Samples 
Dielectric 

constant 

Resistivity 

(Ω.m)*10-11 

Thermal conductivity of 

nanocomposites 

(w/m.C) 

Diffusivity 

(w/m2.C) 

Density 

(mg/cm) 
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CONCLUSION 

This study examined the effects of ZnONP 

incorporation on nylon filament properties, with the 

following key findings: (1) both neat nylon and the 

nanocomposites exhibited strain rate-dependent 

mechanical behavior. (2) The nanocomposites showed 

significant improvements in mechanical properties 

compared to neat nylon, while maintaining similar 

failure strains. (3) DSC and TGA revealed enhanced 

thermal stability in the nanocomposites, evidenced by 

increased decomposition and glass transition 

temperatures, with no change in melting temperature. 

(4) A nonlinear constitutive model was developed to 

quantify the observed strain rate sensitivity, with 

simulations suggesting a decrease in the viscosity 

coefficient (η) with increasing strain rate. Nanoparticle 

incorporation appeared to increase the nylon matrix 

viscosity, potentially impacting high-strain-rate 

behavior. The 2% ZnONP sample exhibited higher 

density and fewer free spaces compared to the 1% 

ZnONP sample, which showed relative weakness and 

random masses potentially due to weak Van der Waals 

forces between the matrix and NPs. Characterization 

confirmed the smooth, spherical form and hexagonal 

wurtzite structure of the ZnONPs. Finally, the 2% 

ZnONP sample demonstrated the highest dielectric 

constant, a 65% increase compared to neat nylon. 

Application of nanocomposites in real-world 

engineering problems 

Nylon 6 nanocomposites offer a range of 

potential applications across various industries due to 

their enhanced properties. In the automotive sector, 

their light weight (resulting from increased strength 

and stiffness allowing for thinner parts) contributes to 

improved fuel efficiency and reduced emissions. 

Enhanced durability and noise reduction are additional 

benefits. Aerospace applications benefit from the 

reduced weight of nylon 6 nanocomposites, crucial for 

fuel-efficient aircraft components, and their improved 

performance due to high strength-to-weight ratio and 

fatigue resistance. Electronics and electrical 

applications can leverage the improved insulation, heat 

dissipation, and flame retardancy offered by these 

materials. Packaging applications can benefit from 

enhanced barrier properties, extending shelf life, and 

increased strength and durability, reducing damage 

during transport. Finally, in the biomedical field, with 

appropriate surface modifications, nylon 6 

nanocomposites offer biocompatibility and enhanced 

mechanical properties suitable for applications like 

orthopedic implants, drug delivery systems, and tissue 

engineering scaffolds. These examples highlight the 

potential of nylon 6 nanocomposites to address real-

world engineering challenges, and continued research 

promises further innovative applications with 

significant societal and economic impact. 

REFERENCES 

[1]. Wang Shuyu, Duan Shuaiyang, Yang  

Tianyu, Zhonghai He, Xia  Zhichao, Zhao  Yuliang, A 

self-powered strain sensor utilizing hydrogel-

Neat nylon 2.6 3.8 0.31 6.41 1.395 

1%ZnO–

nylon 
4.3 3.3 0.48 6.05 1.409 

2%ZnO–

nylon 
5.4 1.9 0.46 5.78 1.415 



J. Nanoanalysis, 11(1): 662-667, Winterr 2024 

 F. Farahbod et al. /. Investigation of the mechanical and … 

 

666 

 

nanosheet composites, Zn foil, and silver-coated nylon, 

Sensors and Actuators A: Physical, Volume 364, 1 

December 2023, 114824. 

[2]. Rana Kiran, Jassal Manjeet, Agrawal 

Ashwini K., Solution spun electrically conductive 

nylon 6/poly(pyrrole) nanotubes-based composite 

fibers, Synthetic Metals, Volume 303, April 2024, 

117550. 

[3]. Gavande Vishal, Nagappan 

Saravanan, Seo Bongkuk, Cho Young-Seok, Lee 

Won-Ki, Transparent nylon 6 nanofibers-reinforced 

epoxy matrix composites with superior mechanical and 

thermal properties, Polymer Testing, Volume 

122, May 2023, 108002. 

[4]. Yilmaz Musa, Ekrem Mürsel, Avci 

Ahmet, Impact resistance of composite to aluminum 

single lap joints reinforced with graphene doped nylon 

6.6 nanofibers, International Journal of Adhesion and 

Adhesives, Volume 128, January 2024, 103565. 

[5]. Atir Salman, S. Ali Hasan, Nimra 

S.Sadia, Zhao Tingkai, Shakir HM Fayzan, Rehan ZA, 

Achieving enhanced EMI shielding with novel non-

woven fabric using nylon fiber coated with polyaniline 

via in situ polymerization, Synthetic Metals, Volume 

293, March 2023, 117250. 

[6]. Mishra Kushal, Singh Aparna, Effect of 

graphene nano-platelets coating on carbon fibers on the 

hygrothermal ageing driven degradation of carbon-

fiber epoxy laminates, Composites Part B: 

Engineering, Volume 269, 15 January 2024, 111106. 

[7]. Zeynali Yasaman, Niroumand 

Hamed, Ziaie Moayed Reza, Stabilizing cohesive soils 

with Micro- and Nano- fly ash as Eco-friendly 

Materials: An experimental study, Construction and 

Building Materials, Volume 399, 5 October 2023, 

132490. 

[8]. Hazarika Ankita, Deka Biplab K., Park 

Hyunmin, Hwang Yun Jae,Jaiswal Anand P., Park 

Young-Bin, Park Hyung Wook, Hierarchically 

designed 3-D printed porous nylon fabric-based 

personal thermoregulatory for radiative and directional 

wick-evaporative cooling, Chemical Engineering 

Journal, Volume 471, 1 September 2023, 144536. 

[9]. Liu Kan, Su Yishi, Wang Xiaozhen, Cai 

Yunpeng, Cao He, Ouyang Qiubao, Zhang Di, 

Achieving simultaneous enhancement of strength and 

ductility in Al matrix composites by employing the 

synergetic strengthening effect of micro- and nano-

SiCps, Composites Part B: Engineering, Volume 

248, 1 January 2023, 110350. 

[10]. Liu Yan-Jun, Yang He-Yun, Hu Yan-

Yun, Li Zheng-Hao, Yin Hao, He Yun-Tian, Zhong 

Keng-Qiang, Yuan Li, Zheng Xing, Sheng Guo-Ping, 

Face mask derived micro(nano)plastics and organic 

compounds potentially induce threat to aquatic 

ecosystem security revealed by toxicogenomics-based 

assay, Water Research, Volume 242, 15 August 2023, 

120251. 

[11]. Lin Huiping, Kehinde Olonisakin, Lin 

Chengwei, Fei Mingen, Li Ran, Zhang 

Xinxiang, Yang Wenbin, Li Jian, Mechanically strong 

micro-nano fibrillated cellulose paper with improved 

barrier and water-resistant properties for replacing 

plastic, International Journal of Biological 

Macromolecules, Volume 263, Part 1, April 2024, 

130102. 

[12]. Dehghanian Zahra, Lajayer 

Behnam Asgari, Atigh Zahra Biglari Quchan, Nayeri 

Shahnoush, Ahmadabadi Mohammad, Taghipour 

Leila, Senapathi Venkatramanan, Astatkie Tess, Price 

G.W., Micro (nano) plastics uptake, toxicity and 

detoxification in plants: Challenges and prospects, 

Ecotoxicology and Environmental Safety, Volume 

268, December 2023, 115676. 

[13]. Cui Qian, Wang Feilong, Wang 

Xiaoxiao, Chen Tao, Guo Xuetao, Environmental 

toxicity and ecological effects of micro(nano)plastics: 

A huge challenge posed by biodegradability, TrAC 

Trends in Analytical Chemistry, Volume 164, July 

2023, 117092. 

https://www.sciencedirect.com/journal/synthetic-metals
https://www.sciencedirect.com/journal/synthetic-metals/vol/303/suppl/C
https://www.sciencedirect.com/journal/polymer-testing
https://www.sciencedirect.com/journal/polymer-testing/vol/122/suppl/C
https://www.sciencedirect.com/journal/polymer-testing/vol/122/suppl/C
https://www.sciencedirect.com/journal/international-journal-of-adhesion-and-adhesives
https://www.sciencedirect.com/journal/international-journal-of-adhesion-and-adhesives
https://www.sciencedirect.com/journal/international-journal-of-adhesion-and-adhesives/vol/128/suppl/C
https://www.sciencedirect.com/journal/synthetic-metals
https://www.sciencedirect.com/journal/synthetic-metals/vol/293/suppl/C
https://www.sciencedirect.com/journal/synthetic-metals/vol/293/suppl/C
https://www.sciencedirect.com/journal/composites-part-b-engineering
https://www.sciencedirect.com/journal/composites-part-b-engineering
https://www.sciencedirect.com/journal/composites-part-b-engineering/vol/269/suppl/C
https://www.sciencedirect.com/journal/construction-and-building-materials
https://www.sciencedirect.com/journal/construction-and-building-materials
https://www.sciencedirect.com/journal/construction-and-building-materials/vol/399/suppl/C
https://www.sciencedirect.com/author/8383966300/youngbin-park
https://www.sciencedirect.com/journal/chemical-engineering-journal
https://www.sciencedirect.com/journal/chemical-engineering-journal
https://www.sciencedirect.com/journal/chemical-engineering-journal/vol/471/suppl/C
https://www.sciencedirect.com/journal/composites-part-b-engineering
https://www.sciencedirect.com/journal/composites-part-b-engineering/vol/248/suppl/C
https://www.sciencedirect.com/journal/composites-part-b-engineering/vol/248/suppl/C
https://www.sciencedirect.com/author/34573573700/guoping-sheng
https://www.sciencedirect.com/journal/water-research
https://www.sciencedirect.com/journal/water-research/vol/242/suppl/C
https://www.sciencedirect.com/journal/international-journal-of-biological-macromolecules
https://www.sciencedirect.com/journal/international-journal-of-biological-macromolecules
https://www.sciencedirect.com/journal/international-journal-of-biological-macromolecules/vol/263/part/P1
https://www.sciencedirect.com/journal/ecotoxicology-and-environmental-safety
https://www.sciencedirect.com/journal/ecotoxicology-and-environmental-safety/vol/268/suppl/C
https://www.sciencedirect.com/journal/ecotoxicology-and-environmental-safety/vol/268/suppl/C
https://www.sciencedirect.com/journal/trac-trends-in-analytical-chemistry
https://www.sciencedirect.com/journal/trac-trends-in-analytical-chemistry
https://www.sciencedirect.com/journal/trac-trends-in-analytical-chemistry/vol/164/suppl/C


J. Nanoanalysis, 11(1): 662-667, Winterr 2024 

 F. Farahbod et al. /. Investigation of the mechanical and … 

 

667 

 

[14]. Zhao Yonghuan, Meng Yang, Yu 

Pengxiang, Hu Xiaoxiao, Su Juanjuan, Han Jian, 

Modified reduced graphene oxide-LDH/WPU 

nanohybrid coated nylon 6 fabrics for durable 

photothermal conversion performance, Applied 

Surface Science, Volume 622, 15 June 2023, 156900. 

[15]. Le Van-Giang, Nguyen Minh-

Ky, Nguyen Hoang-Lam, Lin Chitsan, Hadi 

Mohammed, Hung Nguyen Tri Quang, Hoang Hong-

Giang, Nguyen Khoi Nghia, Tran Huu-Tuan, Hou 

Deyi, Zhang Tao, Bolan Nanthi S., A comprehensive 

review of micro- and nano-plastics in the atmosphere: 

Occurrence, fate, toxicity, and strategies for risk 

reduction, Science of The Total Environment, Volume 

904, 15 December 2023, 166649. 

 

https://www.sciencedirect.com/journal/applied-surface-science
https://www.sciencedirect.com/journal/applied-surface-science
https://www.sciencedirect.com/journal/applied-surface-science/vol/622/suppl/C
https://www.sciencedirect.com/author/55061025600/deyi-hou
https://www.sciencedirect.com/journal/science-of-the-total-environment
https://www.sciencedirect.com/journal/science-of-the-total-environment/vol/904/suppl/C
https://www.sciencedirect.com/journal/science-of-the-total-environment/vol/904/suppl/C


 J. Nanoanalysis., 11(1): 668-674, Winter 2024 

 

 

*Corresponding Author Email: Sh.Hajrasouliha@iautmu.ac.ir 

  This work is licensed under the Creative Commons Attribution 4.0 International License. 

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

 

 

      

The application of Spirulina platensis based green synthesized silver 

nanoparticles demonstrated potent anti  Shigella flexneri effects by 

specifically targeting pathogenic gene expressions 

 
Sahar Karami,1 Zahra Heidary,1 Sepideh Khaleghi,2 Sarvenaz Falsafi,3 Mohammad karim Rahimi4, Shadi Hajrasouliha5,* 

 

 

1 Department of Biology, School of Basic Sciences, Science and Research Branch, Islamic Azad University, Tehran, 

Iran 
2 Department of Biotechnology, Faculty of Advanced Science and Technology, Tehran Medical Sciences, Islamic 

Azad University, Tehran, Iran 
3 Department of Microbiology, Faculty of Advenced Science and Technology, Tehran Medical Sciences, Islamic 

Azad University, Tehran, Iran. 
4 Department of Microbiology, Faculty of Medicine, Tehran Medical Sciences, Islamic Azad University, Tehran, 

Iran 
5,* Herbal Pharmacology Research Center, Tehran Medical Sciences, Islamic Azad University, Tehran, Iran 

 

 

ARTICLE INFO 

 

Article History: 

 

Received 2024-09-11 

Accepted 2025-09-13 

Published 2024-02-15 

 

Keywords:  

Gene expression, 

Nanoparticles, 

Shigella, 

Silver. 

ABSTRACT 
 

 

Background: The emergence of antibiotic-resistant strains of Shigella flexneri, an important 

cause of shigellosis, has led to extensive research to find alternative treatment approaches. 

Therefore, in the current study, the antibacterial effects of the green synthesized silver 

nanoparticles (AgNPs) using Spirulina platensis on S. flexneri and also the expression of 

pathogenic genes ipaB, ipaD, ipaH and qnrS were studied. 

Methods: After the synthesis of AgNPs using S. platensis, its antibacterial effects on S. flexneri 

were studied using microdilution method with 96-well plate. Also, in order to determine the 

minimum bactericidal concentration (MBC), 10 µL of the contents of the MIC well and so on 

was swapped on nutrient agar medium. After RNA extraction, cDNA synthesis and primer 

design, expression levels of ipaB, ipaD, ipaH and qnrS genes were studied using Real-Time PCR 

technique. Data analysis was done in GraphPad Prism V.8 software. 

Results: The MIC of the green synthesized AgNPs was measured as 0.0625 μg/ml and its MBC 

was 0.125 μg/ml. The results of RT-PCR analysis indicated a significant decrease in the 

expression levels of pathogenic genes ipaB, ipaD, ipaH and qnrS in AgNPs-treated S. flexneri. 

Conclusion: The green synthesized AgNPs using Spirulina platensis has strong antibacterial 

effects on S. flexneri and the action mechanism was attributed to the downregulations of ipaB, 

ipaD, ipaH and qnrS genes. The in vivo and clinical studied are needed. 
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INTRODUCTION 

Infectious diseases are of the most important 

and common diseases in the world, which cause many 

problems to the health system of most countries, 

especially developing countries (1). One of these kinds 

of diseases is shigellosis, which is caused by Shigella 

sp. bacteria, especially Shigella flexneri (2), and is an 

important cause of bacterial gastroenteritis and 

dysentery (3). 12.5% of deaths caused by diarrheal 

diseases are due to Shigella and its mortality rate is 

higher in children under 5 years of age (4). Clinical 

manifestations include diarrhea, dysentery, high fever, 

abdominal cramps, myalgia, and rectal tenesmus or 

spasm (5).  

The ability of S. flexneri to penetrate into 

epithelial cells is due to the presence of its large 

invasive plasmid whose genes are responsible for the 

coding of invasive proteins (IPs) (6). These invasive 

proteins include ipaA, ipaB, ipaC, ipaD, and ipaH (7). 

After the bacteria contact the host cells, IpaB and IpaC 

inject inosines into the cytoplasm of the cell by creating 

a pore on the plasma membrane (8). IpaD provides 

bacteria with the ability to phagocytize (9), and IpaA 

causes depolymerization of F-actin by binding to 

vinculin (10). On the other hand, ipaH protects Shigella 

from macrophages (11), which can move to the nucleus 

of the host cell and stimulate the secretion of Shigella 

proteins (12). One of the acquired genes involved in 

creating relative resistance to quinolones in Shigella is 

qnrS which protects bacterial DNA by inhibiting the 

binding of quinolones to DNA gyrase and 

topoisomerase 4 (13). 

The administration of water and electrolytes 

as well as prescribing antibiotics such as ampicillin, 

tetracycline, erythromycin, 

trimethoprim/sulfamethoxazole, and in severe cases 

ciprofloxacin are among the treatment approaches (14). 

However, the emergence of antibiotic-resistant strains 

of S. flexneri has reduced the effectiveness of 

treatments (15, 16). Therefore, there is a need for new 

approaches to the treatment of shigellosis. 

Nanoparticles (NPs) have many applications 

in medicine due to their unique physicochemical and 

biological properties (17). The synthesis of NPs using 

chemical approaches is associated with side effects and 

environmental harms, which limit their application 

(18). To overcome these problems, NPs green 

synthesis methods using plant extracts have been 

introduced, which are cost-effective and 

environmentally friendly (18). One of the widely used 

NPs is silver nanoparticles (AgNPs), whose anticancer 

and antimicrobial properties have been studied in many 

studies (19-21). AgNPs have antibacterial properties 

against gram-positive and gram-negative bacteria, and 

this compound has shown antimicrobial effects against 

antibiotic-resistant bacteria (22). For example, AgNPs 

have shown antibacterial effects on E. coli, S. 

Typhimurium, S. aureus and B. subtilis, and it seems 

that the smaller size of this nanoparticle is associated 

with increased antimicrobial activity (23). 

Therefore, the current research was aimed to 

investigate the antibacterial effects of green 

synthesized silver nanoparticles on S. flexneri and 

evaluate the pathogenic ipaA, ipaD, ipaH and qnrS 

genes' expressions. 

EXPERIMENTAL  

AgNPs synthesis 

Ethanol extract of spirulina algae (Spirulife, 

Esfahan, Iran) was used for the synthesis of AgNPs. 

For this purpose, 20 g of dry spirulina powder was 

dissolved in 200 ml of 96% ethanol and placed on a 

shaker at 140 rpm for 35 min. Then, with Whatman 

filter paper, the solution was filtered and the obtained 

extract was centrifuged at 13000 rpm for 20 minutes. 

340 mg of AgNO3 (Merck, Germany) was mixed in 

100 ml of distilled water and 100 ml of spirulina extract 
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and placed on a shaker for 24 hours. After observing 

the color change of the solution and ensuring the 

complete reduction of silver ions to silver 

nanoparticles, the sediment was washed three times 

using a centrifuge at 13000 rpm for 20 minutes. 

Finally, the final sediment was collected after drying at 

40°C for 120 min. 

 

Shigella flexneri culture 

S. flexneri (ATCC 12022) was obtained from 

the Microbiology Department of Pasteur Institute of 

Iran and cultured in nutrient broth at 32°C for 24 hours. 

Then, the bacteria were separated by centrifugation at 

4000 rpm and the McFarland method was used to 

determine the microbial population. The initial 

turbidity of the microbial suspension was determined 

using 0.5 McFarland solution. In order to prepare a 

microbial population equal to 1.5 ×106 bacteria/mL, 

physiological serum was used . 

 

Minimum inhibition and bactericidal concentration 

Microdilution method based on CLSI 2017 

standard was used to measure minimum inhibition 

concentration (MIC) of AgNO3-NPs (19). Briefly, 

successive dilutions of AgNO3-NPs in the 

concentration range of 0.063 to 32 mg/ml were poured 

into the wells of 96-well plates, and then 1 mL of 

nutrient broth was added to it along with 1 mL of 

microbial inoculum (1.5 ×106 bacteria). The plates 

were incubated for 24 hours at 37°C. The well 

containing nutrient broth culture medium with bacteria 

and the well containing culture medium without 

bacteria were considered as positive and negative 

control, respectively. 

To determine the minimum bactericidal 

concentration (MBC), 10 µL from the last well that did 

not show any bacterial growth were taken and cultured 

in MH agar medium. The plates were incubated for 24 

hours at 37°C. 

 

Gene expression 

RNA was extracted using the RNX-PLUS 

method. Briefly, bacteria were trypsinized and 

separated by centrifugation for 48 hours after treatment 

with AgNPs. Then 500 μL of RNX-PLUS solution was 

added to the samples. Then, 200 µL of chloroform was 

added and incubated at 4 °C for 5 min and centrifuged 

at 12000 rpm for 15 min. cDNA synthesis was 

performed using a kit (BioFact, South Korea) 

according to the manufacturer's instructions. 

Primer design was done using NCBI database 

and Primer 3 software. The sequences of the primers of 

ipaD, ipaB, ipaH and qnrS genes are given in Table 1. 

The expression levels of the studied genes were 

determined by RT-PCR technique using the Cyber 

green method (Q Rotor Gene, Qiagen). 16s rRNA gene 

was used as control. The reaction mixture included 7 

µL of master mix, 0.5 µL of forward and reverse 

primers, 5 µL of deionized water, and 1 µL of cDNA. 

The time-temperature schedule of the RT-PCR 

machine is given in Table 2. 

 

Statistical analysis 

2-ΔΔCt method was used to analyze the 

expression levels of ipaD, ipaB, ipaH and qnrS genes. 

Also, the gene expressions between groups were 

analyzed by unpaired Pearson T-Test at probability 

levels of P<0.05. 

RESULTS AND 

DISCUSSIONS  

Results 

MIC and MBC 

Microdilution method was used to determine 

the AgNPs MIC against S. flexneri and the results 

showed that the growth of bacteria decreased with 

increasing concentration of AgNPs and no bacterial 

growth was observed at the concentration of 0.0625 
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μg/ml. Therefore, this concentration was considered as 

the MIC of AgNPs. Next, 10 µL of the wells containing 

0.0312 μg/ml AgNPs and so on were removed and 

cultured in the nutrient agar medium, and after 48 

hours, it was observed that the bacteria did not grow in 

the medium containing 0.125 μg/ml AgNPs and so on. 

Therefore, the MBC of AgNPs against S. flexneri was 

considered 0.125 μg/ml. 

 

Table 1. The sequences of primers used for measuring the expression levels of ipaD, ipaB, ipaH and 

qnrS genes by RT-PCR technique 

Gens 

 
Sequence [5'-3'] GC% TM (°C) 

ipaB 
Forward: ACGACTGCTGCAACTAGGAC 

Reverse: GGAACAAGCCCTGAATCCGA 
55 60 

ipaD 
Forward: ACGGAGTTTCCGTCGTTACC 

Reverse: GAAGCCGAGCTTGATGGAGA 
55 60 

ipaH 
Forward: ACGACTGCTGCAACTAGGAC 

Reverse: TGAGATGCTGGAGAATGAGTACC 
50 59.6 

qnrS 
Forward: TCACACATATCGGCACCACA 

Reverse: TCGCAAGTTGGCATTGTTGG 
55 59.97 

 

Table 2. The time- temperature schedule of the RT-PCR 

Steps Temp. (°C) Time 

Denaturation & enzyme activation 95 10 min 

Step 1: Denaturation 95 15s 

Step 2: Annealing 59 25s 

Step 3: Extension & Floresence acquiring 72 30s 

Melting curve analysis 65-95 1°C each step 

 

 

Gene expression analysis 

ipaB & ipaH 

Both ipaB (P=0.006) and ipaH (P=0.004) genes 

expressions in AgNPs-treated S. flexneri were 

decreased significantly compared to the control. The 

expression level of ipaH in control was measured 

1.18±0.3, however, in AgNPs-treated S. flexneri was 

measured 0.33±0.08, indicating downregulation of 

ipaH in AgNPs-treated S. flexneri. The same was seen 

for ipaB gene, and the expression level was decreased 

~3 times compared untreated S. flexneri (Control). 

ipaD & qnrS 

Significant differences in terms of ipaD 

(P=0.005) and qnrS (P=0005) gene expression were 

observed in S. flexneri treated with MIC concentration 

of AgNPs compared to untreated bacteria (Figure 2). 

The expressions of both genes decreased in AgNPs- 

treated S. flexneri, which indicates the effect of AgNPs 

on reducing the expression of S. flexneri pathogenic 

genes. 

 

Discussion 

The results of the present study showed that 
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green synthesized silver nanoparticles have 

antibacterial effects against S. flexneri and the 

mechanism of antibacterial effects was attributed to the 

downregulation of pathogenic genes ipaB, ipaD, ipaH 

and qnrS. 

We used Spirulina platensis to synthesize 

green AgNPs. Green synthesis of nanoparticles can 

reduce its side effects on organisms and the 

environment (24). This algae shows good anti-

inflammatory and antioxidant properties due to having 

various beneficial compounds such as vitamins and 

amino acids (25) and is widely used in the synthesis of 

most metal nanoparticles (26, 27). For example, 

Gunasundari et al. (2017) used ultrasonic‐assisted S. 

platensis to synthesize metal nanoparticles including 

Zn, Fe, and Ag and reported antimicrobial effects on 

Gram‐positive and negative bacteria as well as 

Aspergillus niger (28). Also, Mahdieh et al. (2012) 

used this algae for the synthesis of crystallized silver 

nanoparticles (SNPs) (29). Therefore, the S. platensis 

has great potential in the green synthesis of metal 

nanoparticles due to convenient to handle, low toxicity 

and reduction of harmful effects on the environment 

(30), and the results of the present study confirm that 

this algae can be used in the green synthesis of AgNPs. 

The synthesized green AgNPs showed 

antibacterial effects on S. flexneri, which showed the 

potential of its application in the treatment of diseases 

caused by this pathogen. Its MIC was calculated as 

0.0625 μg/ml, which is lower than other studies 

investigating the anti-Shigella effects of silver 

nanoparticles. This difference can be attributed to the 

nanoparticle synthesis method and bacterial species. 

For example, Angamuthu et al. (2023) estimated the 

MIC of M. indica silver nanoparticles on the multi-

drug-resistant strain S. flexneri to be 20 μg/ml (31), 

which is much higher than the present study. This 

difference can be attributed to the different strain and 

the method for AgNPs synthesis. In the study of 

Bagherzade et al. (2017), the MIC of green AgNPs 

synthesized by the aqueous extract of saffron plant on 

pathogenic bacteria was reported to be 250 μg/mL, 

which shows a very high value (32). It seems that 

synthesis factors, bacterial strains and toxicity criteria 

are important factors in this difference. In another 

study, Muthukrishnan et al. (2015) reported the highest 

inhibitory concentration of pathogenic bacteria by 

AgNPs synthesized with Ceropegia thwaitesii as 100 

μg/mL (33). They used the disk diffusion method to 

investigate the antimicrobial effects of AgNPs, while 

in the present study, the microdilution method was 

used, which can explain the reason for this difference 

in the antibacterial concentration of this nanoparticle. 

In the present study, it was observed that 

green synthesized AgNPs using spirulina caused 

changes in the expression of pathogenic genes such as 

ipaB, ipaD, ipaH and qnrS in S. flexneri bacteria and 

reduced their expressions. Therefore, in this research, 

it was found that the anti-Shigella mechanism of 

AgNPs is the effect on the expression of pathogenic 

genes. These genes play an important role in the 

penetration of bacteria to the epithelial cells and also 

protect the DNA against destructive factors (12). 

Therefore, the synthesized green AgNPs increase the 

sensitivity of Shigella flexneri to protective agents by 

reducing the expressions of ipaB, ipaD, ipaH and qnrS 

genes, thus exerting anti-Shigella effects. 

 

CONCLUSION 

The green synthesized AgNPs using Spirulina 

platensis has strong antibacterial effects on S. flexneri 

and the action mechanism was attributed to the 

downregulations of ipaB, ipaD, ipaH and qnrS genes. 

The in vivo and clinical studied are needed. 
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Figure 1. ipaB and ipaH genes expressions in AgNPs treated and untreated (control) S. flexneri. ** 

shows significant differences at probability level of P<0.01. 

 

 

Figure 2. ipaD and qnrS genes expressions in AgNPs treated and untreated (control) S. flexneri. ** and 

*** show significant differences at probability level of P<0.01 and P<0.001, respectively. 
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