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Abstract: Extensive damage to peripheral nerves is a health problem with few therapeutic alternatives. In this 

context, the development of tissue engineering seeks to obtain materials that can help recreate environments 

conducive to cellular development and functional repair of peripheral nerves. Different hydrogels have been 

studied and presented as alternatives for future treatments to emulate the morphological characteristics of 

nerves. Along with this, other research proposes the need to incorporate electrical stimuli into treatments as 

agents that promote cell growth and differentiation; however, no precedent correlates the simultaneous effects 

of the types of hydrogel and electrical stimuli. In this research, the neural differentiation of PC12 cells we are 

evaluated, relating the effect of collagen, alginate, GelMA, and PEGDA hydrogels with electrical stimulation 

modulated in four different ways. Our results show significant correlations for different culture conditions, 

allowing us to develop new experimental schemes for new materials in peripheral nerve engineering. 
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1. Introduction 

Tissue engineering has emerged as a promising field in regenerative medicine, especially in 

restoring and replacing damaged or degenerated tissues [1]. Among body tissues, peripheral nerve 

tissue (PNT) presents a unique set of challenges and opportunities. Unlike many other tissues, the 

PNT inherently has the capacity to regenerate; however, in extensive injuries, this regeneration is 

often insufficient, resulting in persistent loss of tissue function [2]. En este contexto, el desarrollo de 

biomateriales juega un papel fundamental al establecerse como matrices extracelulares sintéticas que 

proporcionan soporte físico y señales bioquímicas suficientes para el crecimiento y la diferenciación 

de las células [3,4]. 
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Within this realm, hydrogels are desirable materials in peripheral nerve tissue engineering 

because, being highly hydrated and permeable, they closely mimic the viscoelastic nature of native 

tissues as the nerves [5]; in addition, such characteristics make them particularly apt for cell 

encapsulation and controlled delivery of bioactive factors, thus facilitating nerve tissue regeneration 

[6,7]. Specifically, hydrogels such as gelatin methacrylate (GelMA), polyethylene glycol diacrylate 

(PEGDA), collagen, and alginate have shown potential in nerve tissue engineering applications due 

to their biocompatibility and tunable mechanical properties [7-11]. 

However, the nerve cellular environment is not solely dictated by biochemical cues; electrical 

signals play a foundational role, where the physiological importance of two types of electrical signals 

is recognized: the low resistance intracellular signals propagated between two neurons through gap 

junctions and the electrical signals between neurons without contact between them derived from 

extracellular electric fields [12]. Numerous studies have demonstrated that electrical stimulation can 

promote cell proliferation, neurite elongation, and axonal growth direction [13-15]. Thus, combining 

biomaterials, such as the hydrogels mentioned above, with electrical stimuli might offer a synergistic 

strategy, enhancing PNT regeneration effectively. 

The present research evaluates the interaction between electrical stimulation and neural 

differentiation of PC12 cells grown on different types of hydrogels. This approach aims to relate the 

surface topographical effects of hydrogels and the variation of electrical stimulation as relevant 

parameters for the generation of future therapeutic alternatives in peripheral nerve tissue 

engineering.  

2. Materials and Methods 

2.1. Reagents. 

The reagents used in this study were; Penicillin-streptomycin (AB), horse serum (HS), fetal 

bovine serum (FBS), collagen I, rat tail, phosphate buffer saline (PBS) and modified RPMI-1640 ATCC 

(Gibco TM); porcine skin gelatin, methacrylic anhydride, 2-hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone (Irgacure), 2-hydroxy-2-methylpropiophenone (Darocur 1173), alginate, 

Poly(ethylene glycol) diacrylate (PEGDA) and Nerve Growth Factor (NGF) (Sigma-aldrich; merck 

KGaa, Germany). Other reagents were purchased for these experiments with sufficient quality. 

2.2. PC12 Cell Culture, Differentiation and Viability 

PC12 cells were cultured in RPMI-1640 ATCC modified medium supplemented with 10% HS, 

5% FBS, 100 u/ml penicillin, and 100 mg/L streptomycin. PC12 cells were maintained at 37 C, in 

humidified incubator with 5% CO2. Differentiation medium consisted of RPMI-1640 ATCC modified 

medium supplemented with 2% HS, penicillin-streptomycin 100 u/ml and 50 ng/mL NGF. The 

differentiation cell concentration was 2x105 cell/ml. Cell viability was assessed with the WST1 assay 

in 96-well plate format following standard protocol [16]. Neurite extension and percentage of neurites 

per cell were measured was performed by photographic analysis using ImageJ single neurite tracer 

system. 

2.3. Preparation of Hydrogels and Surface Modification of Culture Systems   

Collagen: For the modified protocol, the collagen solution was prepared by dissolving 1.5 mL of 

collagen (Collagen I) in 30 mL of 20 mM acetic acid. 2 mL of the solution was deposited in each well 

of the six-well plate, left to incubate for two hours and then washed three times with PBS pH 7.4 [17]. 

PEGDA: For the modified protocol, the hydrogel was prepared by mixing 1 g of PEGDA and 31 

mg of Darocur 1173 (photoinitiator), dissolved in 10 mL of HEPES. 1.5 mL of solution was deposited 

in each well of a six-well culture plate and exposed to UV radiation (0.4 joules), the wells were washed 

three times with PBS pH 7.4 [18]. 

Alginate: For the modified protocol, the hydrogels were prepared by ionic polymerization by 

mixing 800 L of an alginate solution and 1 mL of 100 M CaCl2. 2 mL of the mixture is placed in 

each well of the six-well culture dish, allowed to rest for 30 minutes and washed 3 times with PBS 
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pH 7.4. The alginate solution is prepared by dissolving 0.5 g of alginate in 50 mL of culture medium 

(RPMI 10%, HS 5% FBS, 1% AB) for a final concentration of 0.01% w/v [19]. 

GelMA: The synthesis of methacrylated gelatin (GelMA) was prepared from a modified protocol 

by reaction of gelatin with methacrylic anhydride. From a 10% (w/v) gelatin solution in PBS (pH 7.5) 

at 50° C, methacrylic anhydride was added slowly (0.2 mL/min) under vigorous stirring until a 20% 

v/v gelatin solution was formed. The resulting solution was diluted 1:2 in PBS and dialyzed for 3 

days in Milli-Q water at 40° C. The product was freeze-dried to obtain a powder in varying amounts 

[20]. Treatment of the culture surfaces was performed by dissolving 0.1 g of GelMA in 2 ml of PBS, 

plus 500 L of culture medium and 100 L of Irgacure (photoinitiator) 4:5:1, 1.5 ml of the mixture was 

deposited per well in six-well plates, and irradiated with UV 0.2 joule. 

2.4. Electrical Stimulation 

As shown in Figure 1, the electrical stimulation system consists of an arbitrary wave generator 

connected to a stimulation module composed of parallel-positioned carbon electrodes adapted for 

six-well plates. Plates previously treated with hydrogels were subjected to electrical stimulation by 

four types of stimuli, ES1 (200mV 50Hz), ES2 (400mV 50Hz), ES3 (200mV 100Hz), and ES4 (400mV 

100Hz), for two hours per day of experimentation [21,22]. 

 

Figure 1. Graphical representation of culture system and electrical stimulation in six-well plate 

format. 

2.5. AFM Measurements 

Two different AFMs were used to study the roughness and mechanical properties of four 

hydrogel solutions: Collagen, Alginate, PEGDA and GELMA. The collagen sample was measured 

using a Flex AFM (Nanosurf Inc., Switzerland), while alginate, PEGDA, and GelMA were measured 

with a NanoWizard3 (JPK, Germany). The AFM chips used for this research were qp-BioAC by 

NanoSensors (USA). These AFM chips have three different cantilevers with different elastic constants 

and dimensions.  Each cantilever has a tip radius of around 10 nm and a Uniqprobe coating that 

consists of a reflective gold layer. This coating is applied to the backside of the cantilever, which faces 

the detector. This coating helps reduce the bending of the AFM cantilever and its chemical stability 

when measuring in liquid environments. In particular, the AFM measurements were performed in a 

PBS solution.  

For the four samples, we use the same measurement protocol, which is described as follows. 

First, we use AFM tapping mode to make topographical images of the hydrogel surface [23]. Then, 

we perform force-volume spectroscopy to obtain the nanomechanical properties over the previously 

imaged region [24]. Calibration of the tip’s spring constants is made using the thermal noise method 
[25]. Force-indentation curves generated by this method are then fitted using the Hertz, model 

obtaining the surface’s Young’s modulus as a fitting parameter [26]. 
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2.6. Statistical Analysis 

The experimental design included 9 independent determinations per electrical stimulus 

condition and hydrogel type. The plotted results are represented with the mean and standard 

deviation (SD). ANOVA performed statistical tests plotted as ( p 0.05;  p 0.01 and  p0.001). 

Post-hoc Tukey multiple comparisons tests were performed to determine interactions between 

factors affecting the dependent variable [27,28]. Analysis of variances and their ratios were calculated 

by Tukey post hoc tests using OriginLab software. 

3. Results and Discussion 

3.1. PC12 Cells Viability on Hydrogels 

The viability of PC12 cells, measured by WST1 assay, shows the effect of the surfaces coated with 

the different hydrogels in independent experiments three times: 24 hours, 48 hours, and 72 hours, 

shown in figure 2 A-C, respectively. In the assay, adjusted to the number of cells, it is delivered 

without significant differences in viability for plates coated with Collagen and GelMA concerning the 

control without hydrogel. In contrast, in a second group, experiments with plates coated with 

PEGDA and Alginate show a progressive reduction of viability (75.5± 3.8% and 72.7± 3.6% at 48 hours 

and 69.8± 4.5% and 67.5± 4.7% at 72 hours respectively). For these assays, the measurement after 4 

hours of incubation of the WST1-treated cultures was used as time zero, which allows the 

establishment of an inference base better fitting the experimental conditions. 

 

Figure 2. Bar graph of cell viability levels by WST1 test. A-C represents the results of measurements 

at 24, 48 and 72 hours, respectively. 

Behavior against differentiation where it has been used in combination with polypyrrole or 

graphite to improve its electrical conductivity [29,30], as an encapsulation medium [31,32] or with 

peptide modifications to improve the PC12 differentiation process [33], similar to what occurs with 

the use of PEGDA when been combined with polyaniline and carbon nanotubes to improve electrical 

conductivity [34,35] or with polylysine to improve cell adhesion [36]. On the other hand, the viability 

of PC12 cells on GelMA is similar to what occurs with collagen, which is the reference surface for 

culturing PC12 cells [17,37] 

3.2. Differentiation of PC12 Cells: Topographical Hydrogel Characterization 

Although there are antecedents of the use of these hydrogels as a substrate for PC12 cell growth, 

the difference in the behavior of the cultures and cell viability is remarkable; in this sense, Alginate 

shows the most significant reduction in viability, with Morphological characteristics associated with 

PC12 cell differentiation were measured based on the different hydrogels used. For this assay, the 

methodology commonly used for PC12 cell differentiation was homologized, which includes 

modification of the serum composition in the culture medium, addition of NGF, and treatment of the 

culture surfaces using collagen, whereas, for the assays, the latter was exchanged for the hydrogels 

studied. Morphological changes of PC12 cell differentiation associated with neurite outgrowth 

include neurite length and the percentage of cells expressing neurites. The results show a significant 

effect of the hydrogels used on neural differentiation. Specifically, regarding neurite length, in cell 
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cultures where collagen was used, the lengths were greater on average 64.5± 7.1 mm, followed by 

GelMA 35.3± 5.7 mm, alginate 24.8± 3.4 mm and PEGDA 19.1± 4.5 mm (figure 3A). This behavior was 

not correlatable with the measurement of the percentage of cells expressing neurite, and these results 

show that for cultures with PEGDA the percentage was 80.8± 3.8%, for collagen 76.3± 4.7%, for GelMA 

64.5± 5.1%, and alginate 13.7± 2.8% (figure 3B). Among the cultures analyzed, the significant 

differences are expressed in asterisks in the bar graphs as described in materials and methods. The 

microphotographs in figure 3 C-F show typical behaviors for the different cultures analyzed in this 

study. 

 

Figure 3. Neural differentiation of PC12 cells according to topography. A. Bar graph of neurite length 

measurements. B. Bar graph of the percentage of cells expressing neurites. C-F. Representative 

microphotographs of PC12 cells in collagen, alginate, PEGDA, and GelMA, respectively. 

Cell behavior depends on the substrate surfaces' physical, chemical, and topographical 

characteristics, creating a favorable interaction dependent on the prior binding of specific serum 

proteins to the surfaces. [38,39]. In the differentiation of PC12 cells, as in other similar cell types, the 

extension of neurites is closely related to the mechanical stress and stiffness of the substrates where 

they proliferate and differentiate, affecting axonal strain. [40,41], however, these conditions show 

complex correlations where several factors influence in an indeterminate and difficult-to-predict way 

the behavior of neural development [37,42], which ends up affecting the interaction between the 

neural growth cone and the surface, which induces actin polymerization in the cytoskeleton. [43]. In 

our results, the mechanical properties determined by AFM show Young's modulus for the different 

hydrogels shown in Table 1 and figure 4.  

Considering these results, it is impossible to infer that the differences in the neural differentiation 

behavior shown in figure 3 are significantly due to the stiffness of the different hydrogels, whose 

values are in similar ranges to those reported for using hydrogels. [44,45].  

Table 1. AFM measurements of topographical parameters. 

 Collagen GelMA PEGDA Alginate 

Ra 11.4 nm 1.3 nm 1.2 nm 1.6 nm 

RMS 14.61 nm 1.6 nm 1.6 nm 2.0 

Young’s modulus (MPa) 0.96 ± 0.11 0.59 ± 0.21 4.10 ± 0.67 0.53 ± 0.03 

Roughness is another critical parameter in defining the topographical characteristics of the 

surfaces used for cell growth [46]. Roughness affects the adsorption of surface-binding proteins, 

which play an elemental role in cell adhesion [47]; however, the significant magnitude of the effects 

of changes in roughness is often evaluated in a particular way, mainly because changes in cell 
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behavior respond to multiple variables [48]. There could be a threshold or limit of roughness 

dimensions that affect the magnitude of cellular responses; in this sense, this limit would depend on 

cell types and culture conditions [49]. 

Roughness is usually measured to determine two highly relevant parameters, the average 

surface roughness (Ra) and mean-square-roughness (RMS). Ra represents the arithmetic mean of the 

absolute values of the profile height deviations from the mean line recorded within the evaluation 

length. In contrast, RMS represents the mean-square-mean of the profile height deviations from the 

mean line recorded within the evaluation length [50].  

 

Figure 4. A-D. AFM topographical image alginate, collagen, GelMA and PEGDA respectively. E-H. 

Young's modulus histograms of alginate, collagen, GelMA, and PEGDA, respectively. 

3.3. Characterization of the Electrical Conductivity of Hydrogels 

The hydrogels used in the present investigation are recognized biocompatible polymers used in 

tissue engineering and PC12 cell culture; however, there needs to be more background information 

on their comparative behavior concerning electrical conductivity. Electrical stimulation is considered 

a central element in developing biomaterials due to the different precedents demonstrating the 

relationship between the activation of different intracellular signaling pathways and the positive 

effect on cell behavior [61]. One of the critical aspects is the determination and modulation of the 

electrical conductivity of the biomaterials [62].  

In the present investigation, the electrical conductivity was determined by measuring the 

conductivity variations in a circuit connected to the culture medium as a control. The results show a 

significant reduction in electrical conductivity for all hydrogels evaluated concerning the control. 

However, the conductivity was reduced to a lesser extent in PEGDA, which showed significant 

differences concerning alginate, GelMA, and collagen hydrogels (figure 5). Hydrogels generally tend 

to have poor electrical conduction compared to culture media. Due to this, several alternatives have 

been evaluated to improve these properties through different strategies, such as chemical 

modification and doping of polymers, the addition of metallic nanoparticles, or the addition of carbon 

nanostructures. However, these alternatives modify the biological and toxicological properties, 

which could limit the use of these hydrogels. [63-67] 
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Figure 5. Bar graph of the variation of electrical conductivity in different hydrogels. 

3.4. Differentiation of PC12 Cells: Effect of Electrical Stimulation 

In the present research for the different culture systems with GelMA, collagen, alginate, and 

PEGDA hydrogels, the effect of electrical stimulation was evaluated in independent experiments 

based on described methods. The stimulation conditions correspond to; ES1 (200mV 50Hz); ES2 

(400mV 50Hz); ES3 (200mV 100Hz) and ES4 (400mV 100Hz). The results are shown separately for 

each hydrogel. 

 

Figure 6. Neural differentiation in collagen. A. Bar graph of neurite length. B. Bar graph of the 

percentage of cells expressing neurites. C-G. Representative micrographs of control, ES1, ES2, ES3 

and, ES4, respectively. (reference bar 50 m). 

Figure 6 shows the effect of electrical stimulation on neural differentiation of PC12 cells cultured 

in collagen. The results show that the length of neurites concerning the control are significantly lower 

for conditions ES1, ES2, and ES3, while for ES4, the levels are comparable (figure 6A). Regarding the 

percentage of cells expressing neurites (figure 6B), electrical stimulation does not show significant 

differences in the ES1 condition. At the same time, it is significantly lower for the ES2, ES3, and ES4 

conditions for the control. The effects on neural differentiation in PC12 cells related to electrical 

stimulation are insignificant or appear harmful when cultures are grown on collagen. This situation 
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seems to be related to the low electrical conductivity of collagen, so several reports indicate the need 

to modify the hydrogel to improve this property [68,69] 

On the other hand, the electrical stimulation results on cultures in alginate hydrogels show a 

significant increase in the length of neurites for the control, mainly associated with conditions ES3 

and ES4 (figure 7A). Regarding the percentage of cells expressing neurites, the results show that 

electrical stimulation conditions significantly favor neural differentiation, mainly associated with ES2 

and ES3 conditions (figure 7B). 

 

Figure 7. Neural differentiation in alginate. A. Bar graph of neurite length. B. Bar graph of percentage 

of cells expressing neurites. C-G. Representative micrographs of control, ES1, ES2, ES3 and, ES4, 

respectively. (reference bar 50 m). 

The results show a significant increase in neural differentiation in alginate hydrogels without 

the need to modify the conductive properties of the hydrogel. Other investigations show results 

under other stimulation conditions but with the need to modify the electrical conduction 

characteristics, for example, by generating hybrids with polypyrrole or carbon nanotubes, which 

ostensibly improves the capabilities of hydrogels to promote neural differentiation using electrical 

stimulation [70,71].  

The results of experiments performed on PEGDA show a significant effect of electrostimulation 

on neural differentiation (Figure 8). Graph 8A indicates that electrical stimulation, especially under 

the ES4 condition, increases neurite length compared to the control. On the other hand, graph 8B 

provides insight into the proportion of cells that are differentiating and expressing neurites. The ES2 

and ES4 stimulation conditions show a high level of neurite expression, similar to the control. Under 

these conditions, neural differentiation is subject to a specific frequency independent of voltage. 

Several precedents demonstrate the dependence of electrical frequency on cellular activity, which 

promotes proliferation and differentiation. These investigations suggest establishing a delicate 

balance between electrical conditions to promote differentiation, which depends on several factors in 

the culture, such as cell type. [72-74]. 
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Figure 8. Neural differentiation in PEGDA. A. Bar graph of neurite length. B. Bar graph of 

percentage of cells expressing neurites. C-G. Representative micrographs of control, ES1, ES2, ES3 

and, ES4, respectively. (reference bar 50 m). 

Finally, the electrical stimulation results on GelMA cultures show increased neural 

differentiation (figure 9). Regarding neurite length, for ES2 and especially ES4 conditions, higher 

levels of neurite length are shown, a trend similar to that observed with PEGDA and electrical 

frequency dependence. Regarding the percentage of cells expressing neurites, all electrical 

stimulation conditions significantly increase concerning the control (figure 9A). Our results show the 

capacity of GelMA as a hydrogel capable of promoting neural differentiation efficiently in 

conjunction with electrical stimulation without the need to modify the polymer, unlike some 

investigations that include copolymerization with polypyrrole or the inclusion of carbon structures 

[75,76]. 

 

Figure 9. Neural differentiation in GelMA. A. Bar graph of neurite length. B. Bar graph of the 

percentage of cells expressing neurites. C-G. Representative micrographs of control, ES1, ES2, ES3 

and, ES4, respectively. (reference bar 50 m). 
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3.5. Statistical Analysis 

The results were analyzed using a multiple pairwise comparisons ANOVA test, considering two 

factors: type of hydrogel and type of electrical stimulus, each with four different levels. Figure 10 

shows the ANOVA interaction plot using the percentage of cells expressing neurites as a dependent 

variable. Regarding the interaction between the hydrogel and electrical stimulus, figure 10A, the cells 

in collagen show a relatively stable percentage of expression throughout the four electrical stimuli, 

approximately 80%. The cells have a markedly lower response to alginate than the other hydrogels. 

Although there is a slight increase in ES3, the percentage of expression is still considerably lower, 

below 40%. For PEGDA and GelMA, meanwhile, similar response patterns are shown in these two 

hydrogels across electrical stimuli, although GelMA generally has a slightly higher percentage of 

neurite expression. Notably, both hydrogels peak at ES3, indicating that this specific stimulus 

potentiates neurite expression in cells cultured on these hydrogels. 

 

Figure 10. ANOVA Tukey interaction plot. Effect of factors on the percentage of cells expressing 

neurites. A. type of electrical stimulation. B. type of hydrogel. 

The results of the interaction between the hydrogel and dependent variable (figure 10B) show 

how the dependent variable (percentage of cells expressing neurites varies as a function of the 

hydrogel. In this regard, collagen has the highest percentage, followed closely by GelMA, while 

alginate has the lowest percentage, consistent with its low response in the electrical stimulus plot. 

Finally, PEGDA shows an intermediate response. The overall interaction interpretation shows that 

the response of PC12 cells in terms of neurite expression depends not only on the type of hydrogel 

but also on the type of electrical stimulus to which they are subjected. While collagen appears to be 

the most conducive hydrogel for neurite expression under all conditions, GelMA and PEGDA show 

a particularly favorable response to the ES3 electrical stimulus. In contrast, alginate consistently 

shows a low ability to promote neurite expression, regardless of the electrical stimulus. 

On the other hand, ANOVA interaction analysis considering neurite length as a dependent 

variable (figure 11) shows that in the interaction between the hydrogel and electrical stimulus when 

cells are cultured on collagen, the neurite length fluctuates along the electrical stimuli, with a peak in 

ES3 and a valley in ES4. In alginate, the cells show a consistently low neurite length, regardless of 

electrical stimulus, and remain below the other hydrogels. For the experiments with PEGDA, a 

noticeable peak is shown at ES2 and a valley at ES3, while GelMA neurite length increases with ES2 

and ES3, the latter being the highest peak among all hydrogels at ES3. 
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Figure 11. ANOVA Tukey interaction plot. Effect of factors on the percentage of cells expressing 

neurites. A. type of electrical stimulation. B. type of hydrogel. 

When analyzing the interaction between hydrogel and the dependent variable (figure 11B), it is 

depicted how neurite length varies directly as a function of hydrogel without a specific electrical 

stimulus. Collagen and PEGDA have similar lengths, while alginate has the shortest length and 

GelMA has the longest. As an overall analysis, the length of neurites expressed by PC12 cells is 

influenced by the type of hydrogel in which they are cultured and the type of electrical stimulus to 

which they are subjected. GelMA is particularly conducive to promoting increased neurite length, 

especially under ES3 electrical stimulus. Alginate consistently shows a low ability to promote neurite 

extension under all electrical stimulus conditions. Cells in collagen and PEGDA show mixed 

responses depending on the electrical stimulus, but generally, they tend to have longer neurite 

lengths than alginate but shorter than GelMA. 

4. Conclusions 

The expression of neurites in PC12 cells is influenced by both the type of hydrogel and the type 

of electrical stimulus. Collagen consistently appears to be the most conducive hydrogel for promoting 

neurite expression across all conditions, with a stable high percentage of expression. GelMA and 

PEGDA also exhibit favorable responses, particularly in response to the ES3 electrical stimulus, with 

GelMA showing slightly higher neurite expression percentages. In contrast, alginate consistently 

demonstrates a low ability to promote neurite expression, regardless of the electrical stimulus. The 

interaction between the hydrogel and electrical stimulus reveals interesting patterns when 

considering neurite length as the dependent variable. Collagen shows fluctuations in neurite length 

across electrical stimuli. Alginate consistently maintains a lower neurite length compared to other 

hydrogels. PEGDA exhibits a notable peak at ES2 and a valley at ES3, while GelMA demonstrates an 

increase in neurite length with ES2 and ES3, with ES3 yielding the highest peak among all hydrogels. 

This inconsistent behavior could have its origin in surface or chemical phenomena, which were not 

considered in the present study, revealing the need to investigate these analyses further to 

understand the nature of these events. However, this research reveals significant, unknown results 

that help understand and direct future research.. 
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