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	Developing a novel approach to treat cancerous cells while sparing healthy cells is crucial in cancer research. Plant-synthesized using Zinc Oxide Nanoparticles nanoparticles are biocompatible and stable, making them ideal for biomedical, industrial, cell imaging, and biosensor applications. This study reported the morphological development caused by synthesized Zinc Oxide Nanoparticles (ZnO-NPs-AE) in MDA-MB 231 human breast cancer cells, and a multi-linear regression (MLR) model that predicts the morphological changes was also developed. Morphological parameters such as cell body diameter (CBD), process thickness (PT) and field diameter (FD) were analyzed after treatment with various ZnO-NPs-AE concentrations and incubation for 24 hours. Significant decrease in CBD with 25, 50, 100 and 200 μg/mL ZnO-NPs-AE (P > 0.05; n ≥ 10) and 2.5, 5 and 10 μg/mL of synthesized ZnO-NPs-AE did not show any significant effect on the CBD (P < 0.05; n ≥ 10). Similarly, a significant decrease in PT and FD was observed with increased concentration. Furthermore, the concentration of the nanoparticles and our morphometric results were considered in MLR modelling and performance efficiency was evaluated based on correlation coefficient (R), coefficient of determination (DC), mean square error (MSE) and root mean square error (RMSE).  Overall, our performance efficiency results revealed the model's ability to predict morphological changes in MDA-MB 231 cells following treatment with synthesized ZnO-NPs-AE.
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Introduction 
Developing a novel approach to treat Breast cancer (BCa) while sparing healthy cells is paramount in cancer research. The promising approach for cancer therapy nowadays is metal oxide-based chemotherapeutics. BCa is a prevalent type of malignancy that affects people worldwide, and It is a complex disease classified into five distinct developmental stages.1,2 BCa treatment has been the subject of numerous research in recent times, with chemotherapy being the most used method.3 However, this approach lacks the non-selectivity of medicines, leading to the loss of a high percentage of healthy and cancerous cells.4 Due to its complications, there is a growing need for advancements in BCa detection, diagnosis, and treatment. Several studies exploring the use of natural products in preventing and treating cancer are now in place, recognizing their potential in drug discovery.4,5 Changes in cellular morphology can serve as one of the most distinctive features of pathophysiological conditions that might promote tumour suppression and induce cell transformation.6 Although the precise biological mechanisms underlying morphological changes during cellular metastasis have not been reported, which is known to be involved in the interaction between cells and the extracellular matrix.7
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Nanotechnology is an emerging field in biotechnology and medicine with promising applications such as diagnostics, targeted drug delivery, sensors, cosmetics, and imaging.8,9 Metal and metal oxide nanoparticles have gained much attention due to their unique physicochemical properties.10 Studies have demonstrated that synthesized zinc oxide nanoparticles (NPs) have cytotoxic potential on cancerous and normal cells, including human lens and lung epithelial cells.11 Various synthesized zinc oxide NPs from plant sources, including Albizia lebbeck, Costus pictus, Vitex negundo and Cassia auriculata, have been reported to exhibit antiproliferative, cytotoxic and metastatic potentials on various cell lines.12-15 Due to the potential of metal oxide NPs in cancer research, we explore a multi-linear regression (MLR) model while considering some variables to predict the impact of these NPs in cancer treatment.
Modelling in vitro data has been a venerable challenge due to molecular and cellular regulatory mechanisms' complexities.16 Machine Learning (ML) algorithms use various training data to make a useful prediction that can be used to enhance research activities and provide promising solutions.17 Assisting pathologists with algorithms effectively improves the efficiency and sensitivity in detecting micrometastasis.18 Fang et al. use MLR to develop a model to identify potential enzyme inhibitors for choosing compounds during molecular synthesis for effective drug discovery.19-21 MLR analysis was used in the evaluation of nitrate sources as a result of bacterial denitrification to determine the parameters with the highest impact on output uncertainty.19, 21 However, due to the wide application and efficiency of MLR in prediction, we utilized the model in the prediction of morphological changes caused by synthesized NPs from in vitro experimental analysis results, and it differs from other models as it utilized our experimental data to predict morphological changes with precision, predictability and interpretability.
In this present study, morphological development caused by synthesized Zinc Oxide Nanoparticles (ZnO-NPs-AE) in MDA-MB 231 human BCa cells was observed. Furthermore, the MLR model that predicts the morphological changes was also developed from our experimental data to find the best relationship between the concentration of our NPs and morphological parameters. 
 
Methods
Plant Collection and Identification
Fresh flowers of Mentha piperita (M P) were collected from a farm in Lefkosa (Lat.34° and 36° N; Long 32° and 35° E) in November 2021, Turkish Republic of Northern Cyprus and authenticated by Prof. Dr. Ibrahim Baktir at the Botany Department of Cyprus International University, and a voucher number of CIU/BOT/0012 was given to the specimen, and deposited at the herbarium of the department for reference. Triple distilled deionized water was used to prepare all the aqueous solutions of the plant material.
All the chemicals and reagents utilized throughout the experiment are of analytical grade. The chemicals used include zinc nitrate (Zn(NO3)2⋅6H2O) solutions, Dimethyl Sulfoxide (DMSO) (Sigma-Aldarich Inc.), Dulbecco’s Modified Eagle Medium (DMEM) (Gibco by Life Technologie, USA), Fetal Bovine Serum (FBS) (Gibco by Life Technologies, USA), Glycine (Sigma-Aldarich Inc.), 0.25% Trypsin and 0.4 % Tryphan Blue (Gibco by Life Technologies, USA), L-Glutamine 200 mm (Gibco by Life Technologies, USA), Distilled Water (Gibco by Life Technologies, USA), 70% Ethanol (Merck), Penicillin  (Gibco by Life Technologies, USA).
 
Biosynthesis of Zinc Oxide Nanoparticles and Characterization
The synthesis of ZnO-NPs-AE using Mentha piperita was conducted following the method used by Umar et al. with slight modifications.22 Zinc nitrate (Zn(NO3)2⋅6H2O) (0.05 M solution) was used for the synthesis of the NPs.  The extraction process involved using water as the solvent in a conical flask and was carried out for 72 hours at 45°C. During the procedure, a 15% aqueous extract of Mentha piperita was gradually added under constant stirring at 70°C for a period of 9 hours. The pH level was adjusted using NaOH solution during the shaking process. Finally, the mixture was calcined in a muffle furnace. The resulting residue is the synthesized ZnO-NPs-AE. 
The characterization of the synthesized NPs was reported in our previous studies,21 in which UV-Vis spectroscopy was conducted using a Shimadzu UV-2450 instrument, in which the NPs were dissolved in deionized water and thoroughly mixed with a sonicator and colour shift was observed as shown in Figure 1. The resulting solution was then filtered and placed in a 10 mm cuvette, where the spectrum was measured across the wavelength range of 200 to 900 nm at room temperature (Figure 2a). Furthermore, we identified the functional groups in the ZnO-NPs-AE by employing a Fourier Transform Infrared Spectrophotometer (FTIR) operating at a 500-4000cm−1 frequency range (Figure 2b). The crystalline nature of the NPs was assessed using the Rigaku ZSX Primus II X-ray diffractometer (XRD) (Figure 2c). This involved using powdered samples in the X-ray diffractometer, equipped with CuK radiation, to examine the structural characteristics of the NPs. Additionally, the morphological structure of the nanoparticles was examined using a scanning electron microscope (SEM), and we conducted elemental mapping through energy-dispersive X-ray spectroscopy (EDX) (Figure 2d and e).
The synthesized nanoparticles were characterized using various spectroscopic and microscopic analyses; FTIR analysis was carried out to identify the distribution of the attached functional group on the surface of the NPs. Water was absorbed during the synthesis, resulting in the O-H bond at absorption bands of 3420 cm−1. Additionally, C=CH of a methyl group and C=O of alcohol (saturated) were observed at 1049 cm−1 and 1450 cm−1, respectively. The X-ray diffraction peaks obtained from the synthesized NPs confirmed their spherical phase, crystal formation, and purity, as seen in Figure 2c. The Debye-Scherrer formula was employed to calculate the diameter of the NP crystallites, which were found to be 23 nm based on the diffraction peaks observed at 76.58°, 72.53°, 67.66°, 62.78°, 56.48°, 47.54°, 34.34° and 31.70° SEM analysis further confirmed that the synthesized NPs are spherical in shape with an average size of 23nm, as depicted in Figure 1d. Additionally, the EDS analysis revealed that the synthesized NPs are indeed zinc oxide NPs, with signals indicating the presence of zinc and oxygen, as shown in Figure 1e.
 
Cell lines and Culture Conditions
As part of our study, MDA-MB 231 cell line obtained from Imperial College London (UK), which is renowned for its metastatic capabilities, was used. These cells were safely stored at the Biotechnology Research Centre (BCR) of Cyprus International University and were approved for use by the BCR ethical committee (BRCEC2011-01). We utilized DMEM supplemented with 2 mM L-glutamine, penicillin, and 10% fetal bovine serum (FBS) to culture the cells. The cells were maintained in a sterile incubator at a temperature of 37°C and 5% CO2.
 
Treatment, Fixation and Staining
MDA-MB 231 cells plated in 35 mm tissue culture dishes (3x104 cells/dish) were treated with various concentrations of the synthesized ZnO-NPs-AE and allowed to settle overnight. Then, various concentrations (0 ~ 200 μg/mL) of the synthesized ZnO-NPs-AE were added to cells and incubated for 24 hours. After the treatment, the cells were washed several times immediately with a 0.1 M phosphate-buffered saline solution (PBS) at 37°C. Then, they were fixed (a process called fixation) for 20 minutes at 4°C with 8% freshly prepared paraformaldehyde. The cells were rewashed with PBS and stained with crystal violet dye. 
 
Morphometric Analysis
Possible effects of ZnO-NPs-AE on some cellular morphological parameters were studied using the method of Fraser et al. with some modificarions.23 Cellular parameters studied illustrated in Fig. 3, the field diameter (FD) defined as the distance between extreme ends of the cell, cell body diameter (CBD) defined as the closest circle diameter that fits into the body of the cell and process thickness (PT) defined as thickness of the half of the length of the cell were analyzed. Cells (3 x 104/mL) in 35 mm dishes were plated and allowed to settle. The cells were then treated with different concentrations (0 ~ 200 μg/mL) of ZnO-NPs-AE for 24 hours. After the treatment, cells were randomly selected and viewed using a digital camera (Leica DF295, German) mounted on the inverted microscope at x20 magnification. ImageJ software was employed to quantitatively analyze chosen images.
 
Modelling Approach
The approach used in this analysis was based on our experimental data. The concentration of the synthesized ZnO-NPs-AE and morphological parameters such as cell body diameter (CBD), process thickness (PT) and field diameter (FD) of MDA-MB were considered in modelling, even though other parameters can be considered for the same purpose. Furthermore, MLR was considered for the prediction of various parameters.24 The independent and dependent variables in path models are represented as boxes or rectangles. The exogenous area contains single-headed arrows exiting from them; a double-headed arrow indicates that variables are solely correlated.
 
Overview of Multi Linear Regression
The use of Multiple Linear Regression (MLR) is a sophisticated statistical method that involves multiple independent variables to explain the behavior of a dependent variable. Linear regression is a statistical technique used to describe and model the relationship that exists between a dependent variable and one or more independent variables and is achieved by fitting linear equations to a set of data. The best-fit line is determined by reducing the sum of the squares of the vertical deviations between the line and the observed data. A good MLR model should explain the dependent variable with fewer independent variables.25
The choice between simple linear regression (SLR) and multiple linear regression (MLR) depends on the target objectives of the prediction. In SLR, a single predictor is compared to a single variable. Additionally, MLR analyses the relationship between one dependent variable and more than one independent variable.26 MLR-based models that predict morphological changes in cells treated with ZnO-NPs-AE were build using MLR option in statistics tool box in MATLAB (R2017a) was used to build the that predict morphological. The technique of Multiple Linear Regression (MLR) can be expressed mathematically using the following equation (1):
 
                                 (1)
 
Where denotes predictor,  regression constant,  the coefficient of the 𝑖 and N is number data set (n ≥ 10).
 Model Performance Criteria
In this study, different statistical error measures were used to model our experimental morphological result based on equations (2) to (5). The goodness-of-fit measure used was the determination coefficient (DC). Other measures included the mean squared error (MSE), root mean squared error (RMSE) and the correlation coefficient (R).
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Results and Discussion
The biosynthesis of ZnO-NPs-AE using Mentha piperita as a stabilizing agent was confirmed by observing a colour shift as shown in Figure 1 and conducting a characterization analysis. Its effect on some of the morphological parameters, such as cell body diameter (CBD), process thickness (PT) and field diameter (FD) of MDA-MB 231 cancer cells, was studied (Figure 3). Treatment of MDA-MB 231 for 24 h with 2.5, 5 and 10 μg/mL of NP did not show any effect on the CBD (P > 0.05; n ≥ 10; Figure 4a), but higher concentrations (200, 100, 50, and 25 μg/mL) showed decreased in CBD significantly when compared with the control group (P < 0.05; n ≥ 10; Figure 4a). The effects of ZnO-NPs-AE on CBD of MDA-MB 231 cells after 24 h incubation was found to be concentration dependent. Likewise, a significant decrease in PT was observed with increased concentration (P < 0.05; n ≥ 10; Figure 4b). Similarly, treatment with ZnO-NPs-AE following the 24-hour incubation period revealed a significant decrease in FD (P > 0.05; n ≥ 10; Figure 4c). A multiple comparison table between various concentrations of the ZnO-NPs-AE and control was shown in Table 1. 
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Figure 1: UV-vis spectrum of biosynthesized zinc oxide nanoparticles (ZnO-NPs-AE) using Mentha piperita extract.
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Figure 2. (a) UV-vis spectra (b) FTIR of (c) XRD pattern (d) SEM image and (e) EDS of zinc oxide nanoparticles (ZnO-NPs-AE) synthesized using Mentha piperita aqueous extract. Adapted from Umar et al.22
 
Table 1: Multiple Comparison table between the various concentrations of synthesized ZnO-NPs-AE and Morphological parameters
 
	ZnO-NPs-AE Concentration  (μg/mL)
	CBD
	PT
	FD
	ZnO-NPs-AE Concentration  (μg/mL)
	CBD
	PT
	FD

	P < 0.05

	 Control
	vs
	2.5 
	-
	*
	*
	5.0  
	vs
	100 
	-
	***
	***

	Control  
	vs
	5.0 
	-
	*
	***
	5.0  
	vs
	150 
	***
	***
	***

	Control
	vs
	10.0
	-
	**
	***
	5.0  
	vs
	200.0 
	***
	***
	***

	Control
	vs
	25.0
	***
	***
	***
	10.0 
	vs
	25.0 
	**
	***
	***

	Control
	vs
	50. 0
	***
	***
	***
	10.0 
	vs
	50. 0 
	***
	***
	***

	Control
	vs
	100 
	***
	***
	***
	10.0 
	vs
	100.0
	***
	*
	***

	Control
	vs
	150
	***
	***
	***
	10.0 
	vs
	150.0 
	*
	**
	***

	Control
	vs
	200
	***
	***
	***
	10.0 
	vs
	200.0
	***
	***
	***

	2.5 μg/mL
	vs
	5.0 
	-
	*
	*
	25.0 
	vs
	50. 0
	**
	***
	***

	2.5 μg/mL
	vs
	10.0
	-
	**
	**
	25.0 
	vs
	100.0 
	***
	**
	***

	2.5 μg/mL
	vs
	25.0
	***
	***
	***
	25.0 
	vs
	150.0 
	***
	***
	**

	2.5 μg/mL
	vs
	50 
	***
	***
	***
	25.0 
	vs
	200.0 
	***
	***
	***

	2.5 μg/mL
	vs
	100 
	***
	***
	***
	50. 0 
	vs
	100.0 
	***
	***
	***

	 2.5 μg/mL
	vs
	150 
	***
	***
	***
	50. 0
	vs
	150.0 
	**
	***
	***

	2.5 μg/mL
	vs
	200 
	***
	***
	***
	50. 0 
	vs
	200.0
	***
	**
	***

	5.0 μg/mL
	vs
	10.0 
	-
	-
	**
	100.0
	vs
	150.0
	-
	**
	*

	5.0 μg/mL  
	vs
	25.0 
	*
	**
	***
	100.0 
	Vs
	200.0 
	**
	***
	***

	5.0 μg/mL  
	vs
	50. 0 
	***
	***
	***
	150.0
	Vs
	200.0 
	-
	**
	***


analysed using one-way ANOVA followed by Newman-Keuls post hoc analysis. (*) P < 0.05; (**) P < 0.01 and (***) P < 0.0001.
 
Table 2: Result of MLR models
 
	 
	Training
	 
	 
	  
	 
	Testing  
	  
	  

	  
	R 
	DC
	RMSE  
	MSE  
	R  
	DC 
	RMSE  
	MSE  

	 
	 
	 
	 
	 
	 
	 
	 
	 

	MLR-FD-MDA-MB 231
	0.985
	0.989
	0.062
	0.004 
	0.968
	0.971
	0.041
	0.002

	MLR-CBD-MDA-MB 231 
	0.989
	0.993
	0.056
	0.003 
	0.958
	0.969
	0.037
	0.001 

	MLR-PT-MDA-MB 231
	0.991
	0.994
	0.058
	0.003
	0.971
	0.973
	0.043
	0.001
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Figure 3: Bipolar cell schematic diagram illustrating parameters measured as quantitative determinants of cellular morphology. Field diameter (FD) defined as the distance between extreme ends of the cell. Cell body diameter (CBD) defined as diameter of the closest circle that fit into cell body. Process thickness (PT) defined as thickness of the half of the length of the cell.
 
The result obtained in our studies showed morphological changes caused as a result of treatment with various concentrations of the ZnO-NPs-AE and agrees with the result revealed by Fraser et al.21 Enhancing the metastatic potential of MAT-LyLu rat prostate cancer cells by manipulating their morphological development when treated with tetrodotoxin.21 Alternatively, Na+ channel activity can be influenced by changes in cellular morphology as a result of alterations of intracellular Ca2+ levels or exchange Ca2+- Na+ .27,28 Synthesized ZnO NPs induced cell death, and the cell death might be a result of morphological changes induced through the mitochondria signalling pathway.29
Our experimental result showed a linear relationship between the concentration of the synthesized NPs, CBD, PT and FD, and significant differences in the variables were observed. Linear classical MLR was used to predict the morphological changes observed following treatment with our synthesized NPs using our experimental data. Performance indices of the models, such as correlation coefficient (R), coefficient of determination (DC), mean square error (MSE), and root mean square error (RMSE), were determined using MATLAB 9.3 (R2017a). The MLR model showed good performance in revealing the correlation between various concentrations of the synthesized NPs and the morphological parameters used in the prediction, as shown in Table 2. Furthermore, the modelling performance of our MLR using R, DC, MSE, and RMSE confirmed the strong ability of MLR to predict treated cell morphological changes with minimal standard error. Figure 5 shows the RMSE and MSE of the morphometric prediction of MDA-MB 231 cells in both testing stages, and good performance was observed in both stages. Variation in R and DC demonstrated in our surface rate chart (Figure 6) revealed the excellent performance of our model, and various studies revealed that variation in R and DC of any model is attributed to the model's good performance.30 In addition, the spread of the data was assessed using Surface response simulation (Figure 7), and the response of the measured values and the data spread were evaluated.
 
Conclusion
Stable Zinc oxide nanoparticles synthesized using Mentha piperita as a chelating agent, characterized in our previous studies, revealed morphological changes in MDA-MB 231 cells in a concentration-dependent manner. Morphological parameters such as cell body diameter (CBD), process thickness (PT) and field diameter (FD) were analyzed following treatment with various concentrations. Furthermore, a multi-linear regression (MLR) model was used to predict the morphological development caused following treatment with ZnO-NPs-AE. Performance indices of the MLS model, such as correlation coefficient (R), coefficient of determination (DC), mean square error (MSE) and root mean square error (RMSE), were considered in determining the efficiency of the model.  Overall, our performance efficiency results revealed the model's ability to predict morphological changes in MDA-MB 231 cells following treatment with synthesized ZnO-NPs-AE. Artificial neural networks and other models should be employed to predict morphological changes in cancer cells.
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Figure 4: Effect of synthesized ZnO-NPs-AE on (a) cell body diameter (CBD), (b) Process Thickness (PT), (c) Field Diameter (FD), and (D) Phase contrast photomicrographs (20x), of MDA-MB 231 cells treated with synthesized NPs
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Figure 5: Morphometric prediction of treated MDA-MB 231 using synthesized ZnO-NPs-AE in both training and testing stages. (a) Relative mean square error (RMSA) and (b) mean square error (MSE).
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Figure 6: Radar chart for (a) Correlation coefficient (R), and (b) determination coefficients.
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Figure 7. Response surface simulation for morphological changes observed in MDA-MB 231 treated with synthesized ZnO-NPs-AE.
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