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 The cell scaffolds should structurally be manufactured similar to the target tissue's 
extracellular matrix. This property should be maintained until cell differentiation. For this 
purpose, in the current study, electrospun nanofiber (EN) of chitosan (Ch)/polyvinyl 
alcohol (PVA), as a tissue-friend scaffold, was fabricated by electrospinning in different 
formulations and borax was utilized as an innovative cross-linking agent to up-regulate the 
structural and biomechanical properties. The weight loss, water absorbability, structural 
stability, tensile strength and biocompatibility of borax-included and non-included ENs 
were compared. The finest morphology, weight loss, water absorbability, structural 
stability in an aqueous environment, tensile strength and cell viability were found in the 
borax-included EN containing Ch50.00%v/PVA50.00%v. Moreover, The ENs exhibited 
appropriate antibacterial properties against Gram-positive and Gram-negative bacteria. In 
conclusion, borax can be used to improve the mechanical and biocompatibility features of 
the Ch/PVA-based ENs. Furthermore, it could be suggested that borax-included Ch/PVA 
ENs can exhibit high appropriate biological properties, candidate them as an appropriate 
scaffold in the field of tissue engineering. However, in vivo trials are needed to clearly their 
side effects and advantages. 

© 2021 Urmia University. All rights reserved. 
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Introduction 
 

Tissue engineering is an interdisciplinary science in 
which the scaffolds, cells, and growth factors improve and 
accelerate the healing process in different tissues.1 
Although tissue engineering is known as a treatment-
friendly and attractive method, selecting an appropriate 
scaffold for specialized tissue or case needs more 
attention due to physicochemical and structural 
features.2-4 Based on this fact, several studies have been 
conducted to promote the scaffold's structural, 
biochemical and mechanical characteristics.5-9 Indeed, 
the main reason for using scaffold in tissue engineering is 
to mimic the native/physiological extracellular matrix 
(ECM) of tissues. Considering that the scaffolds are 
temporary structures, biocompatibility, biodegradability, 
safety (to be non-toxic), and structural integrity are 
necessary until natural ECM replacement during the 
wound healing process.10  

 

 Chitosan (Ch), a cationic linear natural polysaccharide, 
is utilized in nanofibrous scaffold fabrication due to 
appropriate biological features.11-13 The Ch-based 
nanofiber is widely used as a scaffold for tissue 
engineering purposes, including skin, bone, cartilage, 
nerve, and vascular tissue engineering.9,14-17 In this line, the 
nanofiber-based scaffolds, fabricated by electrospinning, 
topographically exhibit various features, including a high 
surface area to volume, porosity, and three-dimensional 
network, all are making them ideal candidates as scaffolds 
in tissue engineering.18 The electrospinning is the most 
common method for nanofibers fabrication due to cost-
effectiveness, easy usage, scalability, repeatability, and 
ability to produce long-length nanofibers.19 The Ch does 
not provide sufficient necessary mechanical properties in 
nanofibers production using electrospinning. Thus, it is 
usually combined with other polymers in the electro-
spinning process. In agreement with this issue, various 
polymers such as hydroxyapatite, polyethylene oxide and 
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gelatin are used to blend with Ch during electrospinning to 
prepare appropriate nanofibers.6,8,9,20,21 Among different 
blending polymers, polyvinyl alcohol (PVA), a water-
soluble synthetic polymer, is included in the electro-
spinning process as a co-blending polymer with Ch.22 

Although biodegradable polymers are used in Ch-
based scaffolds fabrication, they are not solely appropriate 
because of low resistance in the aqueous environment and 
weak mechanical strength after nanofabrication. 
Accordingly, nanofibers' resistance in aqueous 
environments such as various live tissues has improved by 
enhancing the cross-link between fibers. For this purpose, 
multiple chemicals such as genipin, glutaraldehyde vapor, 
and poly (ethylene glycol) diacrylate are used and 
reported by different researchers.23-25 However, most of 
these compounds have shown to adversely affect the 
biological systems or seeded cells when they are included 
at high levels. Moreover, long-time processing for 
fabrication is known as another disadvantage for the 
materials, as mentioned earlier. Therefore, considering the 
importance of cross-linking in the structure of electrospun 
nanofibers (ENs) and in line with this issue, borax has 
recently gained more attention. Accordingly, borax was 
successfully used as a cross-linking agent in an Arabic 
gum, gelatin scaffold,26 starch-PVA film27 and gelatin 
hydrogel.28 Although borax has been successfully used in 
the above-named materials, it is not considered in 
nanofiber-based scaffolds. Thus, in the current study, 
borax was included in ENs for the first time and different 
methodologies were used to evaluate its possible 
promoting impact on ENs.  

Based on this concept, this study aimed to fabricate 
scaffold being structurally and biologically 
appropriate/applicable in the wound healing process and 
tissue engineering.  

 
Materials and Methods 
 

Chemicals. Low molecular weight Ch with 75.00% 
deacetylation (Sigma-Aldrich, Munich, Germany), PVA 
(Mw: 72,000 g mol-1, hydrolysis ≥ 98.00%), di-sodium 
tetraborate (Borax), 100% acetic acid (glacial), and 
absolute ethanol (Merck, Darmstadt, Germany) without 
purification were used in this study. Fibroblast cell line 
(NCBI code: c147) was purchased from Pasteur Institute of 
Iran (Tehran, Iran), and culture media (RPMI 1640 and 
FBS; Thermo Fisher Scientific, Waltham, USA) were 
obtained from Bioidea Company (Tehran, Iran). The MTT 
assay kit from DNAbiotech Co. (Tehran, Iran) was also used. 

Preparation of electrospinning solutions. The 
aqueous solutions of Ch (2.00% wt) and PVA (10.00% wt) 
were prepared separately. A 0.50 M solutions of acetic acid 
and distilled water were used as solvents. The solutions 
were mixed in different concentrations: Ch30.00%/ 
PVA70.00%: Ch/PVA1,  Ch40.00%/PVA60.00%: Ch/PVA2, 
 

 Ch50.00%/PVA50.00%: Ch/PVA3, Ch60.00%/PVA40.00%: 
Ch/PVA4 and Ch70.00%/ PVA30.00%: Ch/PVA5. The mixed 
solutions were centrifuged and stored overnight to remove 
the air bubbles. 

Electrospinning conditions. Electrospinning was 
carried out using a 5.00 mL syringe and needle with an 
internal diameter of 0.514 mm. An aluminum foil-coated 
rotary plate was used as a collector. The distance between 
the collector and needle was about 10.00 cm, and the 
supplementary voltage was set at 20.00 kV. Rotation speed 
was regulated at 50 rpm, and the injection rate was 8.00 
µL per min. The ENs were spun in about 48 hr. Finally, the 
prepared ENs were separated from foil and dried in a 
vacuum oven at 50.00 ˚C. 

Cross-linking of ENs. For induction of a cross-linking 
reaction in the ENs, a mixture of borax in ethanol (1.00% 
wt) was prepared. The fabricated ENs were immersed in 
the borax solution, maintained for 10 min at room 
temperature, washed several times with ethanol, and 
dried samples were obtained after the vacuum drying 
process. The borax-included ENs were marked with the 
letter B. 

Field emission scanning electron microscopy 
(FESEM). The FESEM (Nova NanoSEM 450; FEI Co., 
Hillsboro, USA) was used to analyze the morphology of 
ENs. The average diameter of fibers was evaluated on 
FESEM images using Digimizer software (version v5.3.5; 
MedCalc Software Ltd., Ostend, Belgium). Accordingly, the 
diameter of 30 fibers was measured randomly.  

Weight loss, water absorbability, and structural 
stability in the aqueous environment determinations. 
To determine the weight loss, the ENs were placed into 
phosphate-buffered saline (PBS; pH 7.40) solution at room 
temperature. Weight loss test was performed by 
immersing the exact weight of ENs (1.50 cm2) in a buffer 
solution, removing from buffer solution, and weighing 
after drying in a vacuum oven. The weight loss was 
calculated based on the initial dry weight (Wi) and final 
dry weight (Wf) using the equation (1). Water 
absorbability was calculated (according to equation (2)) 
similar to the weight loss test, except that the ENs were 
weighted after removing the surface water with filter 
paper (Ws). For each sample, three replicates were 
considered.29 Moreover, to evaluate the structural stability 
in an aqueous environment, the ENs were placed in a PBS, 
and after 1, 3, and 7 days, the ENs were dissected out, 
dried, and processed for FESEM.30 

(1) Weight loss (%)=[(Wi-Wf)/Wi]×100  

(2) Water absorbability (%)=[(Ws-Wi)/Wi]×100 

Tensile strength. The ENs were cut into dumbbell 
shapes with a specific size (1.00 × 5.00 cm) and stored in 
constant conditions for 24 hr. To evaluating the tensile 
strength, the texture analyzer machine (TA-XT plus; Stable 
Micro Systems, Godalming, UK) was used with a load cell 
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of 5.00 N and a velocity of 10 mm per min. The average 
values of three experiments for each sample were 
obtained and compared.31 

Antibacterial property test. Escherichia coli (ATCC 
25922), Staphylococcus aureus (ATCC 25923), and 
Pseudomonas aeruginosa (ATCC 27853) were obtained 
from Persian Type Culture Collection (Tehran, Iran). 
According to the guidelines of the Clinical and Laboratory 
Standards Institute, the antibacterial activities of ENs 
against the mentioned strains were evaluated using the 
parallel streak method (AATCC 147). For this purpose, the 
bacteria were cultured aerobically in tryptic soy broth 
(TSB; Laboratories CONDA, Madrid, Spain) at 37.00 °C for 
18 hr. The culture solution was diluted with TSB (6 × 107 
CFU mL-1) by a turbid metric method at 550 nm 
wavelengths using a UV-spectrophotometer (UNICO, 
Shanghai, China). Plate count agar (PCA) and 2-3-5-
triphenyl-2H-tetrazolium chloride (Laboratories CONDA, 
Madrid, Spain) were autoclaved and poured into 60.00 
mm diameter Petri dishes. One loopful of bacterial dilution 
was streaked on the PCA in five parallel lines. The ENs 
were cut into 2.50 × 5.00 cm pieces and placed 
transversely across the five lines streaked previously on 
the plates. Plates were incubated at 37.00 °C for 24 hr, and 
interruption of the growth line under the mats was 
evaluated. For the control group, sterile cotton gauze was 
placed on the agar, exactly like mats.32 

Cell culture, cell seeding, and MTT assay. Mouse 
fibroblast cell line was cultured with RPMI 1640 and 
10% FBS in a culture flask. For obtaining an appropriate 
cell population, the culture medium was exchanged 
every three days (3x). After nine days (3x changes), 
previously sterilized (UV radiation for 15 min)/resized 
(1.00 cm2), ENs were placed in each well of the 24-well 
plate. Next, 15,000 to 20,000 cells were used for the 
seeding process. An equal amount of the culture 
medium was considered in each well, and plates were 
incubated (at 37.00 °C and 5.00% CO2; Memmert, 
Schwabach, Germany) for the designated period. For 
assessing the biocompatibility and possible cytotoxicity 
of ENs, the viability ratios of the seeded cells were 
evaluated by MTT test at 12, 24, 48, and 72 hr after the 
cell seeding process. For this purpose, 10.00 µL of 
reconstituted MTT solution was added to each well 
containing 100.00 µL of culture medium and 15,000-
20,000 seeded cells. After that, the wells were returned 
to the incubator (37.00 °C and 5.00% Co2) for 2 hr. Next, 
100.00 µL of detergent reagent (equal volume to culture 
medium) was added to each well. The substrate and 
background absorbance ratios were recorded by ELISA 
reader at 570 nm and 690 nm, respectively.  

For cell viability calculation, the averages of 
duplicate sample absorbance ratios were included in 
the formula as follows: 

Cytotoxicity %=[ 100 ×(Control – Sample)] / Control 

 

 Statistical analysis. The statistical analyses were 
performed using SPSS (version 23.00;  IBM Corp., Armonk, 
USA) software. One-way analysis of variance with Tukey 
post hoc test was used. The p-value of less than 0.05 was 
considered statistically significant. Data values are 
represented as mean ± SD, and triplicated samples were 
evaluated for each group and period. 

 
Results 
 

Field emission scanning electron microscopy 
observations. The nanofibers of Ch/PVA1, an EN with the 
lowest Ch, represented a rough surface, slight broadening, 
and irregular fiber orientation. However, increasing Ch 
percentage could successfully improve the properties 
mentioned above. Accordingly, by increasing Ch 
percentage (40.00%-50.00%), the nanofibers were 
oriented in a proper alignment. They represented smooth 
surfaces as well as uniform thicknesses. 

In contrast, nanofibers' thickness increased to about 
1200 nm, and the vast size distribution of fibers was 
revealed when > 50.00% of Ch was included. Therefore, 
Ch/PVA5 EN was excluded from the study due to non-
nanoscale characteristics. The borax included ENs 
presented a remarkable cross-link between fibers (Fig. 1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 1.  Field emission scanning electron microscopy images of 
chitosan/polyvinyl alcohol (Ch/PVA) electrospun nanofibers 
(ENs). A) Ch/PVA1; B) Ch/PVA2; C) Ch/PVA3; D) Ch/PVA4; E) 
Ch/PVA5; F) Ch/PVA3 borax included EN, (Scale bars=1 µm). 
 

Weight loss, water absorbability, and structural 
stability. The weight loss ratio was increased in ENs in a 
time-dependent manner (Figs. 2A and 2B). ENs weight 
was maintained based on increasing Ch concentration. 
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The borax-included ENs exhibited high stability against 
hydrolysis compared to the non-included ones (Fig. 2C). 
The results for the water absorbability ratio are 
presented in Figures 2D-2F. All ENs exhibited significant 
water absorbability, and the water absorbability was 
increased by increasing the Ch concentration. Figures 2D 
and 2E are explaining the time-dependent changes in 
water absorption trend for borax-included and non-
included ENs. Figure 2F represents data to understand 
better the water absorbability of Ch/PVA3 ENs with and 
without borax at corresponding periods. The borax-
included ENs represent higher water absorbability 
compared to non-included ones. The Ch/ PVA1 and 
  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Ch/PVA1B ENs were rapidly broken down when 
immersed in the PBS. Therefore, the results for these ENs 
are not included in the graphs.  

For further investigation, the effect of borax on ENs 
structural stability, the weight loss test was considered for 
Ch/PVA3 as an EN without borax and Ch/PVA3B as an EN 
with borax in different periods using FESEM. The FESEM 
images are presented in Figure 3. As shown, when the 
specimen Ch/PVA3 was subjected to a PBS for one day, the 
EN lost its fibrous structure. Likewise, this phenomenon 
was observed on the third and seventh days after 
immersing in PBS. In contrast, the Ch/PVA3B ENs 
represented surface and shape stability. 

 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2. Weight loss percentages of borax-non-included (A), and borax-included electrospun nanofibers (ENs) (B), at different times are 
compared. Also, the comparison of weight loss in borax-included and non-included ENs at different periods is presented (C). Furthermore, 
changes in water absorbability at different periods in non-borax-included (D), borax-included (E), and comparison of water absorbability 
in borax-included and non-borax-included ENs (Ch/PVA3B and Ch/PVA3, respectively) at different periods are shown (F). Ch/PVA: 
Chitosan/polyvinyl alcohol; B: Borax. 
*#† Different symbols are indicating significant differences at a corresponding time among ENs (p < 0.05).  
 

Fig. 3.  Field emission scanning electron microscopy of degraded borax-non-included (non-cross-linked) and borax-included (cross-
linked) ENs in phosphate-buffered solution at different times. (Scale bars=1 µm). 
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Tensile strength test. As a preliminary finding, the 
tensile strength of borax-included samples with 
appropriate cross-linkage was significantly higher than 
non-included ones. Meanwhile, the tensile strength was 
diminished when Ch was included more than 50.00%v. 
Accordingly, the Ch/PVA4 sample exhibited a weakened 
tensile strength versus Ch/PVA3 due to nanofibers' non-
uniformity (Fig. 4). 

MTT assay. The MTT assay represented diminished 
cell viability 12 hr after seeding in borax-included and 
non-included ENs. Meanwhile, this situation was 
compensated time-dependently. Accordingly, the borax-
included ENs represented a significant enhancement in 
cell viability 24 and 48 hr after seeding. Finally, the borax-
included ENs represented remarkably higher cell viability 
compared to non-included ones (Fig. 5). 

 
 

 
 
 
 
 
 
 
 
 

 
 

Fig. 4. Stress-strain curves of borax-included (B) and non-included 
chitosan (Ch)/polyvinyl alcohol (PVA) electrospun nanofibers. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5.  MTT test for the viability determination of seeded cells on 
borax-included (cross-linked) and non-included (non-cross-
linked) electrospun nanofibers (ENs) at different times. Different 
symbols are indicating significant differences at a corresponding 
time among ENs (p < 0.05).  
 

Antibacterial test. The results of antibacterial activity 
are presented in Figure 6. All EN types (borax- included 
and non-included) inhibited three bacterial species 
growth. This inhibition was limited to the contact 
 
 
 
 
 
 

 surface between ENs and the bacteria. In contrast, 
complete bacterial growth was revealed under sterile 
gauze in the control group. These findings approved the 
antibacterial effect of ENs. 

 
Discussion 
 

The structural characteristics, including diameter, 
orientation, and shape of fibers, are known as the 
elementary and the most critical factors regarding ENs as 
a scaffold. The ECM is a natural scaffold containing fibers 
at a nanoscale diameter. It represents a well-oriented 
network produced by collagen fibers.33 Therefore, the 
production and fabrication of an EN with the same 
characteristics will enhance its quality and applicability. 
In the present study, to mimic the produced ENs with 
natural ECM, different Ch/PVA formulations were used in 
the ENs fabrication process. Both Ch/PVA2 and Ch/PVA3 
ENs represented well-oriented nanofibers with an 
appropriate diameter and shape compared to other 
formulations. In a study by Naghavi Alhosseini et al., the 
Ch and PVA were formulated as Ch 25.00%v/PVA 
75.00%v. The ENs from this concentration represented 
nanofibers with irregular orientation, non-uniform 
shape, and high fiber diameter (300 - 500 nm).14 
Meanwhile, in the current study, Ch 50.00%v/PVA 
50.00%v (Ch/PVA3) resulted in a uniform shape and 
lower diameter (105 nm). Comparing with others, the 
Ch/PVA2 and Ch/PVA3 ENs exhibited better uniformity 
in diameter, shape, and alignment. 34-39 According to 
these data, the Ch/PVA2 and Ch/PVA3 ENs represent 
acceptable characteristics versus other formulations 
and types and could be considered ENs with higher 
similarity to ECM.  

It is well-known that ECM as a developed tissue 
provides a microenvironment that its cellular population 
can migrate, proliferate and differentiate to various cell 
types freely. Thus, the scaffold, in turn, based on its 
structure, resistance against hydrolysis, and mechanical 
strength, should mimic the same situation.40 In the above-
noted studies, the Ch/PVA ENs were fabricated and used 
without testing their structural stability in an aqueous 
environment. Therefore, structural stability remains a 
primary unknown subject. In line with this issue, the 
structural stability of ENs was analyzed in the current 
study. According to our findings, none of the Ch/PVA ENs 
represented stability in the aqueous environment. To 
better understand why stability is essential in medication, 
it should be noted that ENs scaffold designed to mimic the 
native/physiological ECM. Among different synthetic 
scaffolds properties, their cross-linkage is known as a 
factor remarkably affecting the biomechanical 
characteristics. Indeed, the appropriate/acceptable cross-
linking between nanofibers improves the ENs hydrolysis 
resistance and mechanical strength.25 
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Therefore, to obtain appropriate hydrolysis resistance 

and structural stability in an aqueous environment and 
improve mechanical strength, borax was included as a 
cross-linking agent in the ENs formulation in the current 
study. Based on the acceptable diameter, orientation, and 
shape of fibers in Ch/PVA2 and Ch/PVA3, these ENs were 
selected. Next, due to higher hydrolysis resistance of 
Ch/PVA3 (versus Ch/PVA2) in PBS and minding that the 
scaffolds are usually considered for long-term aims (> 7 
days),41 the Ch/PVA3 was selected for borax inclusion. 
FESEM analyses confirmed the cross-linking between the 
fibers. In this line, cross-linking ENs (borax-included) 
represented a significant improvement in hydrolysis 
resistance and biomechanical properties than the non-
cross-linking ones (non-borax-included). As it is known 
well, most ENs are used to transport and improve the 
tissue-specific cell population after in vitro cell or tissue 
culture. Therefore, the ENs stability in an aqueous 
environment enhances their applicability in medication 
systems. Based on our data, borax could induce the cross-
linking potential of fibers in ENs. This characteristic could 
enhance their application in in vitro cell culture conditions 
and tissue after possible surgical implantation. In addition 
to hydrolysis resistance, the scaffolds should contain 
individual formulations to absorb/maintain necessary 
fluids for cellular content appropriately.42 According to our 
findings, approximately all ENs (with different 
formulations) represented high water absorbability. 
However, the borax-included ENs expressed higher water 
absorbability versus non-included ones. Indeed, as 
mentioned above, the scaffolds' cellular contents need to 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

be seeded in an environment with high fluidity to exert 
better viability, proliferation, and physiological 
interactions.43 Thus, borax was found to provoke 
structural stability and water absorbability, 
simultaneously with increasing the ENs hydrolysis 
resistance. As a preliminary conclusion, increased 
hydrolysis stability and water absorbability candidate the 
borax-included ENs as an appropriate scaffold in tissue 
engineering. A higher live cell population (marked with 
MTT) approved this conclusion. Also, the applicability of 
scaffolds by operators (usually surgeons) in different 
situations and sites is one of the essential aspects of 
scaffold design. In this study, borax-included ENs 
represented proper handling and adequate mechanical 
strength compared to non-included ones.  

Microbial contamination is one of the critical problems 
in the wound healing process.44 Essential bacteria causing 
wound infection are Staphylococcus species, especially S. 
aureus, P. aeruginosa, and E. coli.45,46 Moreover, in tissue 
engineering, the possibility of contamination increases due 
to the cell seeding process on the scaffold. In this line, in 
several studies, nanoparticles (especially silver) have been 
used to enhance the antibacterial properties of ENs.47,48 
For instance, Abdelgawad et al. have loaded silver 
nanoparticles to Ch/PVA ENs to improve their anti-
bacterial activity against E. coli.34 Although silver 
nanoparticles are known for their antibacterial properties, 
these nanoparticles can induce mitochondrial and DNA 
damage in somatic cells or corresponding seeded cells 
population.49 In this study, based on antibacterial and MTT 
tests, the ENs exhibited antibacterial activity against Gram- 
 

Fig. 6. Anti-bacterial activity of ENs against S. aureus, P. aeruginosa and E. coli. Bacterial growth inhibition exhibits ENs anti-bacterial 
activity in borax- included and non-included ENs. 
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positive and Gram-negative bacteria and, at the same time, 
did not affect the cellular viability. Therefore, the Ch/PVA 
ENs can exert an appropriate antibacterial effect in the 
sole form without other nano-coating processes.  

According to our findings, the EN containing 
Ch50.00%v/PVA50.00%v exerts appropriate morpho-
logical and biomechanical properties compared to other 
ENs. Furthermore, borax-included ENs were improved 
regarding biomechanical and biocompatibility properties.  

In conclusion, according to the results of fluid 
absorbance, hydrolysis resistance, structural stability in 
the aquatic environment, tensile strength, and 
antibacterial properties of ENs and based on cell viability 
analysis outcome, borax-included ENs can be considered 
as an appropriate scaffold in tissue engineering. 
However, in vivo trials are needed to clear their side 
effects and advantages. 
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