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ABSTRACT 

ABDO, GHADA, G., Masters : January : 2021, Medicinal Chemistry 

Title: Surface Coating of Carbon Nanofiber by Mesoporous Silica: a Promising 

Strategy to Reduce its Toxicity during Embryogenesis  

Supervisor of Thesis: Ashraf, A., Khalil. 

 

Although carbon nanofibers (CNFs) have been implicated in biomedical 

applications, they are still considered as a potential hazard. Conversely, mesoporous 

silica nanoparticles are generally considered as a suitable and biocompatible material 

for in-vivo use. In this study, we sought to discover a novel strategy leads as a potential 

approach to overcome CNFs toxicity. We fabricated conventional CNFs and novel 

CNFs coated with a mesoporous silica layer (MCNFs). They were synthesized by 

preparing polyacrylonitrile fibers via electrospinning, followed by carbonization at 800 

Cº in an inert atmosphere. A soft templating strategy was applied to coat CNFs with a 

mesoporous silica layer. The obtained nanofibers were then characterized by various 

analytical techniques. 

          Subsequently, we used avian embryos at 3 days and its chorioallantoic membrane 

(CAM) at 6 days of incubation to evaluate the impact of synthesized CNFs and MCNFs 

on the early stage of embryogenesis and angiogenesis. We confirmed our 

embryogenesis data using Drosophila melanogaster. Furthermore, we analyzed the 

outcome of the effect of CNFs and MCNFs on normal embryonic fibroblast cells. Our 

data show that mesoporous coating of CNFs resulted in significantly reducing both, 

embryotoxicity and angiogenesis of the CAM. Additionally, we elucidate key regulator 

genes of embryotoxicity induced by CNFs and MCNFs; thus, RT-PCR analysis was 
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performed on seven key controller genes; we found that MCNFs did not significantly 

deregulate expression of the controller genes involved in proliferation, survival, 

angiogenesis, and apoptosis as compared to CNFs. Consistently, MCNFs significantly 

have a higher survival probability on D. melanogaster compared to CNFs, P<0.0001.  

           In vitro, CNFs & MCNFs cause antiproliferation of embryonic fibroblasts cells 

(EFCs) with IC50 (70.2 and 79.5 μg/ml, respectively). Concerning cell cycle, only 

CNFs had significantly arrested EFCs in sub G0 and G2/M phases (17.1± 0.70% and 

22.75± 1.76%, respectively). Interestingly, MCNFs downregulated expression of 

ERK1/ERK2, p-ERK1/ERK2, JNK1/JNK2/JNK3, Bax, and upregulated expression of 

the anti-apoptotic marker Bcl-2, thus indicating a protective role of MCNFs against 

apoptosis. Overall, coating CNFs surface with mesoporous silica was found to be an 

effective strategy to alleviate the CNFs toxicity and potentially more biocompatible for 

biomedical applications.  

 

Keywords: Carbon nanofibers; Mesoporous silica nanoparticles; Avian embryo; 

Angiogenesis; Chorioallantoic membrane; Toxicity; Apoptosis 
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CHAPTER 1: INTRODUCTION 

 

1.1.Carbon Nanomaterials 

Limited control over the traditional biomaterials hinders their utilization in the 

biomedical applications. To tackle this problem, researchers focus has been directed to 

novel materials that exhibit various, interesting physicochemical properties and 

improved functionalities (1). Accordingly, carbon nanomaterials (CNMs) have shown 

several unexpected properties that result in an impressive and promising impact with 

respect to both scientific and technological output. CNMs dimension varies from 1 nm 

to 1 m, which is equivalent to the protein ( 1-100 nm) and DNA (2-3 nm) size,  ion 

passages size (biological barrier) in vivo in addition to the high tendency to be cleared 

efficiently and intact via globular filtration (2). 

Carbon-based nanomaterials (CNMs) have gained tremendous attention owing 

to their unique properties in diverse applications stretching from thin-film transistor, 

supercapacitor, biosensing, bioimaging, drug delivery,  diagnosis, transparent 

conducting electrodes, cancer therapy, and tissue engineering (3–9). From the zero-

dimension carbon nanodiamonds, fullerene, and dots to the one-dimensional carbon 

nanofibers (CNFs), carbon nanotubes (CNTs), to the two-dimensional graphene atomic 

sheets, CNMs have demonstrated a highly efficient class of nanomaterials. Owing to 

the existence of carbon in various allotropes and nanostructures due to variation in sp, 

sp2, and sp3 hybridizations (10,11)  

It is established that sp2 hybridization mediates the distinctive hexagonal lattice 

of many CNMs, where carbon atoms are attached via two single bonds and a double 

bond and organized in a trigonal pattern. On the other hand, carbon atoms are linked 
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by single bonds in a tetrahedral sequence in the cubic crystal diamonds owed to sp3 

hybridization (11). Other carbon structures are obtained by sp3 to sp2 carbons transition 

and it includes octahedral and spherical structures. The formation of closed, zero-

dimensional CNMs fullerene (12) or one-dimensional CNMs (carbon nanofiber/ 

nanotube) (13) or flat, two-dimensional CNMs, (graphene) (14) depending on 

sp/sp2/sp3 hybridization ratio. Furthermore, the chemical, magnetic, electrical 

conductivity, and structural strength characteristics of CNMs are controlled by this 

ratio (15). 

Since CNFs discovery, it has gained a lot of attention as a versatile nanomaterial 

without apparently limitless applications (13). Interestingly, the investigation of CNFs 

in the biomedical field has demonstrated an immense and flexible potential through an 

enormous amount of diverse field, especially in the area of tissue engineering and 

biosensors. CNFs have been used as a perfect electromechanical actuator for artificial 

muscles due to their electrical properties (16). Additionally, they have been exploited 

to detect various biomolecules as a novel electronic. Further investigations have 

demonstrated that CNFs are fitting scaffolding biomaterials, that has displayed great 

potential to support and stimulate the growth development of osteoblasts, fibroblast 

cells, and even neurons (17). 

Although CNFs were discovered a few years earlier than CNTs, they have 

received less research attention than CNTs. Since, both single-walled carbon nanotubes 

and multiwalled carbon nanotubes are synthesized via discharge and laser ablation. 

Therefore, their mechanical properties are superior compared to CNFs. Additionally, 

CNTs exhibit a lower diameter and density than CNFs. Nevertheless, CNFs are 

considered a perfect alternative for CNTs due to its lower price and economic viability 
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in several applications. They are also used in combination with CNTs to form bi-filler 

composites that have synergistic properties (18). Interestingly, CNFs have the highest 

specific surface compared to all other CNMs and availability to be scaled up easily, 

which makes it a promising candidate for biomedical applications (19,20). 

1.2. Carbon Nanofibers (CNFs) 

Carbon fibers (CFs) were synthesized for the first time by carbonizing bamboo 

and cotton. In 1879, Thomas Edison used the CFs as a filament of a light bulb (21). 

The first trial by Thomas Edison to fabricate carbon fibers was achieved via dissolving 

cellulosic substances followed by an extrusion process to obtain the fibers and then 

carbonization in the absence of air. Then, Hughes and Chambers patented the synthesis 

of carbon filaments (22). The current fabrication of CFs includes three precursors, 

petroleum pitch, polyacrylonitrile (PAN), and rayon (regenerated cellulosic fibers). 

CFs were enormously emerged and developed in several scientific investigations and 

practical applications (23). CFs are fibrous carbon material with a graphite crystal 

structure containing a minimum of 92 wt % of carbon atoms (24). CFs are highly 

anisotropic owing to their graphitic structure along with strong crystalline covalent 

bonds. CFs were used in stimulating wound healing and designing active scaffolds to 

stimulate ligament repair. Unfortunately, they led to debris formation due to the 

induced shear stress resulting from poor forces between graphitic planes. Recently, 

most scaffolds developed for cartilage repair were unsuccessful due to poor mechanical 

properties and structural flexibility (25). Thus, improving and optimizing the 

mechanical properties become the most required goals. The reinforcing capacity of 

fibers can be enhanced by reducing the diameter; consequently, CNFs exhibit more 

outstanding reinforcing capabilities than CFs (microfiber) (26). Moreover, reducing the 
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CFs diameter produces CNFs with a lower number of defects, greater flexibility, higher 

surface area/volume ratio, better mechanical properties, and increased ultimate tensile 

strength.  

Carbon nanofibers are carbon nanomaterials with a diameter of more than 100 

nm. CNFs are considered one of the most crucial CFs family members due to their 

promising applications in various fields, including self-sensing devices, energy storage, 

biosensing, reinforcement of composites, and biomedical applications (27,28). Carbon 

nanofibers are sp2-based one-dimensional filaments with high surface area, mechanical 

properties, and flexibility. Nevertheless, they are different in their small diameter from 

the conventional carbon fibers and vapor grown carbon fibers (VGCFs) (29). They 

were fabricated for the first time with high performance in the 1950s by Roger Bacon. 

Later, in the 1960s, CNFs were fabricated from PAN by Akio Shindo via 

electrospinning followed by carbonization (22). CFs and VGCFs have numerous 

micrometer-sized diameters. Besides the dimensions, the structure of CNFs is quietly 

different from CFs. The typical CFs are synthesized from high strength PAN or 

mesophase pitch with varied preparation conditions such as starting material, heating 

temperature, and oxidation condition. Unlike CFs, CNFs are mainly fabricated by two 

approaches; catalytically vapor deposition growth and electrospinning.  

1.2.1. Synthesis of Carbon Nanofibers 

Two concepts are mainly used to prepare CNFs; catalytically chemical vapor 

deposition growth and electrospinning.  

1.2.1.1. Chemical Vapor Deposition (CVD) 

There are two types of CNFs synthesized by catalytic thermal chemical vapor 

deposition (CVD), the platelet CNFs and the cup-stacked CNFs. Ge and Sattler 



  

5 

 

discovered the cup stacked CNFs  (30). In this approach, various types of metals or 

alloys are used as the catalyst (such as iron, nickel, cobalt, vanadium, or chromium), 

capable of dissolving the carbon to form metal carbide. Also, carbon monoxide, 

methane, syngas (H2/CO), and ethene serve as a carbon source in the temperature range 

of 700-1200 K (31). In general, CNFs structure can be controlled by the shape of the 

catalytic nanosized metal particles. Deposition of the dissolved hydrocarbons as 

graphitic carbon occurs on the metal surface (32). Figure 1 demonstrates the typical 

growth approach of the cup-stacked CNFs (33). 

1.2.1.2. Electrospinning 

Electrospinning is a commonly used approach for the synthesis of CNFs (34). 

In fabricating CNFs by electrospinning, the polymer nanofiber is used as a precursor 

for the final CNFs structure. The electrospinning processing parameters determine the 

characteristics of CNFs. Both PAN and pitches are commonly used in CNFs 

preparation. Besides, polyimides, polyvinylidene fluoride, polyvinyl alcohol, 

polybenzimidazole, lignin, and phenolic resins are used (35). Electrospinning is 

considered as a perfect technique employed to fabricate CNFs and CNFs-based 

composites. Owing to the uniform dispersion of CNFs in the matrix, the final 

composites display superior electrical conductivity and highly porous structure (36). 

In this concept, the polymer solution is placed in a syringe with a thin-diameter 

needle (37,38). Afterward, the needle is settled on the holder where a high voltage is 

applied. This strategy results in the development and accumulation of the fibers caused 

by the high surface tension. Then, the polymer fibers will be stabilized in the air at 250-

300 °C. Subsequently, the nanofibers will be carbonized at elevated temperatures up to 

1000 °C under an inert gas atmosphere. The cyano groups in PAN will be cyclized 
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when exposed to heat at 200-300 °C in the presence of oxygen, as shown in Figure 2 

(39). Upon further heating in the range of 600-1300 °C under an inert atmosphere, the 

adjacent chains will be fused, producing a ribbon-like ring containing nitrogen atoms 

at their margins. During the carbonization process, more ribbons will be formed, while 

more nitrogen atoms will be expelled. Eventually, pure carbon material of graphite 

structure is formed at the end of this process. This process controls the morphology, 

purity, crystallinity, and diameter of CNFs. Furthermore, the carbonization process 

changes the weight and volume and reduces CNFs diameter (39). 

1.3. Biomedical Applications of Carbon Nanofibers 

 CNFs are mainly explored as electrodes in batteries and supercapacitors due to 

their excellent electrical conductivity properties (35). Surprisingly, CNFs demonstrate 

a promising potential candidate for biomedical applications due to their excellent 

mechanical, structural, and electrical properties. Interestingly, CNFs are advantageous 

over CNMs because of their excellent structural resilience and versatile fabrication 

procedures (electrospinning followed by carbonization). Additionally, they have much 

greater hollow interior diameters ranging from 5 nm to 400 nm, which is favored in a 

wide range of biomedical applications (35). In this section, recent biomedical 

applications mediated by CNFs are reviewed, Figure 1.1. 
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Figure 1. A Summary of the recent contribution of carbon nanofibers in biomedical 

applications 

1.3.1. Cancer Therapy  

The most applicable treatment types to expand the lifespan and survival rate of 

cancer patients are surgical tumor removal and chemotherapeutic implementation. 

Interestingly, contributing CNFs in cancer therapies has enhanced both diagnosis and 

therapy schemes' performance and effectiveness. CNFs showed a promising strategy to 

overcome chemoresistance by improving prostate and bladder cancer cells' 

sensitization to chemotherapeutics. 

Kati et al. (40) reported the increased chemo-sensitization of prostate cancer 

cells (PCa) to traditional chemotherapeutics (docetaxel and mitomycin C) using CNFs 

and CNTs. CNFs incorporation decreased PCa cells' viability to less than 70% without 

using high amounts of mitomycin C and docetaxel approximately (7- and 17- fold, 

respectively). Moreover, CNFs displayed a long-term inhibition of proliferation and 
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superior impact on cellular function over CNTs. Dilip et al. (41) developed zinc oxide 

nanoparticles attached to graphitic CNFs by a simple co-precipitation method. These 

novel composites resulted in improving growth inhibition and potent synergistic 

toxicity against Hela cells. In another study, Chih et al. (42) fabricated hydrophilic 

CNFs via hydrogenation of CO2 on NiNa/Al2O3. This composite was designed for the 

targeted delivery of doxorubicin (DOX). DOX loaded CNFs efficiently targeted and 

killed Hela cancer cells with minimal toxicity toward normal human primary fibroblast 

cells. A successful attempt was released to investigate the delivery of carboplatin in 

vitro using CNFs and CNTs as nanocarriers, and the results confirmed their 

biocompatibility with no significant toxicity (43). The release pattern of carboplatin 

from CNFs and CNTs displayed a marginal and constant release, respectively. 

Carboplatin loaded CNTs were more toxic to cancer cells than CNFs (43). However, 

these results were inconsistent with those reported by Jessica et al. (44). In this study, 

the effect on cellular uptake, function, and capability to improve the cancer cell 

sensitization, compared with the traditional chemotherapeutics carboplatin and 

cisplatin, was discussed using CNFs MWCNTs.  Both CNMs (1-200 μg; loading) 

demonstrated a low to moderate cellular activity alteration, where CNFs were more 

destructive than CNTs. Moreover, the cancer cells were efficiently internalized with 

CNFs, and the cellular accumulation of carboplatin was improved 28% by CNFs, 

compared with using carboplatin without CNFs incorporation (44). Interestingly, In 

2020, Jiamu et al. introduced a novel smart nanocarrier system based on porous CNFs 

(45). This nano-vehicle overcome the hydrophobicity debate of CNFs via layer by layer 

treatment and common acid modification of CNFs surface. These vehicles offered a 

superior dispersibility, photothermal conversion ability, near-infrared absorbance, and 
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drug delivery dual responsive. Doxorubicin loaded porous CNFs exerted a significant 

tumor inhibition efficiency in vitro and in vivo without any side effects.  

1.3.2. CNFs-Based Biosensors 

Due to their high aspect ratio that causes enhanced electrical conductivity, low 

cost, and biocompatibility, CNFs represented a promising nanoprobes generation. 

Their stacked-cup morphology results in generating exposed reactive edges plane that 

increases the electron-transfer rate and renders them exceptionally for biosensing 

applications (46). Table 1 summarizes the analytical characteristics of CNFs-based 

biosensors. 

1.3.2.1 Neurotransmitter Detection 

CNFs were employed in electrodes fabrication for neurological applications to 

detect electroactive neurotransmitters (47). CNFs were aligned within polyethylene 

(CPE) sheets composites in situ during thermal drawing. A steady electrical recording 

process characterizes the designed neural probe. The composites displayed higher 

biocompatibility than chronic implantation for neuroscience applications. Besides, 

these CNFs-based neural probes are biocompatible with surrounding brain tissues with 

minimal triggered foreign body responses, highlighting additional advantages over 

conventional materials. Recently, Hong et al. synthesized molybdenum disulfide 

nanosheets arrays (of Golf balls shape ) deposited on CNFs to efficiently detect 

dopamine (48).  

1.3.2.2. Food Preservatives Detection 

Bisphenol A is widely used in food packaging applications. It has an endocrine-

disrupting effect as its structure mimics the estrogen hormone. Sung et al. introduced a 

field-effect transistor sensor based on aptamer established on multichannel CNFs (49). 
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These sensors were formed by oxidation of multichannel CNFs by HNO3 and H2SO4 

solutions to form a carboxyl group on the CNFs surface, followed by immobilization 

on an amine-functionalized electrode. The resulting sensors have excellent sensitivity 

and selectivity compared with bisphenol at a relatively small concentration of 1 fM. 

Phosphorous doped CNFs prepared by CVD with excellent pressure annealing formed 

a 3D great hierarchical helical structure exhibiting rapid electron transfer. This 

composite demonstrated high electrocatalytic activity and sensitivity to detect 

carbendazim in food sample food (50). 

1.3.2.3.  Diseases and Toxicity Biomarkers Detection 

Through immobilization of an aptamer or antibody on VACNFs, the antibody 

or aptamer's conjugation and the ricin are characterized and detected efficiently by 

electrochemical impedance spectroscopy (51). Periyakaruppan et al. designed label-

free CNFs NEAs to detect the cardiac troponin-I biomarker in the early examination of 

myocardial infarction (52).  Moreover, VACNFs nanoelectrodes were prepared via 

plasma improved CVD to detect c-reactive proteins (cardiac disease biomarker) (53).  

Phenolic compounds are hazardous substances that could lead to cancer 

infection and loss of immunity. Ni and Cu alloy nanoparticles loaded CNFs mixed with 

laccase and Nafion showed a promising detection and sensitivity towards hydroquinone 

(54).  
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Table 1. Summary of the analytical characteristics of biosensors based on CNFs. 

 

Analyte 

Detected 

 

Sensing 

Materials 

 

Fabrication Mechanism 

 

Applied 

Potential  

 

Sensitivi

ty 

 

 

Linear Range 

 

Detection 

Limit 

 

Highlights  

 

Ref. 

 

Dopamine 

(DA) 

Arrays of  

MoS2 

nanosheets deposited on 

CNFs 

Electrospinning preparation 

of CNFs followed by  

in situ growth of MoS2 on its 

surface 

 

+0.17 V  

 

6.24 

μA·mM−

1·cm−2 

 

1–60 μM 

 

36 nM 

-Detection was done without 

the interference of uric acid 

-MoS2 nanoparticles shape 

resemble golf ball (2 μM) 

 

(48) 

Dopamine (DA) 

& Serotonin (5-

HT) 

Arrays of vertically aligned 

carbon nanofibers 

Plasma enhanced chemical 

vapor deposition 

 

   5 Mv 

 

N/A 

1 μM to 10 μM  

& 

100 nM to 500 

nM 

50 nM for 

dopamine & 

250 nM 

For 

serotonin 

-Ability to discriminate 

between DA, 5-HT and AA 

 

(55) 

 

Dopamine  

Fc labeled tetrapeptides 

attached to (NEAs) fabricated 

with VACNFs 

CNFs are directly grown on 

top of (ta-C) 

 

-100 mV 

 

N/A 

 

N/A 

 

1 μM 

-Detection of DA in the 

presence of AA 

-Ta-C +CNF detect 

nonenzymatic of glutamate at 

physiological pH 

 

(56) 

Bisphenol A FET sensor using aptamer 

modified multichannel CNFs 

Electrospinning preparation 

of CNFs followed by thermal 

treatment. Then, acid 

treatment to immobilize the 

aptamer 

   50 mV N/A 100 −104 fM 1 fM FET sensors could be reused 

over 4 weeks 

 

(49) 

Carbendazim Phosphorus-doped helical 

carbon nanofibers 

Chemical vapor deposition 

with high-pressure annealing 

0.6 to 1.2     

V 

0.92 

A mol-1L 

0.1 to 35 µmol 

L-1 

0.038 

µmol L-1 

Determination of carbendazim 

in food samples 

 

(50) 

Ricin Antibody and aptamer probes 

immobilized on a NEAs 

consisting of VACNFs 

Plasma-enhanced chemical 

vapor deposition 

−0.4 and 

0.8V 

N/A N/A 5 µL of 0.5 

µg/mL 

This prob could be regenerated 

multiple times to create a 

reusable biosensor 

 

(51) 

Cardiac 

troponin-I 

 

VACNFs 

Plasma-enhanced chemical 

vapor deposition a silicon 

wafer 

−0.4 and 

0.8 V 

N/A 0.25−1.0 and 

5.0−100 ng/mL 

with r= 0.94528 

∼0.2 ng/mL -An inexpensive, easy, and 

label-free electrochemical 

(52) 
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Analyte 

Detected 

 

Sensing 

Materials 

 

Fabrication Mechanism 

 

Applied 

Potential  

 

Sensitivi

ty 

 

 

Linear Range 

 

Detection 

Limit 

 

Highlights  

 

Ref. 

and 0.89790, 

respectively 

impedance spectroscopy-based 

biosensor 

- Detection limit 25 times lower 

than ELISA at 5 ng/mL 

 

C-reactive 

protein 

 

VACNFs 

Plasma-enhanced chemical 

vapor deposition 

-400 mV 

to 800 mV 

N/A N/A 11 ng/ml Clinical relevance of the 

detection limit value 

(53) 

Spinal muscular 

atrophy protein 

CNFs 

Electrode immobilized with 

SMN antibody 

The Immobilization achieved 

via 

Electroreduction of 

diazonium salt  

 

0.3 to -0.4 

V 

N/A 1.0 pg ml-1 to 

100 ng mL−1 

0.75 pg/ml CNFs immunosensor was the 

most responsive platform 

among other carbon-based 

immunosensor 

 

(57) 

Hydroquinone Nickel and copper alloy 

nanoparticles loaded on 

CNFs 

1)Electrospinning followed 

by carbonization method.  

2)NiCu CNFs were mixed 

with Lac and Nafion.  

-0.8 to 1.2 

v 

1.5 µA 

µM−1 

 

4 × 10−7 –2.37 × 

10−6 M 

90 nM This biosensor was capable to 

detect hydroquinone in lake 

water  

(54) 

Hydroquinone, 

catechol and 

resorcinol 

Cobalt-iron selenides 

embedded in porous carbon 

nanofibers 

Electrospinning followed by 

carbonization 

N/A N/A 0.5-200, 0.5-190- 

and 5-350-mM 

for HQ, CC and 

RS, respectively 

0.13, 0.15 

and 1.36 

mM for HQ, 

CC and RS, 

respectively 

This biosensor could be 

extrapolated to detect HQ, CC 

and Rs in actual samples 

(58) 

Glucose Cu(I)–C18 complex–CNF 

paste electrode 

A randomized copper oxides 

microelectrodes array was 

dispersed within CNF paste 

−0.5 to 

+1.5 V 

5419.77 

µA·mM−

1·cm−2 

0.02–0.14 mM 0.048/0.07 

µM 

- (59) 

Glucose 

Oxidase 

Nitrogen-doped carbon 

nanospheres@carbon 

nanofibers 

Electrospinning of 

polypyrrole nanospheres 

doped polyacrylonitrile 

nanofibers followed by 

thermal treatment 

-0.40V 

 

13.5 

µA·mM−

1·cm−2 

12–1000μM 2μM - (60) 
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Analyte 

Detected 

 

Sensing 

Materials 

 

Fabrication Mechanism 

 

Applied 

Potential  

 

Sensitivi

ty 

 

 

Linear Range 

 

Detection 

Limit 

 

Highlights  

 

Ref. 

Cortisol Nitrogen-doped 

multidimensional CNFs 

CNFs  

were functionalized by 

thermal, and acid treatments 

followed by antibody 

attachment 

–0.5 V to 

+ 0.5 V 

N/A 100 aM to 10 nM 100 aM - (61) 
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1.3.3. Tissue Engineering and Regenerative Medicine 

Among the reinforcing materials, CNFs are considered a cheaper and safer 

alternative among CMNs (62). Other features of CNFs are their functionalization 

flexibility and ease of dispersion compared to CNTs. Furthermore, CNFs improve 

structural stability, mechanical strength, and conductivity of the matrix. Thus, they 

fasten the fractured bone's healing process by providing appropriate piezoelectric 

properties and acting as nano-vehicles for sustained drug delivery. Besides, they are 

flexible for uniaxial orientation and less probably to curve in matrices (62). The fiber’s 

size is closely similar to hydroxyapatite crystal and fibrillar proteins, such as integrin 

proteins and type 1 collagen. Therefore, CNFs are considered as promising materials 

in bone-implant applications.  

1.3.3.1. Osteogenic Applications  

Generally, CNFs composites for bone repairing are prepared by functionalizing 

the CNFs surface with surfactants, acids, and oxidants to provide ketonic, carboxylic, 

and hydroxyl groups. As a result, properties, dispersion, compatibility, and interactions 

of CNFs with hydroxyapatite (HAP) matrix, are markedly improved (63). Potential 

nanofibrous scaffolds can be designed by incorporating CNFs into 

polycaprolactone/mineralized HAP (64). These composites noticeably improved both 

elastic modulus and adhesion properties. Besides, human osteosarcoma's cell viability 

was substantially improved for CNFs-containing composites compared to those 

without CNFs. In vivo studies revealed soft fibrous tissue growth with no significant 

inflammatory response.  

 CNFs demonstrated great potentials in neural tissue regeneration applications. 

For instance, CNFs neural ships were introduced for dual monitoring of neurochemical 
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and neuroelectric activity (65). Akira and co-workers patented nerve scaffolds designed 

with internal CNFs yarn (17). The yarns supported the nerve fibers and provided 

additional surfaces for nerve fibers growth without triggering undesirable events, such 

as nerve pain and weakening nerve function. Esmaeil et al. cultured human endometrial 

stem cells on aligned and random CNFs (66). Both CNFs prompted the proliferation 

and differentiation of neural cells.  

1.3.3.2. Organ Tissue Engineering 

The cumulative incidence rate of bladder cancer recurrence at 5 years is 31-

78% (67). To improve bladder reconstruction and resection processes, it is essential to 

replace bladder tissues, which can alleviate the risk of cancer relapse and metastasis. 

CNFs were employed to fortify polyurethane for a developed prosthetic that promotes 

the normal primary bladder's regeneration and function with reduced threat of cancer 

recurrence (68). Interestingly, CNFs were also used to reinforce poly-ε-caprolactone 

(PCL) scaffolds for meniscal tissue engineering (69). Compared to pristine PCL, the 

composite scaffolds exhibited better cytocompatibility, higher mechanical and 

electrical properties, and promoted cell proliferation. Both rosette nanotubes (RNTs) 

and CNFs were incorporated by Meng et al. into poly(2-hydroxyethyl methacrylate) 

hydrogel offering the support needed for cardiomyocyte (70).  

1.3.4. Antimicrobial Activity Applications 

CNMs exhibit excellent bactericidal and biocompatibility properties (71). 

Generally, the bactericidal activity of CNMs results from both physical and chemical 

activity. Physically, CNMs cause reasonable structural destruction of microorganism’s 

cell walls and mitochondria, including DNA mutations. Furthermore, CNMs 
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chemically interact with microorganisms surface resulting in electron drainage from 

the external microbial surface and producing toxic chemicals such as reactive oxygen 

species (ROS), leading to oxidative stress on microorganisms' cells (72).  

CNFs offer excellent thermal and mechanical stability to antibacterial materials. 

Therefore, researchers paid their attention to design CNFs-supported wound dressings. 

For instance, composites' antibacterial activity consisting of surfactant-mediated Ag 

and Cu nanoparticles dispersed in hierarchical carbon ACFs/CNFs was examined 

against E. coli and S. aureus (73). The results demonstrated that complete inhibition of 

bacterial growth was achieved after 72 hours. Additionally, Pratibha et al. (74) 

designed an efficient wound dressing with rapid healing for diabetic patients. The 

wound dressing consisted of immobilized yeast extract and dispersed Cu nanoparticles 

in CNFs. The wound dressing provided significant simultaneous glucose and bacterial 

infection control. 

1.4. CNFs Toxicity and Challenges  

Regardless of fruitful outcomes that result from the implementation of CNFs in 

biomedical applications, potential hazards are still considered. Besides, despite the 

strong preclinical shreds of evidence of their significant artificial intelligence 

contributions, they are far away to be approved for adoption in real clinical practices. 

CNFs showed outstanding and promising contributions in biomedical applications, 

including tissue engineering and drug delivery. However, limited evidence about CNFs 

toxicity, cytocompatibility, and dispersibility, are considered primary concerns that 

hinder them from being used as successful biomaterials or clinically adopted. There are 

contradictory outcomes of several research studies underlying CNF’s safety (75). To 

date, it should be pointed out that there are no general guidelines addressing evaluation 
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procedures of CNFs toxicity, mainly due to a lack of sizeable reference materials. The 

majority of toxicity studies were devoted to assessing inhalation toxicity (76). 

Remarkably, tissue engineering results suggest the relatively low toxicity of CNFs (77). 

It is worth mentioning that there is difficulty in investigating the health effect of CNMs. 

Numerous factors affect and control CNFs toxicity, including surface area, chemical 

structure, purity, shape, the tendency to agglomerate, and functionalization (75). 

Research studies on animals revealed that CNFs exposure led to systemically and 

locally inflammatory cardiovascular adverse effect diseases and oxidative stresses (78). 

Few epidemiological studies were conducted on humans; nevertheless, they were 

limited to exposure evaluation and single workplaces (79). To illustrate, current 

occupational results are limited because the manufacturing and utilization of CNMs are 

relatively recent, and the workforce size is small. No reports discuss CNFs release 

mechanism and physicochemical characteristics of the released material, to the best of 

our knowledge. Additionally, CNFs concentrations used in toxicity studies are usually 

expressed in µg/mL, which are significantly larger than the real concentrations used in 

clinical settings, resulting in unreasonable toxicity values. 

Unfortunately, several studies demonstrated the non-functionalized 

hydrophobic nature of CNFs and heavy metal impurities' presence in more cytotoxic 

incidences (80). These results conflicted with other studies showing the 

functionalization of CNMs with carboxyl, carbonyl, or/and hydroxyl groups, inducing 

higher significant toxicity than unfunctionalized ones (81). Additionally, the physical 

size (diameter and length) of CNFs have also contributed to more cytotoxicity than 

corresponding smaller and thinner forms (82). Recently, eliminating CNFs using post-

treatments has attracted the scientist's interest. However, some studies suggested that 
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functionalized CNTs will be cleared through renal excretion (2). To date, no research 

reports studied the long or short fate of CNFs after systemic administration. Recent 

strategies are capable of overcoming some of these concerns. For example, 

hydrophobicity, poor biocompatibility, large aggregation tendency, and contamination 

with heavy metals were alleviated using improved purification techniques and chemical 

surface functionalization (nitrogen doping and acid treatment) (83). To summarize, 

using different forms with diverse purities, morphologies, concentrations, exposure, 

and characterization procedures highlight the reason behind the lack of reliable CNFs 

toxicity results. Thus, there are urgent needs for CNFs toxicity investigations in-depth 

and protocols with sizeable reference materials, to harmonize research on exposure, 

safety, occupational health, and administration assessments. 

 

1.5. Future Prospects 

CNFs research is dedicated to biomedical applications, including tissue 

engineering and biosensors. Applying CNFs in other biomedical applications, 

including gene delivery and bioimaging, is lack in the literature. It is noteworthy to 

mention that majority of these biomedical applications involved the use of CNTs, 

graphene, and fullerene while using CNFs in these areas is still rarely cited. Hence, 

more efforts and attention should be devoted to unveil and explore the potential 

advantages of implementing CNFs. Finally, the scarcity of validated data on the 

potential toxicity of CNFs should trigger scientists to complete the dataset needed for 

CNFs risk assessment. For instance, this task can be accomplished by running short- 

and long-term chronic animal bioassays and standard tests, to closely simulate real 

conditions needed for occupational, local, and systemic administration of CNFs. 
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1.6. Executive Summary  

• Throughout this review, carbon nanofibers (CNFs) open up a new era for 

extraordinary biomedical applications to the next generation. 

• CNFs surface functionalization guarantee their biocompatibility, several 

reported outcomes emphasized CNFs ability to boost the effect and 

chemosensitization of anticancer drugs for different types of tumors with 

minimized drug side effects. 

• CNFs coupling with metallic nanoparticles or organic substances CNFs can be 

employed as efficient and unique biocompatible reinforce materials, biosensors, 

perfect platforms to support nanoparticles and immobilize biomolecules, and 

wound dressing supports. 

• Implementing CNFs remarkably developed artificial joints and supported the 

regeneration and growth of tissues, organs, and nerves. 

• To date, there are no general guidelines for the evaluation of CNFs potential 

toxicity due to lack of sizeable reference material. Thus, there are urgent needs 

for CNFs toxicity deep studies with sizeable reference materials, to harmonize 

research on exposure, safety, occupational health, and administration 

assessments. 
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2. Mesoporous Silica Nanoparticles 

Among widely known nanostructured materials, mesoporous silica 

nanoparticles (MSNs) are extensively employed as nano-carriers for drug delivery 

applications. MSNs can be functionalized-designed by various synthetic methods. 

Their morphological properties determine the type of application of these materials. 

International union of pure and applied chemistry (IUPAC) define the mesoporous 

materials as those with pore size ranging between 2 and 50 nm arranged in an organized 

pattern. Mesoporous silica nanoparticles (MSNs) have exceptional properties such as 

specific surface area, large pore volume, and good chemical and thermal stability (84–

86). It was Mobil Corporation laboratories who first introduced MSNs in 1992 (87). 

Afterwards, in 2001, Regi et al. reported the fabrication of MCM-41 mesoporous silica 

as a drug nano cargo for the first time. Since then, research is focused on mesoporous 

silica nanocarriers. The common synthesis methods of mesoporous silica are either 

based on evaporation-induced self-assembly or the SOL-GEL process (87–89). The 

widely known types of MSNs are MCM-48 as well as MCM-41 and were proposed as 

catalysts. Extensive studies were done on these materials in attempt to fine-tune the 

structure of the product materials with respect to pore size. MCM-41 has been widely 

investigated as a promising potential candidate for drug delivery applications (90,91). 

Another class of MSNs widely employed for biomedical purposes was fabricated by a 

team of researchers at the University of California, Santa Barbara, known as SBA (92). 

As compared to other MCM- nanomaterials, SBA silica mesoporous nanomaterials is 

distinguished by the relative larger pores. 
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2.1 Toxicity of Mesoporous silica nanoparticles  

A few studies have reported the toxic effects of silica nanoparticles in human 

cells due to their ability to generate reactive oxygen species (ROS) that result in 

apoptosis (93–96). However, on the contrary, investigations showed that MSNs are not 

toxic; this contrary data is dependent on several parameters such as Z-potential, size, 

shape, synthetic route that determine the number of silanol on their surface (97,98). It 

has been stated that MSNs are internalized easily in most normal and tumor cells 

without causing detrimental impacts on cellular differentiation, proliferation, and 

growth (32–34). Furthermore, a study analyzed the toxic effect of MSN in both mice 

as well as embryo models. MSN-exposed mice for 42-days showed no signs of distress 

(anemia or loss of appetite), thus indicating, that MSN had no adverse effect in mice 

(99). On the other hand, in embryos, MSN exposure during early gestation led the 

embryos to be underweight with reduced levels of reactive oxygen/nitrogen species, 

whereas embryos exposed to MSNs during late gestation had non-significant larger 

weight in addition to increasing levels in granulocyte-colony stimulating factor. More 

significantly, an in-vivo comparative study between multiwalled carbon nanotubes 

(MWCNTs) and MSNs administered orally and intraperitoneally to albino mouse 

showed a significant increase in liver enzymes (aspartate aminotransferase and alkaline 

phosphatase) along with total protein (TP) levels in the group receiving MWCNTs 

alone, indicating that MWCNTs are more toxic than MSNs even in smaller doses (100). 
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3. Oviparous Species 

In medical and basic research, animal models play a key role (101). To 

illustrate, the advances and progress in the area of regenerative medicine, drug 

discovery and delivery, and cancer research among others are greatly based on in vivo 

studies to confirm the in vitro outcomes, as well as establish new therapeutic 

approaches. Nevertheless, there are considerable ethical, technical, and practical strains 

regarding the use of conventional rodents and large animals in experimental research 

(101). Oviparous species provide early access to embryonic stages and the capability 

to study the maturation of embryo (utero until hatching) (102). Thus, it offers superior 

knowledge in developmental biology. Among these models are zebrafish, Xenopus, 

Drosophila, and chick embryo. 

3.1. Chicken Embryo 

Chick embryo grant a crucial perception and insight into organogenesis as well 

as development (102). They also exhibit high reproducibility besides they are easy to 

handle and economical. Avian embryos are widely used to reveal embryonic 

development mechanisms. Furthermore, they provide the flexibility to analyze and 

study the expression of desired genes at certain stages of organogenesis (103). This in 

addition they allow access under a stereomicroscope for injection and manipulation. 

Succeeded by non-invasive controlling and live imaging in ovo throughout subsequent 

development. 

A chicken embryo is also advantageous in investigating and evaluating the 

toxicity at the whole functioning organism level. Owing to their lack of a blood-brain 

barrier, rapid growth, capability to isolate them from the external environmental 

influence, and high sensitivity to external treatments and manipulation, chicken embryo 
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act as a superior model in toxicity evaluation (104,105). As fast development and 

growth models they are a suitable candidate for anti- and pro-proliferative mechanisms 

characterization at the molecular level (106). Besides the profit of chicken embryo in 

providing insights into the developmental process, they also offer the flexibility to 

easily ablate the tissues and form tissue grafts in the early stages of chicken embryos 

(107).  It is worth noting that both the National Institute of Health (108), USA, 

Association of New England Medical Center and the institutional Animal Care and Use 

Committee (109) authorized the use of chick embryo in experimental studies at any 

time before they complete the 14th day of their gestation time without ethical imitations 

or previous protocol consent.  

The chick embryo chorioallantoic membrane (CAM) is the external extra-

embryonic membrane in which they permit the gaseous exchange and transportation of 

calcium between the embryo and its atmosphere, due to their high vascularization 

(110). The CAM provides both practical and technically simple easy approaches to 

study complex biological models exhibiting well established vascular tissue.  

3.1.1. Angiogenesis 

It is well established that angiogenesis is a crucial biological process that 

includes the formation of new capillaries from the pre-existing blood vessels (111).  In 

mammals, angiogenesis occurs during embryo development, pregnancy,  wound repair, 

tissue regeneration, and reproductive cycle (112).  Additionally, the formation of new 

blood vessels supplies the growing cells with oxygen and nutrients needed to rebuild 

the damaged tissue (113). Angiogenesis is a complex mechanism based on the balance 

of pro-angiogenic factors as fibroblast growth and vascular endothelial growth factor 

(VEGF) and anti-angiogenic factors as angiopoietin 2 and angiostatin (111).  The basic 
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fibroblast growth factors is a potent angiogenic molecule, where it is capable to regulate 

and monitor the functioning and growth of vascular cells such as smooth and 

endothelial muscle cells, through the stimulation of new blood vessels development 

and growth (114). On the other hand, VEGF is a well known regulator of angiogenesis, 

besides it more efficient in stimulation of differentiation of endothelial than basic 

fibroblast growth factor. 

Impairment of the angiogenesis process observed in hypertension, ischemia, 

respiratory distress, cardiovascular disease as well as neurodegeneration. On contrary, 

tumor growth, rheumatoid arthritis, atherosclerosis, psoriasis, and asthma are 

characterized by significantly excessive angiogenesis (115). Interestingly, tumor 

growth, development, and metastasis are depending mainly on blood vessel formation. 

Therefore, Suppression of angiogenesis in tumors will subsequently lead to tumor 

regression and induction of metastasis which is considered the key goal in cancer 

treatment (116).  Anti-angiogenic materials have been widely investigated for anti-

cancer therapy (117). VEGF inhibitors are currently approved as an anticancer therapy 

in a clinical setting. Nevertheless, VEGF inhibitors are efficient only in certain cases 

and can cause serious toxicity. Thus, optimizing therapeutic agents are mandatory to 

prevent their adverse effects on healthy cells. Several reports have shown that  CNMs 

are potential promising treatment in cancer through reducing angiogenesis by inhibiting 

angiogenic signaling pathway and demonstrate low toxicity (112). The antiangiogenic 

characteristics of CNMs are a double-edged sword. To illustrate, such properties are 

advantageous for the treatment of disease, while in normal cells, it results in severe 

defects and embryo lethality due to impairment of vascular system growth and 

accordingly the oxygen and nutrient supply to normal tissue (118). Moreover, 
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angiogenesis disruption has been introduced as a sensitive approach for the evaluation 

of the developmental toxicity of environmental substances (119).  

3.2. Drosophila Melanogaster 

          Drosophila melanogaster (D. melanogaster) is widely known as the fruit fly and 

is considered as an excellent model to study various purposed stretching from 

fundamental genetics to toxicology studies and tissues and organs development (120). 

In 1990,  D. melanogaster was first proposed by Thomas Hunt Morgan as a model 

organism for research (121). Since then, novel discoveries were made through genetic 

research carried out using D. melanogaster as a genetic model (122). Interestingly, the 

genome of the Drosophila is 60 % homologous to the human’s genome. Furthermore, 

approximately 75 % of the human genes that cause diseases are believed to have 

homologs in flies (120).  These characteristics, together with a short generation time 

(lifespan), the presence of strong genetic tool, ease of handling, and low costs of 

maintenance, enable to investigate complex pathways related to biomedical research 

(i.e toxicity and cancer). Lately, D. melanogaster was developed as an excellent model 

for toxicology studies (Drosophotoxicology) (84,123,124). Drosophila model has 

gained attention in understanding toxicity mediated by nanomaterials. Whereas, it can 

survive for approximately 40 up to 60 days after eclosion. Therefore, it enables 

researchers to study efficiently the potential nanotoxicity at different adult flies ages 

(125). Moreover, chronic nanotoxicity investigations on genome stability, 

reproduction, and development can be easily carried out due to its relatively short 

lifespan. Drosophila embryonic stage gives the profit to carry out developmental 

studies to study the effect of nanoparticle exposure on organogenesis, neuronal 

development, and cell fate determination (126). Besides, adult Drosophila is 
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physiologically comparable to those of humans in terms of the brain, reproductive tract, 

liver, kidney, and heart. Taking into account theses similarities between Drosophila 

and human, Drosophila serves as an excellent model to investigate organ-specific 

toxicologic studies. (126) In addition, they demonstrate high sensitivity to different 

chemical composition as well as physical variation (i.e. size, dimensions, coating, and 

surface area). 

 It was noticed that different exposure route of carbon nanomaterials provokes 

a different response in the Drosophila model. Recently, D. melanogaster was 

extensively used as a model for nanomaterial toxicity investigation. Single-walled 

CNTs and carbon black were introduced to Drosophila in a dry form via supplying it 

as a powder to the bottom of closed glass vials without food and water (to correspond 

human dermal exposure) (127,128).  These carbon nanomaterials were found to have 

the ability to adhere firmly to flies' surface cause loss of locomotor function and their 

mortality within a couple of hours. Whereas, respiration defects are the prime cause of 

mortality mediated by these carbon nanostructures in Drosophila via partial blockage 

of spiracle openings. However, multiwalled CNTs failed to induce genotoxicity in 

Drosophila (129). On contrary, incorporation of carbon black, fullerene C60, single-

walled or multiwalled CNTs in Drosophila’s food during their larval stage causes tissue 

sequestration but no noticeable effect on egg or survival tendency (1mg/g of food) 

(128). In addition, a recent investigation stated that chronic exposure of Drosophila 

Melanogaster to 100μg/ml of CNFs showed no significant developmental toxicity 

compared to a higher dose (1000μg/ml); nevertheless, CNFs triggered the activation of 

the antioxidant defense system due to reactive oxygen species production (130).   
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4.Thesis Objectives 

Despite the great and promising contribution of CNFs to biomedical 

applications. However, the lack of consistent evidence about their toxicity hinders their 

clinical application. To date, only a few studies investigated CNFs toxicity, the majority 

of these investigations involved in-vitro models (131,132). Notably, CNFs have 

demonstrated toxicity in human lung cells through the induction of apoptosis by 

reactive oxygen species (ROS) production (133,134). Nevertheless, CNFs mediated 

scaffolds showed no toxicity in-vivo (25,64,135,136). On the other hand, several 

investigations showed that MSNs are not toxic; based on several parameters such as Z-

potential, size, shape, synthetic route that determine the number of silanol on the 

surface (97,98).  Mice exposure to MSNs for 42-days has no adverse effect on the 

behaviors that indicates distress (i.e anemia, loss of appetite..etc.). While the majority 

of investigations are geared towards adult animals or populations; it is widely known 

that embryos of various species are more vulnerable to environmental effects and 

contaminates. Therefore, there is an urgent need for implementing solutions & new 

strategies to overcome and alleviate the toxicity of CNFs. Thus, Therefore, we 

speculate that the surface coating of CNFs with mesoporous silica would significantly 

enhance its biosafety. 

Objective 1: To synthesis CNFs and coating it for the first time with a mesoporous 

silica layer (MCNFs). Then, fully characterize and verify the structure of both 

fabricated CNFs & MCNFs. 

Objective 2: To evaluate and compare the impact of CNFs & MCNFs on the early 

stage of normal development and angiogenesis using an avian embryo as well as its 
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CAM as a model. 

Objective 3: To study the impact of CNFs & MCNFs on the expression patterns of a 

set of genes concerned with crucial biological events in the avian embryo. 

Objective 4: To investigate and compare the effect of CNFs & MCNFs on cell 

viability, cell cycle progression, and apoptotic biomarkers using embryonic fibroblast 

cells. 

Objective 5: To confirm the embryogenesis outcome of CNFs and MCNFs by 

exploring their effect on normal development using another in-vivo model (Drosophila 

melanogaster). 
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CHAPTER2: MATERIALS AND METHODOLOGY 

 

2.1. Materials for the fabrication of CNFs & MCNFs 

  Polyacrylonitrile (PAN Mw 150,000, Ethanol (FA, 98.0%) was purchased 

from Aladdin Industrial Inc., China. Poly (propylene oxide)-b-poly (ethylene oxide)-b-

poly (propylene oxide) triblock copolymer Pluronic F127 was supplied by Sigma-

Aldrich. Tetrahydrofuran (THF) & Tetraethyl orthosilicate (TEOS) were supplied by 

Shanghai Chemical Corp. Ethanol (99.7%), Dimethylformeldahyde, NaOH, HCL 

(supplied by Sigma-Aldrich), and deionized water were used throughout this study. 

2.2. Experimental 

2.2.1. Fabrication of the carbon nanofibers and mesoporous carbon nanofiber 

2.2.1.1.  Synthesis of carbon nanofibers: 

Carbon nanofibers were prepared using PAN solution (10% PAN/ 

dimethylformeldahyde (DMF)) by mixing 1 g of PAN with 9 g of DMF in a beaker and 

stirring overnight. Once the PAN solution was completely dissolved, the solution was 

placed in a size 9 needle and placed in an electrospinning apparatus, the flowrate of the 

needle was fixed around 0.3m/ hour. At the tip of the needle, a DC electric charge was 

placed to allow evaporation of the solution on ejection to create nanofibers, with a 

foreseen voltage of 8.0 KV. The drum collector was covered with aluminum foil and 

placed at a distance of 12 cm and spun at 500 RPM. Later, the resulting PAN nanofibers 

were collected from the collector and placed in a tube furnace (GSL 1500X OTF). The 

nanofibers were then stabilized by carbonization at 800 ºC in an inert atmosphere 

(under argon gas flow). The heating process was as follows: gradual heating, from 24ºC 

to 200ºC for 35 minutes, stabilization process at 200ºC for 120 minutes, then the 
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temperature was raised from 200ºC to 800ºC during 120 minutes in an inert 

atmosphere, and then left to guarantee the complete carbonization at 800ºC for 300 

minutes, followed by cooling down period. 

2.2.1.2. Coating Synthesized carbon nanofiber with a mesoporous silica layer: 

To prepare a mesoporous silica solution, 0.1 g Pluronic F-127 was mixed with 

5 g tetrahydrofuran (THF) and 0.1 gm 0.1 M hydrochloric acid (HCl) for two hours 

then, 0.3 g tetraethyl orthosilicate (TEOS) was added and stirred for 30 min. The CNFs 

were dipped into the mesoporous solution for 5 seconds. The soaked CNFs were placed 

in a tube furnace and heated from 24 ºC to 350 ºC for 35 min and then baked at 350 ºC 

for 5 hours under argon flow. The obtained CNFs and MCNFs were sonicated in an 

organic solvent (ethanol), the solvent was then removed completely via a rotary 

evaporator. Finally, it was resuspended in deionized sterile for a final concentration of 

1mg/1ml water and subjected to ultrasonication for 1 hour to obtain a homogenous 

suspension. 

 2.2.1.3. Characterization of carbon nanofibers & Mesoporous carbon nanofibers: 

          The prepared CNFs & Mesoporous carbon nanofibers (MCNFs) surface 

morphology was examined using scanning electron microscopy (SEM) equipped with 

energy dispersive X-ray (EDX). SEM images were captured using FEI NOVA 

NanoSEM 450. X-ray diffraction was employed to investigate the crystal phase of 

particles of the as prepared CNFs and MCNFs utilizing PAN analytical X-Ray 

diffractometer coupled with a Cu-Kα1 as a source of radiation (λ=1.5405Å). The 

morphology of the as-prepared CNFs and MCNFs was examined using Talos 

Transmission Electron Microscope (FEI), operated at 200 KV, and provided with a new 

Ceta 16 M camera. Furthermore, CNFs & MCNFs structure and phase were confirmed 
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using Thermofisher Scientific (DXR2 Smart) Raman Microscope to obtain the Raman 

spectra of the samples, at a laser wavelength of 532 nm. 

2.2.2. In-Ovo investigation of the impact of CNFs and MCNFs   

2.2.2.1. Evaluation of the effect of CNFs & MCNFs treatment on the embryo     

White Leghorn fertilized chicken eggs were obtained from the Arab Qatari for 

Poultry Production and incubated at 37ºC and 60% humidity in the MultiQuip egg 

incubator. All procedures were ethically approved by the Institutional Bio-safety 

committee of Qatar University. Four sets of experiments were conducted; 60 embryos 

were used for each set of experiments. Each embryo was treated at day 3 of incubation 

with 50 μg of CNFs or MCNFs dispersed in sterilized water.  

Briefly, a small circular cut was made on the top of the eggshell and the 

membrane of the shell was carefully removed by adding 100 µL of PBS 1X (Sigma-

Aldrich, UK). The CNFs or MCNFs treatment were added on circular coverslips 

(Sigma-Aldrich, UK) and were placed directly on the embryos. Embryos treated with 

50 μL of sterilized water were used as control. The eggs were then sealed and incubated 

for a period of 5 days. Mortality incidences were recorded daily. On day 8 of 

incubation, embryos were sacrificed, and their brain, liver, and heart tissues were 

autopsied for macroscopic observation and RNA extraction for RT-PCR analysis. Four 

independent sets of experiments were performed to get reproducible results. 

2.2.2.2. Chorioallantoic membrane (CAM) assay 

Embryos at 6 days of incubation were treated with 50μg of as-prepared CNFs 

or MCNFs suspension which was placed on a circular glass coverslip to explore their 

effect on the CAM compared to controls. After 48-hours post-treatment, the effect of 

CNFs & MCNFs on vascular development of the CAM was evaluated daily over the 
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period of three days with a stereomicroscope. Two areas within the same embryo were 

compared; area under the coverslip (treated area) and the area surrounding the coverslip 

(untreated area). Images were captured and both treated and untreated areas in each 

embryo were quantified for branching points and total length and area of the vessels 

using AngioTool software version 0.6a (137). Three separate sets of experiments were 

conducted to obtain reproducible results. The images had the same size and 

magnification with unified AngioTool inputs; vessel diameter thresholds at [10,255], 

vessel thickness at 4 and 5, removed small particles at 200 and filled holes at 150. 

2.2.2.3. RNA extraction and reverse transcription-polymerase chain reaction 

(RT)-PCR analysis 

2.2.2.3.1. RNA Extraction: 

Total RNA was purified from the brain, heart, and liver tissues of chicken 

embryos using the All Prep DNA/ RNA FFPE Kit (Qiagen, Valencia, CA) according 

to the manufacturer’s protocol. Quantification of RNA concentration was carried out 

using the nanodrop reader (Thermo-Fisher Scientific, USA). 

Briefly, 350 L of RLT lysis buffer was added to each autopsied organ of the 

chicken embryo. Then, using a prop sonicator a homogenized mixed solution obtained. 

Afterward, the lysate was spun using centrifuge apparatus at 14,000 rpm for 3 min. The 

supernatant was transferred to new Eppendorf tubes (Eppendorf, Germany). Then, 750 

L of 70 % ethanol was added in each Eppendorf to precipitate the DNA out and permit 

the binding of RNA to the RNeasy membrane. The mixed solution was transferred in 

mini spin columns placed in collection tubes, then it was centrifuged at 10,000 rpm for 

15 sec. After we have discarded the solution in the spin column, FRN buffer (350L) 

was added, centrifuged again, and then the flow-through solution was discarded. Then, 
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80 L of the mixture (10 L of DNAse1, RNAse free + 70 L of RDD DNA digest 

buffer) was added in each Eppendorf and was left for 15 min. The mixture was washed 

with RPE buffer twice, followed by a dry spin in a centrifuge in a new collection tube 

at 14,000 rpm for 15 min. Finally,30 L of RNase free water (QIAGEN, CA, USA) 

was added to the spin column and centrifuged for 2 minutes. Quantification of RNA 

concentration was carried out using the nanodrop reader (Thermo-Fisher Scientific, 

USA). Only samples with 260/280 nm ratio = 2 or 2.1 (pure RNA) were considered. 

2.2.2.3.2. Reverse transcription-polymerase chain reaction (RT)-PCR analysis 

The Invitrogen SuperScript® III One-step RT-PCR with Platinum™ Taq DNA 

Polymerase (Invitrogen, USA) was used for both cDNA synthesis and PCR 

amplification following the manufacturer’s protocol. The kit components were (2X 

Reaction Mix, SuperScript® III RT/Platinum Taq Mix, and Nuclease-free water) were 

left to thaw on ice). In ice, A 1X RT master mix was also prepared as described in 

(Table 2). An appropriate amount of RT master mix (1X, Thermo-Fisher Scientific, 

USA) (Table 2) was placed in PCR Eppendorf (Germany).In each well of Veriti 96 

well-plate thermal cycler (Applied Biosystems, Austin, TX),  11.5 L of the prepared 

master mix with 1L of extracted RNA (50 ng/L) were added. The RT-PCR program 

was adjusted as follow initial denaturation for cDNA synthesis at 60 ºC for 15 min and 

94 ºC for 2 min respectively, followed by a denaturation period of 40 cycles at 90  ºC 

for 15 sec, annealing temperature was adjusted according to the specific primer 

temperature stated in table 2 for 30 sec. Then, the elongation process was set at 68 ºC 

for 1 min followed by a final elongation process 68 ºC for 5 min. Finally, they 

temporarily remained in the machine at 4 ºC until they were used. On 1.5% agarose gel 
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(3 gm agarose+ 200ml triphosphate EDTA + 5L cybersafe), the PCR product was run 

at 120 V for 1 hour. 

          RT-PCR amplification was performed using primer sets (Table 3) for the 

following genes: activating transcription factor-3 (ATF-3), forkhead box-A2 (FOXA-

2), inhibin beta-A (INHIBA),  microtubule-associated protein RP/EB family member-

2 (MAPRE-2), receptor (TNFRSF)-interacting serine-threonine kinase-1 (RIPK-1), 

serpin peptidase inhibitor-4 (SERPINA-4), vascular endothelial growth factor-C 

(VEGF-C) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Relative gene 

expression quantification was performed by analyzing the RT-PCR obtained images 

using the ImageJ software 1.52k (138). The intensity of the bands relative to the 

GAPDH bands was used to calculate a relative expression of genes in the heart, liver, 

and brain tissues. 

Table 2. Master Mix for RT-PCR 

Component Volume (L) 

2X Reaction Mix 6.25 

Forward Primer (10M) 1 

Reverse Primer (10M) 1 

SuperScript® III RT/Platinum 

Taq Mix 

0.5 

Nuclease-free Water 2.75 

Total 11.5 
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Table 3. List of primers set used for RT-PCR expression 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) Annealing 

Temperature (0C) 

FOXA-2 GACCTCTTCCCCTT

CTACCG 

AGGTAGCAGCCGT

TCTCAAA 

56 

MAPRE-2 CAAAGGAGCCTTCC

ACAGAG 

GTCACTTCTGATG

GCAGCAA 

56 

RIPK-1 CCGTACAGAATTGC

AGCAGA 

TTCCATTAGCACA

CGAGCTG 

56 

INHB-A GCCACCAAGAAACT

CCATGT 

GCAACGTTTTCTT

GGGTGTT 

46 

ATF-3  AAAAGCGAAGAAG

GGAAAGG 

ATACAGGTGGGCC

TGTGAAG 

50 

SERPINA-4 CCAGCAAAAGGGA

AAATGAA 

CACCACTGATGCC

AGAGAGA 

50 

VEGF-C AGGGAACACTCCA

GCTCTGA 

CTCCAAACTCTTT

CCCCACA 

50 

GAPDH CCTCTCTGGCAAAG

TCCAAG 

CATCTGCCCATTT

GATGTTG 

56 

 

2.2.3. In-vitro evaluation of the effect of CNFs and MCNFs using embryonic 

fibroblast cells  

2.2.3.1 Embryonic Fibroblast cells culture  

 Embryos of the obtained White Leghorn fertilized chicken eggs were used to 

prepare embryonic fibroblast cells (EFCs) at 9 days of incubation. The embryos were 

removed carefully from the egg under the culture hood and placed in 10 mm petri 

dishes. Excluding the internal organs, head, and limbs, the rest of the embryos were cut 

to small pieces using sterilized microsurgical equipment and incubated in 10 mm Petri 

dishes with 1.5ml trypsin (Invitrogen, Life Technologies) for 10 minutes. This was 

followed by mechanical separation using a pipette to dissolve the remaining tissue. 

Cells were transferred to a tube with 10ml of RPMI with 10% fetal bovine serum (FBS; 

Invitrogen, Life Technologies) to inactivate the trypsin and centrifuged at 1,000 rpm 

for 5 min. Finally, the cells pellets were resuspended in RPMI-1640 media (Thermo 
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Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, 

Life Technologies) and 1% PenStrep antibiotic (Thermo Fisher Scientific, USA) then 

incubated at 37° C in a 5% CO2 atmosphere. Cells media was replaced every 48 hours. 

2.2.3.2. Cell viability 

In 96-well plate (Thermo Fisher Scientific, USA), 10,000 cells of EFCs/well 

were seeded and incubated for 24 hours to adhere. The next day, the old media was 

replaced with a fresh one and the cells were exposed to different concentrations of both 

CNFs and MCNFs (5, 15, 30, 50, 70, 100 µg/ mL). Then, after 48-hours post-treatment, 

the old media was discarded and replaced with fresh ones containing 2% Alamar Blue 

dye (Thermo Fisher Scientific, USA). The plates were incubated for 2 hours in 5% CO2 

at 37° C incubator. Afterward, the Infinite m200 PRO microplate reader (TECAN, 

Switzerland) was used to record the fluorescence at a wavelength of 560 nm. The 

following formula was used to calculate % of viable cells: 

% 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑒𝑙𝑙𝑠

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙𝑠
× 100 

 

2.2.3.3. Morphological examination 

Approximately 300,000 cells of EFC line model were seeded/ well in 6-wells 

plates (Thermo Fisher Scientific, USA) and incubated for 24-hours to adhere. Then, the 

next day the old media was discarded and substituted with a fresh one, and the cells 

were treated with CNFs or MCNFs at a concentration of 50 &100 µg/mL. The 

morphological characteristics of the treated and control cells were observed for 48 

hours using a DMi8 inverted microscope (Leica, Germany) connected to Leica EC4 

digital camera. Images were captured using Leica LAS EZ software. 
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2.2.3.4. Cell Cycle Analysis  

Approximately, 300,000 - 400,000 EFCs/well were cultured in Low Attachment 

Surface Polystyrene 6-wells plates (Costar, USA) and left overnight to adhere. Twenty-

four hours later, CNFs and MCNFs were added to the cells at a concentration of 70 

µg/mL (that approximately correspond to the IC50 of both treatments). Then, 48-hours 

post-treatment, floating cells were collected and counted by Neubauer counting 

chamber. Afterward, ice-cold PBS was used to wash the cells and centrifuged at 4° C 

(200 x g for 15 minutes). The supernatant was removed and ice-cold 70% ethanol was 

added in a drop-wise pattern while gentle vortexing to fix the cells. The samples were 

preserved at - 20° C for 24-hours. On the measurement day, the samples were 

centrifuged at 4° C (800 x g for 15 minutes) and the supernatant solution was discarded. 

Then, the cells were washed twice using ice-cold PBS and each sample was stained by 

500 μL of FxCycle PI/RNase staining solution® (Thermo Fisher Scientific, USA). The 

samples were then incubated in a shaking water bath at 37° C for 50 min in the dark. 

BD FACSAria III flow cytometry (BD Biosciences, USA) was used to analyze the 

samples and the results were processed and evaluated using the FlowJo V10 software. 

A number of 50,000 cells were considered statistically significant. 

2.2.3.5. Western blotting analysis 

Approximately, 3 million cells/dish of EFCs were seeded in 100 mm Petri 

dishes (Thermo Fisher Scientific, USA) and left overnight in the incubator to adhere. 

Then, on the next day, the cells were treated by 50 µg/mL of CNFs or MCNFs and 

incubated for 48-hours. Afterward, the media with floating cells was collected and 

centrifuged at 1000 rpm for 5 min. The supernatant was removed, and the cell palettes 

were resuspended using an SDS lysis buffer. Regarding, the cells attached to the Petri- 
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dish, 200 µL of SDS lysis buffer was added, and the cells were collected by scrapper. 

Samples were kept at -20° C. Pierce BCA Protein Assay Kit (Thermo Scientific, USA) 

used to quantify the protein according to the manufacturer protocol.  

The concentration of 10 % SDS-PAGE was prepared for all experimental 

proteins. PageRuler™ Prestained Protein Ladder (Thermo Scientific, USA) was 

employed as an indicator of the size of proteins in the samples. All samples were loaded 

at 25 μg per 1.5 mm 15 wells comb. Using two-step gel electrophoresis, the stained 

samples were run (60 Volts for 15min followed by 120 Volts  

for 2 hours). Then, the protein in the gels was transferred into the PVDF membrane at 

100 voltage for 2 hours using wet transfer. Afterward, the PVDF membranes were 

blocked with 3% BSA (Thermo Fisher Scientific, USA) for 1 hour with gentle shaking 

and then was incubated with primary antibodies (Table 4) with gentle shaking at 4° C. 

On the next day, the membrane was washed three times and then secondary antibodies 

were added for 1-2 hours with slow shaking followed by 3 times washing. To detect 

proteins by chemiluminescence, Pierce™ ECL Western Blotting Substrate was used. 

Blots were imaged using the iBright CL1000 imaging system. 
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Table 4. List of the antibodies used in the western blot analysis 

No. Antibody Source MW of Target 

Protein (kDa) 

 Manufacturer 

1 Anti-Mouse Goat NA Cell Signaling 

Technology, Inc., 

USA 

2 Anti-Rabbit Goat NA Cell Signaling 

Technology, Inc., 

USA 

3 Beta-actin Rabbit 42 Abcam, USA 

4 ERK ½ Rabbit 44, 42 Abcam, USA 

5 BCL-2 Mouse 26 Abcam, USA 

6 BAX Mouse 23 Invitrogen, USA 

7 JNK1,JNK2, 

JNK3 

Rabbit 54 Abcam, USA 

 

2.2.4. The impact of CNFs & MCNFs on the normal development of Drosophila 

melanogaster  

2.2.4.1. Drosophila stocks: 

Drosophila melanogaster was purchased from the Bloomington Drosophila 

stock center. D. melanogaster was maintained on regular fly food (7.5% corn syrup, 

71g/L cornmeal, 9.5g/L soy flour, 16.5g/L yeast, 5.5 g/L agar, 5.5 g/L malt, 3g/ml 

Napagin in ethanol) (Sigma Aldrich) in a controlled environment (70% humidity, 25°C 

Temperature, 12-hour day/night cycle). For practicality purposes, all experiments were 

conducted on female flies following the international adopted protocols.  

2.2.4.2. The impact of CNFs & MCNFs on the survival rate of the 

Drosophila 

Survivorship assay was conducted to explore the life-extension activity 

accompanied by CNFs & MCNFs uptake by wild type D. Melanogaster. CNFs and 

MCNFs were administrated orally to wild type of female flies by mixing 50 µg/ml of 

each nanocarrier with Lysogeny broth medium (Sigma Aldrich). Three sets of 
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experiments were conducted and a total of 30 flies were assigned to each group per 

trial. The number of dead flies was recorded twice every day for four weeks and mean 

survival was calculated. The results were compared to the control of un-treated female 

flies. 

2.2.5. Statistical Analysis:  

  Each experiment was repeated at least 4 times at different time intervals. For 

each separate experiment result, statistical analysis was applied using GraphPad prism 

version 8.4.3. Data are demonstrated as mean ± SEM (standard error of the mean). 

Differences between CNF, MCNF, and controls were evaluated based on a one-way 

analysis of variance (ANOVA) for repeated measured followed by Tukey’s post-hoc 

test. IC50 values were computed using a nonlinear regression test. The survival curves 

of the 2 groups (treated and control) were drawn using Kaplan-Meier Estimator and a 

log-rank test was used to detect the significance between the two groups. The student’s 

T-test was used to analyze blood vessel parameters of treatment groups & control 

(treated vs untreated area within the same embryo). The results were considered 

statistically significant when p-value < 0.05.  
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CHAPTER 3: RESULTS 

 

3.1. CNFs and MCNFs characterization 

       3.1.1.  Scanning Electron Microscope (SEM) 

          CNFs were synthesized by electrospinning apparatus followed by a carbonization 

process then; they were coated with a mesoporous silica layer to prepare MCNFs as 

explained in the methods section. Herein, (Figure2) demonstrates the morphological 

characteristics of the CNFs & MCNFs using SEM. SEM images display the electrospun 

fabricated CNFs at 3 µm magnification (Figure 2 A), 1 µm (Figure 2 B), and 500 nm 

(Figure 2 C). As shown, the synthesized CNFs are arbitrarily distributed and have an 

average diameter of approximately 300-400 nm with a length of few centimetres. 

Additionally, the CNFs have a smooth surface and are homogeneous without beads as 

displayed in (Figure 2 C). Whereas, (Figure 2 D & E) demonstrate the SEM of the CNFs 

coated with a mesoporous silica layer at 1 µm and (Figure 2 F) at 500 nm magnification. 

As expected, they have a larger diameter than the uncoated CNFs (approximately 750 

nm) due to the extra added coating of silica. Besides, as shown in figure 2 D, E, and F, 

we were able to visualize the formation of the pores that scattered all over the CNFs 

surface due to the silica layer coating. 
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3.1.2.  Mapping EDX (Energy Dispersive X-ray)  

EDX and mapping were used to verify the elemental composition of synthesized 

CNFs and MCNFs (Figure 3). Figure 3 A shows the elemental analysis of the resultant 

CNFs which is constituted of approximately from 100% of carbon atoms with no 

noticeable impurities, thereby, confirming the efficiency of the carbonization procedure 

of PAN fibers to obtain high carbon yield and to eliminate all the non-carbon materials 

(i.e nitrogen, carbon monoxide) (139). On the other hand, Figure 3 B confirms the 

deposition of silica material on CNFs by revealed peaks of silicon and oxygen at 1.7 & 

0.525 keV, in weight percent quantities of 0.10 &2.31 respectively. The mapping EDX 

(inset of Figure 3 B) depicts the uniform complete distribution of the silica material 

Figure 2. SEM of carbon nanofibers and Mesoporous carbon nanofibers formed 

from Polyacrylonitrile. (A, B, and C) SEM of CNFs at 3 µm, 1 µm & 500nm, 

respectively magnification; (D, E, and F) SEM of MCNFs at 1 µm, 1 µm, 500 nm, 

respectively magnification. 
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layer on the sample. 

 

3.1.3. Transmission Electron Microscope   

The morphology of MCNFs was further analyzed by a Transmission electron 

microscope to confirm the success of the coating process of CNFs with a mesoporous 

silica layer. As shown in Figure 4, we were able to visualize the mesoporous formation 

on the CNFs surface with an even and complete coating of CNFs. Thereby, it displays 

a good agreement with SEM observation. 

 

 

50 nm 

100 nm  

Figure 3. EDX (energy dispersive x-ray) for CNFs (Figure 3 A) and MCNFs 

(Figure 3 B) with inset mapping for MCNFs. 

 



  

43 

 

 

3.1.4. X-ray Diffraction 

As shown in Figure (5) is the XRD patterns of CNFs and MCNFs. The XRD 

pattern of the fabricated electrospun CNFs demonstrates the presence of the two 

characteristic broad peaks at 2 theta values of 25°and 43° of CNFs and MCNFs which 

indicate the (002) and (100) planes for the graphite C 2H hexagonal structure (ICCD 

00-041-1487) (140). This indicates that electrospun CNFs are effectively carbonized 

after the calcination process at 800°C for 5 hours under nitrogen flow and showing the 

carbon crystalline nature with a small particle size of both CNFs and MCNFs(141). The 

difference in the observed intensity in the MCNFs pattern is due to the fact of the 

possible embedding of the carbonaceous material within the pores of the mesoporous 

Figure 4. (A &B) Transmission electron microscope images of MCNFs. 
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silica particles. 

   3.1.5.  Raman Spectra 

Both CNFs and MCNFs were characterized via Raman spectroscopy. Raman 

spectroscopy is a very effective method to characterize the detailed bonding structure 

of carbon nanomaterials. As shown in figure 6 both CNFs samples displayed two 

typical distinct carbon nanomaterial peaks which are the D (assigned to the defects in 

carbon samples) peak at 1350 cm−1 and the G (assigned to ordered graphite structure) 

peak at ̃ 1575 cm-1. The relative intensity ratio of D/G peaks (R = ID/IG) was calculated 

to measure the defects present on the carbon nanomaterials structure. The ratio values 

for CNFs and MCNFs were 0.97 and 0.83, respectively. It is obvious that MCNFs have 

higher G peak and lower R than CNFs, thus the graphitization is domain more in 

MCNFs (less Sp2 bonds broken & defect) compared to CNFs. 

Figure 5. XRD patterns of synthesized CNFs and MCNFs. 
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3.2. In-Vivo Toxicity Screening at The Early Stage Embryogenesis  

3.2.1. Effect of CNFs and MCNFs on the normal development of the early 

stages of embryogenesis 

To investigate the potential toxicity of CNFs and the coated CNFs with 

mesoporous silica layer on the early stage of embryonic development, we studied the 

effect of CNFs & MCNFs exposure on three-days incubated chicken embryo as 

described in the method section. One hundred and sixty embryos were divided equally 

and treated with 50 µg of the prepared CNFs or MCNFs suspension; concurrently we 

exposed 30 control embryos to only 50 µL of sterilized water. All embryos were 

monitored on daily basis for the following 5 days; it was found that 51 (~64%) of 80 

embryos exposed to CNFs died compared to 35 (~44%) of 80 embryos exposed to 

MCNFs died 3 days post-treatment; while all the control were alive at the same period. 

On the 9th day of incubation 59 (~74%) of 80 CNFs-exposed embryos died compared 

to 42 (~53 %) of 80 MCNFs- treated embryos (P=0.0048); whereas only 2 embryos 

Figure 6. Raman spectra of prepared CNFs & MCNFs. 
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were found dead out of 30 controls after the same duration (P< 0.0001) (Table 5). It is 

quite noticed that MCNFs have less mortality impact and significantly higher survival 

probability on the embryos compared to the CNFs (Figure 7 A). The survived embryos 

from the three groups were euthanized and dissected to isolate the brain, heart, and liver 

for further investigation. We observed that CNFs-exposed embryos considerably 

exhibited smaller body size and incomplete development of the brain compared to their 

matched controls and MCNFs treated embryos. However, MCNFs-exposed embryos 

did not significantly differ from the controls. 

 

Figure 7. (A) Kaplan Mier survival curve of CNF & MCNFs-exposed embryos and 

their matched controls. (B) Dissected CNF and MCNFs-exposed 9 days old chicken 

embryo and its matched control. CNFs & MCNFs significantly reduced the survival 

percentage of treated embryos compared to their control (p<0.0001). Furthermore, 

MCNFs-exposed embryos exhibit significantly lower mortality events compared to 

CNFs subjected embryos (p=0.0048).      
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Table 5. Summary of the Outcome of CNFs & MCNFs on the embryo 

Embryos groups Sample size 
The mortality rate of the 

embryos 6 days after exposure 

(%) 

Controls 30 2 (3.333%) 

CNFs-exposed 

Embryos 
80 59 (~74%) 

MCNFs-exposed 

Embryos 
80 42 (~53 %) 

 

3.2.2. The outcome of CNFs & MCNFs on the gene expression of autopsied 

brain, heart, and liver tissues of treated chicken embryos  

We investigated the expression of 7 genes by RT-PCR methodology; namely 

ATF-3, FOXA-2, INHIBA, MAPRE2, RIPK-1, SERPINA-4, and VEGFC genes in the 

brain, heart, and liver tissues dissected from CNFs, MCNFs- exposed embryos and their 

matched controls. Genes were chosen regarding previous studies that evaluated the 

impact of single-walled CNTs (SWCNTs), and MXene (142,143) on chicken embryos; 

mainly due to their key regulator role in cell survival, death, proliferation, and 

angiogenesis. We noticed that CNFs induces significant upregulation of ATF3, 

FOXA2, INHIBA, MAPRE2, RIPK1 genes in the autopsied tissues compared to 

MCNFs and their matched control; while MCNFs causes slight non-significant 

upregulation of all examined genes except for MAPRE2 gene that was significantly 

over-expressed in brain and liver tissues (P< 0.05 and 0.01, respectively) (Figure 8 and 

9). On the contrary, MCNFs-treated embryonic tissues exhibit more significant impact 

on the downregulation of both VEGF-C and SERPINA genes compared to CNFs-

exposed embryonic tissues and their matched controls. 
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Figure 8. RT-PCR analysis of seven genes using the brain, heart, and liver tissues 

of chicken embryos. This analysis was performed in parallel using organ tissues 

obtained from both normal, CNFs and MCNFs exposed embryos. GAPDH gene 

was amplified from the same tissues that displayed similar loading patterns in each 

group.  
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Figure 9. Quantification data of ATF3, FOXA2, INHIBA, MAPRE2, RIPK1 

SERPINA4, and VEGFC genes expression of brain (A), heart (B), and liver (C) tissues 

of CNFs & MCNFs treated embryos and their matched controls. We noted that CNFs 

exposed embryos exhibit a statistically significant upregulation of ATF3, INHIBA, 

FOXA2, RIPK1, and MAPRE2 genes compared to their matched control and MCNFs 

exposed embryos. On the contrary, SERPINA4 and VEGFC are down-regulated in the 

tissues obtained from both MCNFs & CNFs-exposed embryos; in comparison with 

their matched control tissues.  
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3.2.3. The impact of CNFs & MCNFs on angiogenesis of the CAM model 

The effect of both CNFs and MCNFs on angiogenesis was studied and compared to 

control using the CAM of 6 days incubated chicken embryos as illustrated in the 

experimental section. In agreement with survival probability outcome, MCNFs-treated 

embryos exhibit considerably lower death incidence than CNFs; whereas, within the 

first 24 post-treatment 12.5 % (5/40) of MCNFs-treated embryos died compared to 

CNFs-exposed embryos 27.5 % (11/40). Further mortality incidences were reported 48 

hours after treatment among MCNFs-treated embryos 14.2% (5/35); while 24.1% 

(7/29) died of CNFs-exposure with no death incidence noticed in control.  As shown in 

Figure (10), MCNFs found to induce a higher significant inhibition effect on blood 

vessel formation compared to CNFs and controls. Furthermore, we confirmed our 

observation by quantification of the obtained outcome for each embryo in all groups 

where two areas were compared and analysed outside and inside the coverslip (treated 

area vs untreated area)  in terms of total blood vessel length, blood vessels area, and a 

number of junctions. Quantification analysis revealed that both CNFs and MCNFs-

exposed embryos possess statistically considerably lower total blood vessels length 

(p<0.0001) with 21.3±3.23% and 34.9±2.08%  reduction and blood vessels junction 

(p<0.0001) with 40.8±3.50% and 55.65±3.61%  reduction, respectively as compared 

with their matched control, Figure 11 (A and C). 

More significantly only MCNFs-treated embryos demonstrate significantly 

smaller blood vessels area (P<0.0001) with (27±3.35%) reduction Figure 11 (B) as 

compared to the controls. It is worth mentioning that MCNFs- subjected embryos 

exhibit lower statistical significance in terms of blood vessels area (p=0.0878) & the 

number of junctions (p=0.0440) as compared to CNFs-treated embryos, thus it display 
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notable agreement with RT-PCR analysis outcome of VEGF-C expression. 

 

 

 

 

Figure 10. The impact of CNFs & MCNFs on the angiogenesis of the CAM. As 

compared to control (A), both CNFs (B) & MCNFs (C) prevent the angiogenesis in 

treated embryos compared to their control, while MCNFs was more superior in 

inhibition of blood vessels formation of the CAM.  

 



  

52 

 

 

 

 

 

 

Figure 11. Quantification data of (A) Total blood vessels length of controls vs CNFs 

and MCNFs exposed embryos (P=  0.0012, p< 0.0001, respectively), (B) Blood vessels 

area of controls vs CNFs and MCNFs, only MCNFs treated embryos have statistically 

lower blood vessels area (P<0.0001), and (C) Number of junctions of controls vs CNFs 

and MCNFs treated embryos (p<0.0001). (*p<0.05, **p<0.01, ***p<0.001). 
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3.4. In-Vitro Toxicity Screening on Embryonic Fibroblast Cells  

3.4.1. Effect of CNFs & MCNFs on cell proliferation 

Cell Viability quantification is regarded as a valid and reliable way for 

investigating the cytotoxicity of different materials and drugs. Among the widely 

employed methods for this aim is the Alamar blue assay. Alamar blue dye (resazurin) 

(non-florescent, blue) contains an oxidation-reduction (REDOX) indicator that 

fluoresces and causes a color change (Florescent, red) due to the cell growth and can 

be detected using an absorbance detector. Therefore, the effect on cell viability of 

synthesized CNFs & MCNFs on normal embryonic fibroblast cells was compared at a 

concentration of (5, 15, 30, 50, 70,100) μg/mL using Alamar blue assay after 48 hours 

of treatment. As seen in Figure 12, the viability of the cells treated with the nanocarriers 

was calculated relative to the control. CNFs exposure results in a significant reduction 

in cell viability as compared to the control at all tested concentrations. While MCNFs 

treatment causes a considerable decrease in cell viability in all experimented doses 

except for a concentration of 5 μg/mL that did not differ significantly from the control 

cells. Among the CNFs & MCNFs, CNFs induced the most significant reduction in cell 

proliferation as compared to control (P<0.0001). Additionally, only at 5 μg/mL, CNFs 

cause a significant reduction in cell viability as compared to MCNFs (P<0.001). The 

calculated IC50 for CNFs and MCNFs were (70.2 μg/mL and 79.5 μg/mL, respectively). 
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3.4.2. Effect of CNFs & MCNFs on cell morphology  

Changes in cell morphology can predict alteration in cell integrity, survival, 

adhesion, and genetic alterations following treatment. Therefore, a morphology study 

was conducted to compare the effect of CNFs & MCNFs on EFCs shapes following 48 

hours of treatment. The morphology of the cells was studied following treatment of 

CNFs or MCNFs at a concentration of 50 μg/mL & 100 μg/mL on EFCs. Generally, as 

seen in Figure 13, CNFs & MCNFs at concentration 100 μg/mL induced the most 

Figure 12. Effect of CNFs & MCNFs the on metabolic activity of embryonic 

fibroblasts cell line. The cells were treated at (5, 15,30,50,70,100) μg/mL concentration 

of CNFs or MCNFs and cellular proliferation was assessed after 48 hours of treatment. 

Values are expressed as percentage of treatment relative to the control (Mean ± SEM; 

n=3x3). One-way ANOVA followed by Tukey’s test were used to compare the 

treatment groups and the data considered a statistical significance when P-value <0.05 

compared to the control. (* p<0.0001) 
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significant morphological changes. Cells exposed to CNFs at 100 μg/mL showed the 

highest cell death (Floating) as compared to both control and MCNFs. Furthermore, 

both CNFs and MCNFs exposed cells have less cell-cell adhesion comparing to control. 

However, the magnitude of difference observed was not that significant in CNFs & 

MCNFs treated cells at 50 μg/mL as compared to controls. 

 

Figure 13. Effect of CNFs & MCNFs on embryonic fibroblast cells morphology at 50 

μg/ml & 100 μg/ml. Images were taken at a magnification scale of 10 X and a diameter 

of 100 μm following 48 hours of treatment. 
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3.4.3. Cell cycle analysis 

This experiment was performed to study the effects of CNFs & MCNFs on cell 

cycle progression in embryonic fibroblast cells. A flow cytometer is employed to 

quantify the DNA content in each phase of the cell cycle. Generally, the obtaining 

figures demonstrate three peaks that are assigned to the DNA present in each phase. 

 Both treatments affect the cell cycle pattern. Our results showed that on contrary to 

MCNFs (10.6±0.56%, P>0.05), only CNFs induced a statistically significant cell cycle 

arrest in the sub G0 phase of the cell cycle in embryonic fibroblast cells (17.1± 0.70%, 

p<0.01) after 48 hours of exposure as compared to control (9.1±0.42%). Furthermore, 

a statistically significant cell cycle inhibition in the G1/G0 phase was also noticed after 

treatment with CNFs, while MCNFs failed to trigger a significant reduction in the 

G1/G0 phase (51.85± 1.62%, p<0.01and 65.45±0.91%, p>0.05) as compared to the 

control (68.75± 2.75%). Additionally, CNFs treatment results in significant cell cycle 

arrest in S phase ( 21.5± 1.49%, P<0.01) and G2/M phase (22.75± 1.76%, p<0.01) as 

compared to MCNFs and control (P>0.05),(Figure 14). Our data demonstrate that 

MCNFs inhibited apoptosis in normal EFCs, indicating MCNFs to have a non-toxic 

role 
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3.4.4. Effect of CNFs & MCNFs on the expression of MAPK & BCL-2 

pathways on embryonic fibroblast cells 

Herein, we explored the expression patterns of the main pro-apoptotic and 

apoptotic genes in CNFs and MCNFs-exposed embryonic fibroblast cells in 

comparison with their matched control (unexposed) cells. The western blot analysis 

showed a positive increase in BAX and downregulation of BCL-2 in the cells exposed 

with CNFs; meanwhile, MCNFs treated cells showed a significant decrease in BAX 

and up-regulation BCL-2 ratio as compared to the control (Figure 15). Thus, suggesting 

that MCNFs play a protective role against apoptosis in embryonic fibroblast cells by 

blocking the Bcl-2/Bax/ signaling pathway. 

Among the crucial Mitogen-activated protein Kinase (MAPK) family members; 

extracellular signal-regulated kinases (ERKs) that are important for cell survival; while 

c-Jun N-terminal kinases (JNKs) play a crucial role in death receptor-initiated extrinsic 

and mitochondrial intrinsic apoptotic pathways  (144). Regarding the underlying 

Figure 14. Cell cycle analysis by flow cytometer of embryonic fibroblast cells. A) 

forward scatter (FSC) and side scatter (SSC) demonstrated by flow cytometry, B) single 

cells were gated based on their area and height on the e the forward scatter in order to 

exclude doublets, C) Percentage of cells in G1/G0, S, and G2/M phases, D) Cell cycle 

phases were quantified, and results are presented as the Mean ± SEM. Statistical 

analysis was performed using one-way analysis of variance (ANOVA). Tukey’s post-

hoc test was performed to compare treatment groups and results were considered as 

*statistically significant when p<0.05 compared to the control. 
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molecular pathways of the outcome of CNFs and MCNFs on embryonic fibroblast cells, 

we assumed that the (MAPK) family members including ERK1/2  and  (JNK) could 

play major roles in regulating these events; therefore, the expression patterns of 

ERK1/2, p-ERK1/2 and JNK1/2/3 were analyzed.  

As showed in Figure 15, western blot analysis showed that total ERK 1/2 were 

overexpressed in CNFs and MCNFs exposed embryonic fibroblast cells; whereas both 

nanofibers treated embryonic fibroblast cells exhibit low activation of phospho-ERK 

expression as compared to control. However, regarding the ratio of p-ERK/total ERK 

both CNFs and MCNFs treated cells showed a statistically significant lower ratio as 

compared to control (P<0.01, P<0.001, respectively) (Figure 15 C). Similarly, total 

JNK1/2 was up regulated in CNFs treated embryonic fibroblast cells; while it was 

downregulated in MCNFs treated embryonic fibroblast cells.  
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Figure 15. Protein expression and molecular mechanisms of CNFs and MCNFs 

inhibitory actions in normal embryonic fibroblast cells. A) Western blots representing 

protein expressions in cells treated with only media as control, CNFs, and MCNFs at 

50 μg/mL concentrations for 48 hours. (B) Quantification of protein expression 

expressed as fold change of the control. (C) Ratio quantification of band densities of 

Phosho-ERK/Total ERK (C). Values were normalized based on the housekeeping 

protein β-actin. The results are presented as the Mean ± SEM. 
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3.5. The impact of CNFs & MCNFs on the normal development of Drosophila 

melanogaster  

To confirm our toxicity data of CNFs and MCNFs on embryogenesis. We 

extended our investigation and studied the fabricated CNFs & MCNFs on the 

“Drosophila melanogaster” model.  As described in the method section, we divided the 

female flies into 3 groups where they either supplemented with 50 µg/mL CNFs mixed 

with Lysogeny broth medium or 50 µg/mL MCNFs Lysogeny broth medium or only 

Lysogeny broth medium “control” as shown in Figure 16 (A and B). The number of 

dead flies was recorded twice every day for four weeks and mean survival was 

calculated. It was found that the mean lifespan of control female flies was 23.78 ±0.439 

days, whereas that of CNFs and MCNFs supplemented female flies was (9.8±0.074, 

15.09±0.135 days, P<0.0001, respectively) (Figure 16 C). Magnificently, these findings 

are consistent with our embryogenesis data where it is quite clear that MCNFs have less 

mortality effect and significantly higher survival probability on D. melanogaster 

compared to CNFs (P<0.0001).  
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Figure 16. (A) Effect of 50 µg/mL CNFs & MCNFs oral administration on female flies’ 

viability in D. melanogaster as compared to their matched control. (B) microscopic 

image of female fly of D. melanogaster. (C) Kaplan mier survival curve of CNFs and 

MCNFs supplemented flies. Both CNFs and MCNFs considerably reduced the survival 

percentage of exposed flies compared to their control (P<0.0001). Additionally, flies 

supplemented with MCNFs exhibit significantly reduced mortality events as compared 

to the CNFs administered flies (p<0.0001). 

 



  

63 

 

 

CHAPTER 4: DISCUSSION 

To date, there are no general guidelines for the evaluation of CNFs potential 

toxicity, mainly due to the lack of sizeable reference material (145). Although, CNFs 

showed a great and promising contribution to the biomedical applications as in tissue 

engineering and drug delivery applications (22,31,33,34,63,64,146); however, reports 

regarding their toxicity are conflicting as well as their low dispersibility hinders their 

clinical application (75). Furthermore, the majority of published works have mainly 

focused on inhalation toxicity (76,79,145,147). In this regard, CNFs pharyngeal 

aspiration in mice resulted in higher events of K-ras oncogene mutation in the lungs 

within one-year of exposure (148). On the other hand, tissue engineering applications 

mediated by CNFs in-vivo suggest that CNFs toxicity is relatively low 

(69,136,149,150). Nevertheless, there is a shortage of validated data on the potential 

toxicity of CNFs during the early embryonic stages of vertebrate development.  

On other hand, (MSNPs) were proposed as matrices for improving the apparent 

solubility and dissolution rate for several drugs and compounds (151,152) and are 

considered suitable and biocompatible for in-vivo use (153,154). However, a few in-

vitro and in-vivo studies have reported the toxicity of MSNs in conjunction with human 

health (155–158). An in-vivo study by Huang et al., (2010) using xenograft mice models 

revealed that MSNs contribute in promoting human malignant melanoma progression 

(159). Conversely, several reports demonstrate that MSNs alone does not affect tumor 

growth using xenografted mice with human pancreatic, squamous, and breast cancer 

(PANC-1, KB-31, and  MCF7, respectively), but chemotherapeutic loaded MSNs 

displayed a synergistic effect on tumor suppression(160–162). Studies using zebrafish 
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embryos revealed that MSNs demonstrate an efficient delivery of drug molecules 

without increasing the immune response as well as showed no adverse effects on their 

survival or development (163). Additionally, mesoporous silica in synthesized core-

shell magnetic microsphere displayed overall mild acute toxicity with normal 

locomotion behavior, and no teratogenicity was observed in zebrafish embryos (164). 

Furthermore, to the best of our knowledge, the influence of MSNs on different 

vertebrate embryonic development has not been sufficiently studied. Thus, in this 

regard, we attempted to enhance the biocompatibility and safety of CNFs by coating it 

with a mesoporous silica layer and then, investigated their toxic effect compared to 

conventional CNFs on vertebrate embryonic development using the chicken embryo 

model.  

Interestingly, unlike previous reports we obtained a homogenous suspension of 

both nanocarbon carriers using sterile water only (safe solvent), thus, we eliminate any 

possible interfering toxic effect that may arise from the solvent. Accordingly, we 

rationalized the use of the chicken embryo model would grant a crucial perception and 

insight on the early embryogenesis and angiogenesis (165). Consequently, for the first 

time, we studied the impact of CNFs and MCNFs on the expression patterns of a set of 

genes concerned with crucial biological events. Herein, for the first time, at studied 

concentration, we report that coating the CNFs with mesoporous silica layer results in 

less significant toxicity impact compared to the conventional CNFs in the early stage 

of embryogenesis and more significantly can inhibit the angiogenesis of the CAM, thus, 

making it an excellent nanocarrier for anticancer drug delivery applications with larger 

pore volume and profit for sustained release. We proved our data through exploring the 

effect of MCNFs treatment on crucial transcription factors and genes as compared to 
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CNFs as well as control, including FOXA-2 and MAPRE-2, contribute to cellular 

events including invasion and metastasis as well as carcinogenesis through epithelial-

mesenchymal transition (166), while RIPK-1 responsible for the inflammatory response 

and cellular death (167), and ATF-3, plays a vital role in cellular stress response and 

cell proliferation (168). In addition to INHIBA that plays a crucial role in organogenesis 

and therefore, its upregulation leads to toxic events (169). Intriguingly, we found that 

embryos treated with MCNFs have slight non-significant upregulation of several key 

regulating genes (ATF3, FOXA2, INHIBA, RPIK1) responsible for apoptosis, survival, 

proliferation compared to their control; while CNFs provoke statistically significant 

impairment of the same genes on exposed embryos as compared to their matched 

controls. Though, both CNFs & MCNFs exposed embryos demonstrate considerable 

over-expression of MAPRE2 genes as compared to their controls. Our data were 

consistent with previous recent in-vitro studies exploring the mono-effect of 

mesoporous silica nanoparticles on ATF3 and FOXA2 genes (170–172). On the 

contrary, both MCNFs and CNFs-treated embryonic tissues exhibit significant 

downregulation of SERPINA4 and VEGF-C genes as compared to their control tissues. 

SERPINA4 gene has been previously demonstrated to be accompanied with septic 

shock, hypertension, cardiovascular neoplasia events in animals (173); whereas VEGF-

C plays a role in blood vessel development and lymphatic system (174). Interestingly, 

various CNMs (fullerenes, multiwalled CNTs, and graphene) were analyzed for their 

anti-angiogenic effect using the CAM model; they showed larger potency in 

angiogenesis inhibition when linked to VEGF compared to fibroblast growth factors 

(FGF) in the CAM model (175). Conversely, another study (graphene and carbon nano-

diamonds) proved to prevent angiogenesis via basal FGF downregulation; whereas they 
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did not influence VEGF-C expression (106). Our study shows that both CNFs & 

MCNFs inhibit angiogenesis in treated CAM models which could be through the 

downregulation of VEGF-C. In our study, MCNFs exposure led to significant 

impairment of blood vessels formation of the CAM 48-hours post-treatment as 

compared to CNFs and control. Consistently, a study by Leong et.al showed MSNs 

were able to abort tumor-induced angiogenesis in a size-dependent manner through 

reactive oxygen species production and P35 pathway activation (176).  

Significantly, to confirm our embryogenesis data, we explored the impact of 

CNFs and MCNFs on the normal development of the D. Melanogaster model. 

Magnificently, the obtained findings were consistent with embryogenesis results, 

whereas MCNFs prolong the lifespan of D. Melanogaster by 54% comparing to CNFs 

supplemented flies. However, both nanocarriers demonstrate notable toxicity as 

compared to control. A previous report showed that chronic exposure of D. 

Melanogaster to 100 μg/ml of CNFs showed no significant developmental toxicity 

compared to a higher dose (1000 μg/ml); nevertheless, CNFs triggered the activation 

of the antioxidant defense system due to reactive oxygen species production (130). In 

this regard, it has been reported that the toxicity of CNFs is attributed to several factors 

that encompass: surface functionalization, purity, dimension, and chemical structures; 

as it is believed that larger forms of CNFs exhibit more cytotoxicity than its 

corresponding smaller and thinner forms (82). 

While whole animal toxicology investigations are crucial in terms of 

introducing new issues of bioavailability and function. However, cellular assays in 

nanotoxicology studies are important to be employed to isolate and identify important 

biochemical toxicity pathways. Firstly, CNFs have displayed a more negative impact 
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on overall activity in reducing cell viability in embryonic fibroblast cells than MCNFs 

and CNFs.  

Furthermore, our study revealed that, compared to the control and MCNFs, 

CNFs significantly dysregulated cell cycle of EFCs, while MCNFs did not display any 

significant cell cycle deregulation. This effect of MCNFs may be caused due to the 

early cell entry into the S phase, indicating MCNFs to be less toxic. Moreover, as 

compared to control and CNFs, MCNFs reduce apoptosis in the EFC line model, thus, 

implicating a protective role for mesoporous silica on normal cells. Therefore, we 

analyzed the mitochondrial apoptosis regulators of Bcl-2 family (Bcl-2 and Bax) (177). 

As compared to control, we found that MCNFs significantly reduce the Bax/Bcl-2 ratio 

in comparison to CNFs that significantly increase Bax/Bcl-2 ratio, thus, indicating that 

MCNFs can play a role in preventing apoptotic cell death through the intrinsic 

mitochondrial pathway. Consistent with our findings, Huang et al., found the MSNs 

cause upregulation of Bcl-2  (159). Furthermore, reduction in Bax expression indicates 

that MCNFs inhibit apoptosis and deregulate Bcl2/Bax-regulated cell death through 

JNK inactivation, as demonstrated in our study. Furthermore, inhibition in apoptotic 

activity in MCNFs-treated cells was confirmed by analyzing the expression of the ERK 

pathway. Our data are in concordance with previous studies, which revealed that loss 

of ERK activity is associated with downregulation of Bax along with upregulated 

expression of antiapoptotic members, such as Bcl-2 (178,179). We found that p-

ERK1/2: total ERK1/2 was considerably downregulated in MCNFs treated cells as 

compared to CNFs exposed cells and control; concordant with a previous study that 

suggests that MSNs inhibits activation of MAPKs, further, decreasing toxicity and pro-

inflammatory cytokines expression (180). However, some studies suggest that ERK1/2 
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activation contributes to the appropriate development of fetal lung (181). More 

interestingly, Studies revealed that ERK2 is essential for embryonic development and 

its deficiency leads to developmental defects of the placenta; while ERK1 deficient has 

no deterious effect mice (182,183). ERK/MAPK signaling pathway regulates several 

cellular processes including cell proliferation, differentiation, survival, and apoptosis 

(184). Previous studies indicated that inactivation of the ERK pathway causes arrest in 

the G1 phase (185,186). This is concordant with our data, where CNFs and MCNFs-

treated cells exhibited reduced ERK activity with a decrease in the G0/G1 phase of the 

cell cycle. Our results are in concordance with the previous studies, which showed that 

the inactivation of JNK and a loss of ERK expression further results in the inhibition 

of apoptosis. Inhibition of JNKs improves chemotherapy-induced inhibition of cancer 

cell growth (187–189). Intriguingly, we also noticed a slight downregulation of total 

JNKs in MCNFs treated cells; while, on other hand, CNFs cause upregulation of 

JNK1/2 as compared to control (190). Therefore, MCNFs could offer a promising 

nanoplatform for cancer therapy applications.  

To summarize, our study reveals, for the first time, that MCNFs has 

significantly less toxic effect on the early onset of embryogenesis and high anti-

angiogenic effect; whereas it fails to cause significant deregulation of these controller 

genes (ATF3, FOXA2, MAPRE-2, INHIBA, RIPK-1) as compared to CNFs, 

Furthermore, MCNFs showed more considerable downregulation of (SERPINA-4 and 

VEGFC)  genes as compared to CNF. These genes are involved in the normal 

development of the embryo that are responsible for survival, apoptosis, cell 

proliferation, mitosis, organogenesis and angiogenesis. On contrary to CNFs, our 

findings revealed that MCNFs cause notably downregulation of active ERK/total ERK 
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ratio, BaX/BCL-2 ratio & total JNK, as result, it may lead to shield from cell apoptosis 

and toxicity.  
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CHAPTER 5: CONCLUSION AND FUTURE PROSPECTS 

5.1. Significance of this work: 

This investigation aimed to introduce a novel promising safe nanocarrier for 

cancer therapy by significantly decrease the carbon nanofiber (CNFs) toxicity during 

the embryogenesis through coating it with mesoporous silica layer (MCNFs).  

Due to the increasing number of patients, especially cancer patients, the need 

for safe drug carriers has grown to deliver the therapeutic agents to the intended tissues 

only. This ensures a higher efficacy with minimal side effects. Currently, the majority 

of the discovered drug carrier exhibit several limitations, such as toxicity and poor 

biocompatibility that have a serious negative impact on the patient’s health. These 

limitations emphasize the urgent need to discover novel safe and biocompatible drug-

cargo to enhance chemotherapeutic efficiency.   

CNFs showed outstanding and promising contributions in biomedical 

applications, including chemotherapy delivery and tissue engineering applications. 

However, the lack of consistent evidence about their toxicity hinders their clinical 

application. In this investigation, we carried out a serial of extensive comparative in-

vivo and in-vitro studies to measure the toxicity of the conventional CNFs and the novel 

MCNFs. Consistently, the significant decrease of CNFs cytotoxicity was confirmed 

through our novel approach MCNFs using two different in-vivo models namely; Avian 

embryo and wild type of Drosophila Melanogaster (fruit flies). Furthermore, we 

discovered that our novel MCNFs interfere with angiogenesis which is a major source 

of nutrients, oxygen, and progression of cancer. Today, treatment strategies aimed 

toward minimizing the number of chemotherapy agents and dosing frequencies, 

MCNFs offer a potential promising safer nanocarrier for sustained chemotherapeutics 
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delivery with the advantage of the anticancer combinatory effect. 

Besides chemotherapy delivery application, MCNFs is highly expected to play 

important role in tissue engineering application. CNFs found to improve the structural 

stability, mechanical strength, and conductivity of the matrix. Thus, they fasten the 

fractured bone's healing process (191). However, several reports demonstrate that CNFs 

mediated tissue engineering showed mild toxicity (69,77,192). Interestingly, MSNs 

have showed also beneficial characteristics for bone tissue engineering due to their low 

cytotoxicity, cost effectiveness, biocompatibility, and high porosity (193). Thus, 

MCNFs is expected to have superior the ability to deliver the small biomolecules 

simultaneously in sustained controlled and essential minerals lead to encourage bone 

cell growth without triggering immune response. Therefore, make them more 

appropriate, safe and biocompatible scaffolds. 
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5.2. Conclusion: 

Implementation of carbon nanofibers (CNFs) in biomedical applications has 

successful outcomes, however, they are still considered as a potential hazard. we 

demonstrate that chicken embryo exposure to CNFs leads to significant adverse effects 

on the early onset of their normal development. At studied concentration, CNFs were 

able to cause significant mortality in embryos; meanwhile, they inhibit the angiogenesis 

of the CAM. Consequently, we revealed that the mechanism of CNFs toxicity is mainly 

due to the deregulation of key controller genes that are responsible for vital biological 

events during embryogenesis. However, we should highlight that various forms of 

CNFs with diverse purities and morphologies as well as different concentrations, 

exposure, dispersion, and characterization may be behind the lack of reliable CNFs 

toxicity studies. Interestingly, in an attempt to discover a new strategy to alleviate CNFs 

toxicity, for the first time, we coat the CNFs surface with a mesoporous silica layer and 

introduce it as a promising hit to control the CNFs toxicity.  Our data shows that coating 

CNFs with mesoporous silica layer result in a significant reduction in the toxicity of 

CNFs in embryogenesis as well as the angiogenesis of the CAM. Contrary to CNFs, we 

revealed that MCNFs have no adverse effect on the regulation of several controller 

genes (ATF3, RIPIK1, FOXA2, INHIBA) that regulate the major biological events 

during embryogenesis. This study showed that MCNFs displayed a less significant 

impact on cell proliferation and morphology of embryonic fibroblast cells as compared 

to CNFs. Additionally, contrary to CNFs, MCNFs failed to induce a statistically 

significant arrest of EFCs in any cell cycle phases. While, CNFs arrested EFCs at sub-

G0, S, and G2/M phases. This study reveals a substantial therapeutic potential by 

demonstrating cell cycle deregulation in addition to the inhibition of apoptosis by 
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MCNFs in normal EFCs via ERK1/2 and JNK pathways inhibition. More importantly, 

our data demonstrate that MCNFs exposure to EFCs protects the cells from apoptosis 

via the intrinsic apoptotic pathway. 

Consistently to our findings, MCNFs significantly prolonged the lifespan of the 

D. melanogaster model as compared to CNFs.  Taken together, our data proved that 

coating CNFs with a mesoporous silica layer could offer a promising solution to 

overcome CNFs toxicity, making them potentially more biocompatible for biomedical 

applications. Thus, further in-vitro and in-vivo investigations are required to clarify the 

effect of MCNFs at a different dose or size to determine and validate the toxicity of 

MCNFs exposure. 
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5.3. Future Prospects: 

As mentioned in the previous section, several factors (size, shape, purity, and 

functionalization) influence the cytotoxicity of both CNFs and mesoporous silica 

nanoparticles. Therefore, a closer investigation of the effect of these parameters on the 

safety of these carriers is necessary. To this end, more investigations must be conducted 

using different shapes and sizes of CNFs & mesoporous materials as well as using 

smaller concentrations to reach optimum safety. It is worth mentioning, that 

mesoporous silica material has been deeply investigated as a nanocarrier, where it 

displayed a promising and excellent nano-cargo for targeted and sustained drug release. 

However, future research to delimitate the ability of the newly synthesized mesoporous 

silica carbon nanofibers in drug loading and release is mandatory. Finally, we do 

speculate that MCNFs would offer the key solution of CNFs toxicity as well as a 

potential of extraordinary promising nanocarrier that combines the unique advantages 

of CNFs and mesoporous material. This investigation opens up new avenues for 

promising translation of nanomedicines by achieving a balance between toxicity and 

biocompatibility. 
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