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[bookmark: _Toc146973858]NON-TECHNICAL PROJECT ABSTRACT 
The project titled “Novel new functional edible protein films from soybean using innovative 3D printing technology” was completed following the proposed timeline. In this project, soybeans from mid-south USA: AR-R11-7999, MO-S17-19874R, and MO-S17-17168 were successfully used to extract proteins and generate edible films using a novel approach based on 3D printing. The physical properties such as thickness, color, tensile and puncture strength, water activity, density, and elongation at break were quantified for the extruded film. The 3D printing process was optimized using macro- and micro-scale printers with different resolutions.  In addition, soy proteins along with 0, 1, 3, and 5% (w/w) of grape seed extract (GS) and green tea extract (GT) as natural antioxidants were used to develop edible active packaging materials using 3D printing technology. The effects of nozzle size (0.10, 0.25, and 0.33 mm) and pressure (0.020, 0.035, 0.048, and 0.062 MPa) on the 3D printing of the films were investigated. Compared to GT-loaded films, which showed a proper degree of shape preservation, the incorporation of 3 or 5% GS resulted in the deformation of the films during 3D printing. Soy protein edible films loaded with 1-3% (w/w) GS or GT were 3D-printed with high accuracy (>98%) at a printing pressure of 0.062 MPa and nozzle diameter of 0.25 mm. When higher concentrations (5%, w/w) of GS or GT were added, the 3D-printed films became thicker and less transparent. The tensile strength of the films was increased by the incorporation of extracts. The tensile strength of the GS-loaded films was higher than that of the GT-loaded films. Moreover, the addition of GS and GT reduced the water vapor permeability (WVP) of SPI by 61% and 56%, respectively. Overall, the proposed 3D printing approach can provide flexibility in generating edible films in different geometries and properties for on-line packaging applications. This newly produced environment-friendly soy protein-based edible films can serve as an alternate packaging to synthetic plastics and reduce the environmental landfill problem, has the potential of sharing the market with the plastic packaging industry and benefit the growers by fetching a higher price for value addition to promote soybean production at mid-south part of the USA.
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[bookmark: _Toc146973860]1. MATERIALS AND METHODS FOR OBJECTIVES 1 AND 2
1.1 Materials 
A total of three lots of soybean grown in mid-south (line AR-R11-7999 from Arkansas; MO-S17-19874R and MO-S17-17168 from Missouri) (Figure 1) were provided by Drs. Mozzoni and Chen from the Crop, Soil and Environmental Sciences, University of Arkansas, Fayetteville, AR and Fisher Delta Research Center, University of Missouri, Portageville, MO, respectively. Analytical grade glycerol was purchased from Fisher Scientific (Hampton, USA). Kjeldahl tablet catalysts used in this study were purchased from EMD Milipore (Billerica, USA). All standard chemicals used in this study were reagent grade and used as purchased.
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Figure 1: Soybean lots used for isolation of protein.

1.2 Preparation of defatted soybean meal
The procedure reported by Sivarooban et al. was used to prepare the soybean meal (Sivarooban et al., 2008). In short, soybean seeds (Figure 1) were ground to a coarse powder using a pulverizer (Fritsch GmbH, Germany), further ground to a fine flour using a Vitamix grinder (Cleveland, USA), passed through a 60-mesh sieve to obtain uniform particle size, and suspended in n-hexane (1:2, w/v), stirred for 3h at ambient conditions to remove the oil. The suspension was filtered under vacuum, defatted again to remove the last traces of oil, filtered under vacuum and the residue was dried overnight under a hood (Fisher Hamilton, USA), and stored at 5 °C in an airtight container.
1.3 Preparation of soy protein isolate 
The procedure reported by Sivarooban et al. was used to isolate the protein from the soybean meal (Sivarooban et al., 2008). In short, defatted soybean meal (60 mesh) was suspended in DI water (1:9, w/v) in a beaker. The pH of the mixture was adjusted to 9.5 using 3N NaOH solution and stirred for 3h to release the proteins in the soy meal, while maintaining the pH at 9.5. The resulting suspension was centrifuged at 3000xg for 15 minutes to remove fibers and other insoluble materials. This insoluble residue was re-extracted to solubilize the remaining proteins.  The soluble supernatant containing the proteins was adjusted to 4.5 (isoelectric pH) to precipitate the protein. The precipitated proteins were stored at refrigerated temperatures overnight to facilitate further precipitation and centrifuged at 7000xg for 75 minutes at 5 °C. The residue containing the protein was washed with acidified water at pH 4.5 and suspended in distilled water (pH 7.0) before freeze drying to obtain the protein isolate. The soy protein isolates were combined and stored at 5 °C in an airtight container.
1.4 Protein content determination 
Protein contents of soybean lots AR-R11-7999, MO-S17-17168, and MO-S17-19874R (on the dry weight basis) were determined by modified Kjeldahl’s method (AOAC 1997) in triplicate (Sivarooban et al., 2008). The protein percentage was calculated with a conversion factor of 6.25 for nitrogen. The moisture percentage of the flour was calculated based on the AACC official method (2000). The moisture percentage was used to calculate the protein content by dry weight for all the samples (Sivarooban et al., 2008).
 		Eq. (1)
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1.5 Preparation of 3-D printed edible films for statistical optimization
Solution preparation: Soy protein Isolate (5.72, 11.45, 17.182 g to account for 5, 10, and 15% soy protein) and de-ionized water (DI water, 95, 90, 85 g) were homogeneously mixed in a glass container for 15 minutes. The pH of the solution was adjusted to 8.5 with NaOH. The pH was re-adjusted if needed to ensure solubility. Resulting opaque yellowish to white solution was sonicated (Probe sonicator, Branson Ultrasonics, USA) for 20 minutes (duty cycle: 70%, output control: 9, frequency: 20 kHz, output power: 495 W) in ice to prevent overheating. To this solution, 2, 3.5, and 4 g of glycerol (2, 3.5, and 4% w/w) was added as a plasticizer and incubated for 30 minutes in a water bath at 85 °C. This heating step facilitated protein denaturation exposing more functional groups that can influence the protein inter-chain interactions. The yellowish transparent protein solution was cooled to ambient temperature and used for 3D printing. The prepared edible film solution was loaded into a stainless-steel capsule (volume of each capsule = 100 ml / 3.38 oz, fitted with a 4.0 mm nozzle) avoiding any air-bubble. The stainless-steel capsule was placed in the bay for printing. 
Measurement of pH and density of the film-making solution:
pH measurement: Metler Toledo (Columbus, OH) S20 SevenEasy pH meter was used for the measurement of pH at 25 °C. 
Density measurement: A premium vials (Tullytown, PA) calibrated 25 mL Pycnometer was used for the measurement of density at 25 °C. 
3D printing of film: The film-making solutions were cast onto 19X28 cm mylar plastic sheets coated with silicone (Richard Mistler, Inc., USA) using a 3D printer (Natural machines, Spain). A clip-art available in the printer’s graphic user interface was used to create the shapes for the films to be printed. The printing parameters set on the 3D printer were as follows: nozzle size: 4.0 mm, print speed 2200 mm/minute, ingredient flow speed: 0.5, fill factor: 1, first ingredient hold: 4.2 mm, first layer nozzle height: 1.4 mm, ingredient hold 3 mm, minimum ingredient distance: 10 mm, pre-heat time: 0 seconds, line thickness: 3 mm, turning speed factor: 1, distance between layers: 1.4 mm, first ingredient flow: 5.9 mm, jump height: 10, pre-Heat temp: 0 °C, ingredient flow temp: 0 °C. the film was dried for 3, 4, and 5 h in a controlled humidity chamber (Hot Pack, USA) at 50°C and 45% RH. The dried films were then peeled and placed between wax-paper sheets and into a 25°C, 50% RH desiccator using NaBr-saturated solution (Sanplatec Corp., Japan) as humidity fixed points of binary saturated aqueous solutions for storage until testing of physical properties.
Similar preparative procedure was used to print the soy protein films for the verification of the RSM model using the final optimized condition. Amount of soy protein isolates used were calculated according to their protein content. 
1.6 Experimental design, and optimization of the soy-protein film preparation conditions by RSM
The conditions for the 3D printing of edible films were optimized following the central composite design (CCD) using JMP Pro 16 software (JMP Statistical Discovery LLC, USA). A response surface was generated as a result, and the ideal value combinations for different parameters were determined. Protein concentration (%, X1), plasticizer percentage (%, X2), and drying time (h, X3) were used as independent variables in the CCD. The influence of the independent variables on thickness of the 3D printed film (mm), tensile strength (MPa), and puncture strength (N) of the edible films were determined. Each of the three independent variables were evaluated at three levels (­1, 0, +1) with three replicates at the central point. Based on preliminary investigations, the range of the independent variables: protein concentration (%, X1), plasticizer percentage (%, X2), and drying time (h, X3) were set as: 5-15%, 3–4%, and 3-5h, respectively (Das & Dewanjee, 2018). A total of 17 experiments (Table 1) were performed in triplicate. The outcomes were used to fit the following polynomial equation using regression analysis.	Table 2 summarizes the effect summary, summary of fit and the analysis of variance from the CCD.	

Where, Y is the expected response value, xi is the independent variable, A0 is the independent variable linear parameter, Aii is the secondary parameter of the independent variable, and Aij is the interaction relation parameter between independent variables.
The optimum value for each factor toward the 3D-printed edible film with lowest thickness and highest tensile and puncture strength was obtained based on the solution determined by the optimization in the statistical analysis software. 
1.7 Measurement of the thickness of films 
The 3D-printed edible films were randomly peeled from three different locations of the mylar plastic sheets. The three values of thickness were measured for the sample films, averaged to determine the thickness of each film. These measurements were made to the nearest 2.5 μm using a micrometer (Model 2804-10, Mitutoyo, Japan) (Sivarooban et al., 2008). 
[bookmark: _Hlk81467512][bookmark: _Hlk70318233]1.8 Measurement of color attributes of the edible films
The procedure reported by Sivarooban et al. (2008) was used to determine the color of the edible film (Sivarooban et al., 2008).  A Minolta CR-300 Chroma meter (Minolta Co., Ltd, Osaka, Japan) was used to analyze the color of the edible films. The color parameters: lightness/darkness (L*), greenness/redness (a*) and blueness/yellowness (b*) were measured. The L*, a*, b* color consists of a luminance or lightness component (L*) and two chromatic components: the (a*) component (from green to red) and the (b*) component (from blue to yellow) (CIELAB, 1976). The lightness component L* can range from 0 to 100, the a* component (green–red axis) and the b* component (blue–yellow axis) can range from +128 to -128 (Westland, 2012). 
Brownness index (BI) was calculated according to the following equations (Shittu et al., 2007):
                                                                                           Eq. (3)
    X= ((a*+1.75L*))/((5.645L*+a*3.012b*))                                                         Eq. (4) 
The films were allowed to reach room temperature at 50% RH for 48 h prior to color determination. The colorimeter was calibrated and the color for the film pieces (3 cm X 3 cm) determined in triplicate using a standard white plate as background (L = 97.10, a = +0.13, b = +1.88, c = 1.88 and ho = 86.1).
1.9 Measurement of puncture and tensile strength and elongation at break 
The puncture and the tensile strengths were quantified for the 3D-printed edible soy protein films to measure its ability to hold up under various stresses when used on the food product using a texture analyzer (TA-XT Plus, Texture Technologies Corp., Scarsdale NY). The film samples were allowed to reach room temperature and a RH of 50% for 48 h before the testing (Sivarooban et al., 2008). 
Tensile strength and elongation at break measurement conditions:
Edible film strips in the dimension of exactly 40 mmX 15 mm were placed into the film extension grips of the texture analyzer. They were stretched 20 mm apart at a speed of 2 mm/s by the texture analyzer. The tensile strength (in MPa) was calculated by dividing the peak load given by the cross-sectional area of the film. Peak loads and extension at break were recorded. Percentage elongation at break values were determined by dividing with the initial grip separation followed by multiplying with 100.
Puncture strength testing conditions:
A 30-mm piece of film was placed on a 10-mm film-testing rig (TA- 108 S Mini) and punctured with a 2-mm probe (TA-52) with puncture speed of 100 mm/min. The puncture strength of the film (given as a force in Newtons) was measured at the point when the probe pierced the film.
1.10 Water activity of the 3D-printed edible films
Aqualab (Pullman, WA) water activity meter 4 TE was used for the determination of water activity of the 3D printed edible films. A 3cmX3cm portion of the edible film was placed in the water activity meter at 25 °C. The water activity values are determined as the average of the triplicate experiments.
[bookmark: _Toc146973861]2. RESULTS AND DISCUSSION FOR OBJECTIVES 1 AND 2
2.1 Response surface methodology
The range of values for the three independent factors (soy protein concentration (%, X1), plasticizer concentration (%, X2), and drying time (h, X3)) for the 3D printing of the edible soy-protein films were chosen based on the single-factorial experiments (Table 1). The value for Tensile strength, Puncture strength and the thickness was predicted from the second-order polynomial equations 5,6, and 7 below. The responses represented are thickness, tensile strength, and puncture strength, respectively.  The independent variables X1, X2, and X3 are the independent variables for soy protein concentration, plasticizer concentration, and drying time, respectively. The terms X12, X22, X32, X1X2, X2, X2X3 included in the regression model represents the cross-interaction between the independent variables.  
CCD was used to determine the optimal values for the three independent factors for the 3D printing of edible soy protein films. The CCD, experimental results and the predicted results determined using the regression model (Figure 2, Figure 3). RSM was used to maximize the tensile and puncture strength and minimize the thickness of the 3D printed edible soy protein films (Figure 2). 
The experimental thickness, tensile, and puncture values for the samples in CCD ranged from 0.056-0.232 mm, 1.55-12.18 MPa, and 1.05-11.85 N, respectively. The predicted values of the tensile strength, puncture strength and the thickness of the 3D printed edible from the CCD ranged from 0.054-0.225 mm, 1.06-10.67 MPa, and 1.29-9.79 N, respectively.
Thickness response:  The thickness values of the film were predicted using the quadratic equation: 0.1401 + 0.0627 X1 + 0.0150 X2 – 0.0040 X3– 0.0088 X1X2 – 0.0046 X1X3 - 0.0079 X2 X3 + 0.0048 X12 + 0.0032 X22 – 0.0002 X32					Eq. (5)
The thickness of the edible film increased in a continuous fashion with the variation of X1, X2 and X3) (Figure 2, Figure 3). The thickness of the 3D printed edible films increased in a significantly higher rate with protein concentration (slope: 0.0627, P<0.0001) than plasticizer percentage and drying time (slope: 0.0150 and 0.0040, respectively; P<0.0001).  
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Figure 2: The prediction profiler showing the optimized conditions at the maximum desirability of the 3D printed edible films. Data had been generated using the software, JMP Pro. 16. 
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Figure 3: Response surface plots, from the experimental results of the central composite
design (CCD) representing the interactions between the independent variables and (a) Thickness, (b) Tensile strength, and (c) Puncture strength. 

Tensile Strength response: The tensile strength values of the film were predicted using the quadratic equation:  7.7176+ 0.2862X1- 0.3165X2+ 0.1234 X3+ 1.0952 X1X2 – 0.1543 X1X3 – 0.1718 X2X3- 5.1821 X12 + 2.6372 X22 – 2.2421 X32	 				  Eq. (6)
The tensile strength of the 3D printed edible films initially increased with the protein concentration and drying time. After reaching an extremum, soy protein concentration negatively affected the tensile strength of the 3D printed soy protein films, possibly due to the saturation in H-bonding and S-S bonding interactions (Figure 2, Figure 3). Mutual interactions between protein concentration and plasticizer percentage demonstrated a high correlation with the response (P<0.001). Tensile strength of the 3D printed films decreased with the increasing plasticizer percentage leading to a plateaued response at its higher values. 
Puncture strength response: The puncture strength values of the film were predicted using the quadratic equation:7.9876 + 0.5421 X1 + 0.5626 X2 – 0.0096 X3 + 0.5664 X1X2 – 0.1187 X1X3 – 0.1235 X2X3 – 5.8060 X12 + 1.2466 X22 – 1.4681 X32	   		              Eq. (7)
The puncture strength of the 3D printed edible soy protein films increased with the protein concentration and drying time initially, while after reaching an extremum, it started decreasing for the higher values of the above-mentioned independent variables (P<0.05 for protein concentration) (Figure 2, Figure 3). Cross-terms (mutual interactions) between protein concentration and plasticizer percentage (X1 and X2) showed high correlation (p<0.05). Tensile strength of the 3D printed films decreased with the increasing plasticizer percentage (p<0.05) and the response plateaued at the higher values, possibly due to the saturation of the H-bonding and S-S bonding interactions. 
ANOVA: An ANOVA test (F-test) was performed to fit the response function to experimental results. The model has shown low probability value (P < 0.0001) for thickness, tensile and puncture strength, and low F ratio values of 59.9145, 48.6484, and 45.2844, respectively (Table 2). Hence, demonstratively the regression model was highly significant at a confidence level >99% (p<0.01). The predicted values and the experimental values demonstrated a high level of correlation in the data plots (p<0.01).
The linear and quadratic relationship between protein concentration, plasticizer concentration (X1, X2, X1*X2, X12, X22) had a significant effect (p < 0.0001), while drying time (X3) did not demonstrate a significant effect (p = 0.65) by itself, the quadratic terms (X32, X1X3, X2X3) demonstrated a significant effect (p<0.05) on the model (Table 2). 
Verification of the suitability of the model was performed using the coefficient of determination (R2) for all the responses. The value of R2 were 0.91, 0.89, and 0.86: for thickness, tensile and puncture strengths, respectively (Table 2). The results indicated that the model could explain 91, 89 and 86% of the response variations attributed to the independent factors (Table 2). The high value of R2 Adj (0.8918, 0.8696, and 0.8611 for thickness, tensile and puncture strengths, respectively) implied the contribution of the independent variables to the improvement of the model. The good fit and predictive quality of the model enabled the prediction of a new set of data.
Optimization: The polynomial equations (Equations 5-7) were used to generate the prediction profiler (Figure 2) and the 3D response surface plots (Figure 3a–c) to demonstrate the mutual interactions between the three independent variables (X1, X2, and X3) on the three responses (Y) (thickness, tensile and puncture strength). The predicted responses demonstrated a high correlation (p<0.05) with the experimental values with a high desirability value of 0.7428. 
The optimized preparative condition for 3D printed edible soy protein film obtained from the RSM was: 8.91%, 3.00%, and 3.98 h for soy protein concentration, plasticizer concentration, and drying time, respectively. 
The optimized conditions resulting from the statistical model agreed with the results reported by using traditional methods (Nandane & Jain, 2018). 
Table 1: The central composite design for the optimization of 3D printing conditions of soy protein-based edible films
	Coded level of variables
	Experimental values

	Run
	Soy protein concentration (X1)
	Plasticizer concentration (X2)
	Drying time (X3)
	Thickness of the film (mm)a
	Tensile strength of the film (MPa) a
	Puncture strength of the film (N) a

	[bookmark: _Hlk94878824]1
	-1
	-1
	-1
	0.064 ± 0.006
	3.06 ± 0.24
	1.43 ± 0.29

	2
	-1
	-1
	+1
	0.056 ± 0.006
	4.74 ± 1.12
	2.20 ± 0.18

	3
	-1
	0
	0
	0.106 ± 0.006
	1.75 ± 0.13
	1.50 ± 0.18

	4
	-1
	+1
	+1
	0.098 ± 0.008
	1.70 ± 0.12
	1.05 ± 0.23

	5
	-1
	+1
	-1
	0.098 ± 0.008
	1.55 ± 0.13
	1.12 ± 0.02

	6
	0
	-1
	0
	0.122 ± 0.008
	12.18 ± 1.0
	7.83 ± 0.22

	7
	0
	0
	0
	0.13 ± 0.010
	8.34 ± 0.92
	7.38 ± 0.35

	8
	0
	0
	0
	0.154 ± 0.006
	6.89 ± 0.32
	6.85 ± 1.11

	9
	0
	0
	-1
	0.142 ± 0.010
	6.5 ± 0.44
	7.40 ± 1.13

	10
	0
	0
	+1
	0.144 ± 0.009
	5.29 ± 0.61
	6.86 ± 0.83

	11
	0
	0
	0
	0.13 ± 0.007
	6.23 ± 0.24
	7.29 ± 0.72

	12
	0
	+1
	0
	0.176 ± 0.009
	9.36 ± 0.24
	11.85 ± 1.44

	13
	+1
	-1
	+1
	0.232 ± 0.013
	1.94 ± 0.84
	1.37 ± 0.99

	14
	+1
	-1
	-1
	0.182 ± 0.013
	1.72 ± 1.0
	1.42 ± 0.34

	15
	+1
	0
	0
	0.184 ± 0.011
	4.15 ± 0.94
	4.07 ± 1.39

	16
	+1
	+1
	-1
	0.232 ± 0.008
	3.74 ± 0.50
	3.03 ± 2.14

	17
	+1
	+1
	+1
	0.2 ± 0.014
	4.13 ± 1.13
	2.83 ± 1.26


#Variable codes (- 1, 0, 1) of soy protein concentration level (5, 10, 15% respectively), plasticizer concentration (2, 3.5, 4%, respectively), and drying time (3, 4, 5 h respectively) represent for X1, X2, and X3 respectively.
aValues are means of three determinations ± standard deviation
2.2 Protein content determination of the edible film
The protein content in the soybean meal for the lots AR-R11-7999, MO-S17-17168, and MO-S17-19874R were 40.0, 39.1, 39.9%, respectively (Table 3).  The protein content in the soy protein isolates for the lots AR-R11-7999, MO-S17-17168, and MO-S17-19874R were 84.5, 84.7, 87.3%, respectively (Table 3). The differences in the protein content for the soybean lots were non-significant (p<0.05). The Missouri soybean lot MO-S17-19874R was randomly chosen to run the central composite design optimization. The protein isolates from the soybean lots AR-R11-7999, MO-S17-19874R, and MO-S17-17168 were used for verification of the optimized condition determined by RSM.  The soy protein content values determined in this report are comparable with the reports in literature (Rizzo & Baroni, 2018). 
Table 2: Protein contents of ground soybean flour and protein isolate.
	Lot number
	Protein content (%) by Kjeldahl method (dry weight basis) #, *

	
	Ground soybean flour
	Soy-protein isolate

	
	Protein content (dry weight basis)
	Protein content (dry weight basis)

	AR-R11-7999
	40.0 ± 0.4a
	84.5±2.5a

	MO-S17-17168
	39.1 ± 1.0a
	84.7±2.9a

	MO-S17-19874R
	39.9 ± 0.5a
	87.3±0.5a


# Data are represented as mean ± standard deviation from three independent experiments. Mean values of protein content in soy-protein isolate followed by same letters in the same column are not significantly different (P < 0.05).
* Protein content was determined from the total nitrogen determination by Kjeldahl method using Kjeldahl factor 6.25. 

Table 3: Summary of fit, and analysis of variance for the experimental data in central composite design. 
	Summary of Fit
	Analysis of Variance

	Response
	RSquare
	RSquare Adj
	Source
	DF
	Sum of Squares
	Mean Square
	F Ratio
	Prob>F

	Thickness 
	0.9070
	0.8918
	Model
	7
	0.1284
	0.0183
	
59.9145

	<0.0001

	
	
	
	Error
	43
	0.0131
	0.0003
	
	

	
	
	
	C. Total
	50
	0.1416
	
	
	

	Tensile
Strength
	0.8878
	0.8696
	Model
	7
	413.5499
	59.0786
	
48.6484

	<0.0001

	
	
	
	Error
	43
	52.2191
	1.2144
	
	

	
	
	
	C. Total
	50
	465.7690
	
	
	

	Puncture
Strength 
	0.8805
	0.8611
	Model
	7
	481.7104
	68.8158
	
45.2844

	<0.0001

	
	
	
	Error
	43
	65.3443
	1.5196
	
	

	
	
	
	C. Total
	50
	547.0547
	
	
	



2.3 pH and density of the edible film making solution
The soy protein isolate contains approximately 58% polar amino acids, making it extremely sensitive to pH and water in general. Therefore, pH plays an important role in protein films. As the solubility of these proteins depend on their isoelectric point (pI), for a protein film to be edible, the pH must maintain a fine balance between neutrality and the pI. Uniform solubilization of the macro molecules and the cohesive substances by the solvent molecules are important to obtain a film with good physical properties and elongation at break values. The cohesion properties in an edible film depends on the hydrogen and S-S bonding between the unfolded protein macro molecules. The pH value was set to 8.5 for the protein solutions during the initial solution preparation. Addition of proteogenic plasticizers and unfolding of protein molecules due to heat and sonication caused the pH values of the final solutions for the lots AR-R11-7999, MO-S17-17168, and MO-S17-19874R to range between7.78-7.93 in the 3D printing solution. The density of the film preparation solution for the lots AR-R11-7999, MO-S17-17168, and MO-S17-19874R ranged between 1.07-1.10 g/mL.
2.4 Verification of the optimum conditions for the physical properties in 3D printed edible films
The preparative conditions for the 3D printed edible film with minimum thickness, maximum tensile and puncture strength determined by CCD and RSM were evaluated to ascertain the estimation capacity for the model. The 3D printed edible soy protein films  obtained in this study had a faint yellow color possibly due to the soy-related flavonoid compounds (Figure 4) (Nandane & Jain, 2018). The visible texture of the of the prepared films were smooth (Figure 4). 
The verification of the optimized conditions was performed on soy-protein isolated from MO-S17-19874R. The thickness of the 3D printed edible film from Lot MO-S17-19874R were effectively minimized and revealed (0.108 mm, Table 4) non-significant difference (p<0.05) to the predicted value (0.112 mm, Figure 2) from RSM using the same lot. The thickness of the 3D printed edible soy-protein films using the optimized condition were comparable to the commercially available Mylar® films (0.11 mm). 
The experimental tensile strength value for Lot MO-S17-19874R (14.79MPa, Table 4) were higher than the predicted values from RSM (10.58 MPa, Figure 3) using the same lot of soy protein, which can be attributed to the high quadratic coefficient (Coeff for X1X2 = 1.0952, Equation 6). Since the optimization aimed for maximization of the tensile strength, this value demonstrates the success of the model by unleashing secondary interaction between the protein structures and plasticizers. The experimental puncture strength value (8.20 N, Table 4) for Lot MO-S17-19874R was effectively maximized and revealed a statistically non-significant (p<0.05) difference to the predicted value (8.38 N, Figure 2) by RSM using the same lot. The soy-protein isolates from lots of AR-R11-7999 and MO-S17-17168 with a non-significant (p<0.05) difference in protein content were also used to prepare edible 3D printed films and physical properties were measured in triplicate for further verification of the optimized conditions in different varieties of soybean found in mid-south USA. The thickness, tensile and puncture strength values for the films made using the soybeans ranged from 0.108-0.114 mm, 14.79-16.07 MPa, and 6.97-8.20 N, respectively (Table 4). The minimal variation in the experimental physical properties of 3D printed edible films caused due to the difference in the source of soybean produce used. The successful experimental verification for the physical properties proved the efficacy for the RSM model (Desirability: 0.7428, Figure 2). 
Table 4: Physical properties of the final 3D printed edible soy-protein films.

	Sample #
	Thickness (mm) #
	Tensile Strength (MPa) #
	Puncture strength (N) #
	Water activity (aw) (Measured at 25 °C) #
	Density (g/cm3) (Measured at 27 °C) #
	Elongation at break (%)#

	AR-R11-7999
	0.110 ± 0.010a
	14.89±0.49a
	7.12±0.32b
	0.34 ± 0.01a
	1.22 ± 0.07b
	105.7±1.3a

	MO-S17-19874R
	0.108 ± 0.008a
	14.79±0.93a
	8.20±0.46b
	0.33 ± 0.02a
	1.36 ± 0.09a
	104.4±0.5a

	MO-S17-17168
	0.114 ± 0.005a
	16.07±1.89a
	6.97±0.58a
	0.31 ± 0.01a
	1.28 ± 0.03a,b
	104.7±0.8a


# Data are represented as mean ± standard deviation from three independent experiments. Mean values of physical properties in soy-protein isolate followed by same superscripted letters in the same column are not significantly different (P < 0.05).
* Identical portions of mylar plastic sheets coated with silicone (Richard Mistler, Inc., Morris-ville, Penn.) was used for comparison.
‡ Mylar®, also known as BoPET (Biaxially-oriented polyethylene terephthalate) is a polyester film made from stretched polyethylene terephthalate (PET) and is used for its high tensile strength, chemical and dimensional stability, transparency, reflectivity, gas and aroma barrier properties, and electrical insulation.

Nandane and Jain (2018) used RSM to optimize the soy protein concentration, pH and plasticizer percentage to obtain the edible films prepared in traditional way to maximize the tensile strength and elongation at break and minimize the thickness (Nandane & Jain, 2018). Their optimization of protein concentration results was highly comparable (SPI concentration: 8.39%) to this study. The pH value was not considered as one of the optimizable parameters in this study because of the observation in the initial studies that the window of the pH values had to be within 7.5-8.5 to obtain quality edible soy protein films, due to their solubility characteristics. The preparative pH values of the solutions were determined using their optimized values. The tensile strength for the edible 3D printed soy-protein films in the current study was approximately 7-8-fold higher than that of the study reported by Nandane and Jain in 2018 possibly due to a better RSM optimization and the standardization in the preparative process by additive manufacturing (Table 4). Also, the edible films, prepared in a traditional method, had a higher thickness (0.149 mm) compared to this study (0.108-0.114 mm), proving that 3D printing is more effective in preparing thinner, stronger films compared to the traditional methods. 

2.5 Water activity (aw) and density
Water activity is the major factor in edible products to modulate the food stability, microbial response, and determining the type of microorganisms encountered in food. Specially the products with a neutral pH are especially vulnerable (Tapia et al., 2020). There is no visible microorganism growth on products with aw of 0.4 or below. The edible soy protein films prepared by 3D printing in this study had a water activity value range of 0.31-0.34 (Table 4). It can be concluded that despite the favorable pH of the edible film preparation solutions, there is no possibility of any microbial growth on these films.
The density of the soy protein films using the optimized conditions are reported in Table 4. 
Density determines the weight of a material for unit volume. Density of the edible films can be a crucial parameter depending on the application. The density of the soy protein films for the soybean lots ranged from 1.22-1.36 g/cm3 (Table 4). The average density value (1.22 g/cm3) (Table 4) for the edible soy protein film produced from soybean lot AR-R11-7999 were lower than the other two lots, despite the statistically non-significant difference of protein content between the soybean Lots (p<0.05) (table 3). This study can be helpful in choosing the soybean lines with the lightest density while maintaining the statistically significant similarity in other physical properties.
2.6 Elongation at break 
The elongation at break ratios for 3D printed edible films ranged from 104.4-105.7% (Table 4) for the soybean lots under investigation. Plasticizer percentage, pH and drying time are traditionally known to affect the elongation at break values for a soy protein edible film (Cao & Chang, 2002). Possibly the difference in the S-S and H-bonding interaction between the unfolded protein and plasticizer causes the difference. Elongation at break values of traditionally prepared soy protein films reported by Nadane and Jain was comparable (104.79%) to the current study (Nandane & Jain, 2018). This result further proves that preparation of edible films using additive manufacturing obtains films with competitive physical properties with the traditional ones. 
2.7 Color attributes of the 3D-printed edible films
Color of an edible film is one of the most important aspects of the edible soy protein films for customer acceptability (Jiang et al., 2019; Sivarooban et al., 2008). The L*, a*, and b* values of the analyzed 3D printed edible film samples ranged from 90.81-91.53 (100 represents the brightest white), (-)1.89- (-) 1.31 (higher value represents a more intense redness), 14.85-17.25 (higher value represents a more intense yellowness), respectively (Table 5). The color of the films from all three-soy protein lots were very close, visually (Figure 4). The color of soy protein films reported by Rhim et al. (2000) (L*, a* and b* values as 89.8-93.7, (-)2.44-(-) 1.08, 10.03-25.96, respectively) were very similar to the values reported in this study  (Rhim et al., 2000). Sivarooban et al. reported edible soy protein films in 2008 with L*, a* and b* value ranges of: 77.47-95.36, (-)20-10.0, 4.68-29.06  (Sivarooban et al., 2008). Hence it can be concluded that 3D printing can produce soy protein films with comparable color to that of traditional methods.
Table 5: Color parameters of the 3D-printed edible soy-protein films.
	Sample #
	L*a
	a*a
	b*a
	Browning Indexa

	AR-R11-7999
	91.30±0.18
	-1.31±0.06
	14.85±0.20
	16.25±0.22

	MO-S17-19874R
	90.81±0.20
	-1.89±.05
	17.25±0.36
	18.98±0.49

	MO-S17-17168
	91.53±0.44
	-1.74±0.08
	16.13±.33
	17.56±0.38


a Data are represented as mean ± standard deviation from three independent experiments.
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Figure 4: The edible 3D-printed edible soy-protein films using protein from the three different soybean lots.

[bookmark: _Toc146973862]3. MATERIALS AND METHODS FOR OBJECTIVE 3
3.1 Materials
[bookmark: _Hlk132212685][bookmark: _Hlk132212425][bookmark: _Hlk132212408][bookmark: _Hlk144375439]Soybeans (line MO-S17-17168) were kindly supplied by Fisher Delta Research Center at the University of Missouri (MO, USA), which was used to prepare SPI (protein content: % 84.7 ± 2.9) for 3D printing and manufacturing edible films (Dey et al., 2022). Glycerol (analytical grade) was supplied by Fisher Scientific (NH, USA). GS and GT extracts were purchased as powder from Danisco (Copenhagen, Denmark). All other chemicals used in this study were of analytical grade and used as received.
3.2 Viscosity measurement
[bookmark: _Hlk132269316][bookmark: _Hlk132712307]The SPI-GS and SPI-GT solutions were prepared using the method described in Section 3.3, where they were treated at 85 °C for 30 min and cooled down to 25 °C. The apparent viscosity was measured at 25 °C in shear rates ranging from 0.1 to 100 1/s using a controlled-stress rheometer (AR 2000 Rheometer, TA Instruments, New Castle, DE, USA). The rheometer was equipped with a Peltier Plate system for temperature control and a parallel-plate geometry (40 mm), and a gap of 1000 μm (Dey et al., 2022; Ahmadzadeh & Ubeyitogullari, 2022).
3.3 3D printing of SPI films 
[bookmark: _Hlk132269815][bookmark: _Hlk132733446][bookmark: _Hlk132272213][bookmark: _Hlk132976474][bookmark: _Hlk132733972][bookmark: _Hlk132976592][bookmark: _Hlk132734596][bookmark: _Hlk132734468][bookmark: _Hlk132296591][bookmark: _Hlk132735076][bookmark: _Hlk132297808][bookmark: _Hlk132735381][bookmark: _Hlk132298193][bookmark: _Hlk132300357]An aqueous suspension of 11% SPI was homogenized at 6500 rpm using an adaptable homogenizer (VWR VDI 25, PA, USA) in a glass container for 15 min. The pH of the solution was set to 8.5 using 1 M NaOH solution. GT or GS (0, 1, 3, and 5%, w/w based on SPI content) were added and mixed at room temperature (23 °C) for 15 min. The prepared solution was then sonicated (Probe sonicator Branson Ultrasonics, CT, USA) for 5 min (output control: 9, duty cycle: 70%). The samples were kept in an ice bath to prevent overheating. Next, glycerol (30%, w/w based on SPI content) was added as a plasticizer and then degassed under the vacuum. The final solution with the composition of SPI (11% of initial protein suspension), GS or GT (0, 1, 3, 5 % w/w based on SPI content), glycerol (30%, w/w based on SPI content), and water (89% of initial protein suspension) was employed as the ink for printing. 3D printing was conducted using an Allevi 2 Bioprinter (Allevi, Inc., PA, USA). The printer was equipped with two extruders (10 mL each) (Fig. 3.1). The developed film-forming solution was loaded into a 10-mL cartridge and transferred to one of the extruders that was beforehand warmed up to 85 °C, sustained at this temperature for 30 min. The extruder was then cooled down to room temperature (23 °C). The SPI-based ink was next extruded through the different nozzles (i.e., 23, 25, and 30 G equivalent to 0.330, 0.250, and 0.152 mm internal diameters, respectively). The extrusion pressure was optimized in the range of 0.020 and 0.062 MPa. The nozzle height (the nozzle leveling gap) and printing speed were kept constant at 0.2 mm and 5 mm/s, respectively. The samples were printed on 10 cm × 10 cm mylar plastic sheets as the bed surface. The square-shaped printed films (5 cm × 5 cm) were dried for 4 h at 50 °C and 45% RH in a controlled humidity chamber (Hotpack, PA, USA). In addition, an .stl file of the same size (5 cm × 5 cm) but with nine openings (diameter of 8 mm) was created to show the accuracy in 3D printing. The dried films were placed between wax-paper sheets in a chamber at 25 °C, 50% RH for 48 h before further experiments. The 3D-printed films were hereafter labeled as SPI-C and SPI-GS or GT-1/3/5, where “C” indicates the control sample, “GS or GT” shows the extract type, and “1/3/5” demonstrates the concentration of extract. 
[bookmark: _Hlk144830977]The printing accuracy and shape retention were assessed by comparing the photos that were taken after 3D printing with the digital 3D geometry. The areas of the 3D-printed films were measured using ImageJ software (public domain, National Institutes of Health, USA), and specifically compared to that of the digital geometry. A ruler was used as a reference to create the scale bar in the photos.
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Figure 3.1. Schematic diagram of the 3D printing of edible films.

3.4 Film thickness 
[bookmark: _Hlk132739389]The film thickness was measured using a digital Caliper (Mitutoyo Corporation, Absolut Digimatic Caliper, Japan), with an accuracy of 0.01 mm. The thickness of each film was determined in 5 randomly chosen locations. The average values of the measurements were reported.
3.5 Mechanical properties
The tensile and puncture strength of the 3D-printed films were calculated using a texture analyzer (TA-XT Plus, Texture Technologies Corp., NY, USA). (Sivarooban et al., 2008).
3.5.1 Tensile strength (TS) and elongation at break (EB) determination
Film strips with accurate measurements of 40 mm by 15 mm were inserted into the texture analyzer’s film extension grips (initial grip separation of 20 mm). The texture analyzer moved them apart at a rate of 2 mm/s for 20 mm. The TS and EB were calculated using the following equations: 
			                                     (1)
                   (2)
[bookmark: _Hlk144967183]where the peak load is the maximum force applied to the film until it breaks.
3.5.2 Puncture strength (PS) determination
[bookmark: _Hlk132740334][bookmark: _Hlk132741289]Using the TA-108S film-testing apparatus, a 30-mm x 30-mm piece of film was mounted, and a 2-mm probe (TA-52) perforated it at a speed of 100 mm per min. At the spot where the probe punctured the film, the puncture strength of the film (expressed as a force in N/mm) was measured. To eliminate the effect of thickness variation, the ratio of puncture strength and thickness (N/mm) was calculated (Azevedo et al., 2017).
3.6 Fourier-transform infrared (FTIR) spectroscopy 
[bookmark: _Hlk132821108]SPI, GT, GS, and 3D-printed films were investigated for their structural properties and the interactions between the components using an FTIR spectrometer (IRAffinity-1S Fourier transform infrared spectrometer, SHIMADZU Corp., Japan) with attenuated total reflectance (ATR) accessory. The spectra were collected with 64 scans in the range of 4000 to 400 cm−1 (Ahmadzadeh & Ubeyitogullari, 2022).
3.7 Microstructural analysis 
The surface and cross-section structures of the 3D-printed films were observed using an FEI NovaNanolab200 Dual-Beam system. Small pieces of the films were fixed on the stub and coated with gold via a sputter-coater (EMITECH SC7620 Sputter Coater, MA, USA). SEM images were then taken at 15 kV and 10 mA (Ahmadzadeh & Ubeyitogullari, 2022).
3.8 Thermal stability
Thermogravimetric analysis (TGA) (TA Q5, TA Instruments, DE, USA) was used to evaluate the thermal stability of 3D-printed films and measure their non-isothermal degradation. First, approximately 10 mg sample was weighed in an aluminum pan using a microbalance. After a 10 min equilibration period at 30 °C, the sample was heated from 30 to 600 °C at a rate of 10 °C/min. A nitrogen atmosphere (20 mL/min) was used to prevent thermo-oxidative reactions. 
3.9 Water vapor permeability (WVP) 
[bookmark: _Hlk132741846][bookmark: _Hlk132742772][bookmark: _Hlk132742698]The WVP of the 3D-printed films was measured using the standard method (ASTM E96/E96M-10). First, 0.5 g calcium chloride was weighed into 20 mL vials (2.2 cm in diameter and 5.5 cm in height). Films were cut into 2 cm2 squares and placed over the opening of the vial’s lid. In a desiccator, the vials were kept at 23 °C and 50% RH controlled using a saturated magnesium nitrate solution. The weight of the vials was measured at various time intervals over the period of 24 h and used to calculate the WVP using the following equation:
 					   (3)
3.10 Color
[bookmark: _Hlk132720864]The color of the films was analyzed using a MINOLTA CR-300 colorimeter (KONICA MINOLTA, NJ, USA) with diffuse illumination/0° viewing geometry. The L* a* b* color space was used, in which L* shows the lightness/darkness, and a* and b* give the redness/greenness and yellowness/blueness, respectively. L* values indicate lightness. Negative and positive a* values indicate greenness and redness, respectively. Negative b* values show blueness, and positive b* values imply yellowness. The colorimeter was calibrated in triplicate using a white calibration plate (L* = 97.12, a* = +5.25, b* = -3.49).
3.11 Antioxidant activity
3.11.1 Total phenolic content
[bookmark: _Hlk132712941][bookmark: _Hlk132300562]Phenolic compounds were extracted from GS (5 mg), GT (5 mg), or SPI films (0.25 g) in 3 mL of 70% ethanol for 24 h. A 0.3 mL of ethanol solution was then added to the Folin Ciocalteu reagent (10%, v/v; 2.5 mL), followed by the addition of 2 mL of 7.5% (w/v) sodium carbonate solution. The resulting mixture was then incubated for 5 min at 50 °C. Afterward, the absorption was determined at 760 nm using a UV-vis spectrophotometer (Milton Roy Spectronic 1201, PA, USA). The standard curve was obtained using gallic acid solutions (0–1000 mg/L; R2 = 0.99). The result was reported as µg gallic acid equivalent per g film or extract (μg GAE/g film or extract) (Maryam Adilah et al., 2018).
3.11.2 DPPH radical scavenging assay
[bookmark: _Hlk132736510][bookmark: _Hlk132302360][bookmark: _Hlk144373825][bookmark: _Hlk132301505][bookmark: _Hlk132735810]DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging assay was performed to assess the antioxidant activity of the films and extracts. First, 25 mg of the film or 2 mg of the extract (GS or GT) was immersed in 3 mL of 70% ethanol, labeled as film extract and extract solution, respectively, and kept overnight for extraction. A 1 mL of 0.1 mM ethanolic DPPH solution was mixed with 0.3 mL of the film extract. After mixing, the sample was incubated for 30 min at 23 °C in the dark, and the absorbance was determined at 517 nm. Finally, Eq. 1 was used to calculate the DPPH radical scavenging activity (Maryam Adilah et al., 2018).
[bookmark: _Hlk132301824] 	     (4)
3.11.3 ABTS radical scavenging assay 
[bookmark: _Hlk132302439][bookmark: _Hlk144969693][bookmark: _Hlk132302459][bookmark: _Hlk132738699][bookmark: _Hlk132713352]ABTS radical scavenging activity was measured following the method of Maryam Adilah et al. (2018). First, 7 mM ABTS was combined with 2.45 mM potassium persulfate (1:1, v/ v) to generate ABTS radical cations. Next, the mixture was kept in the dark for 16 h at room temperature (23 °C). Ethanol was then added to the ABTS radical solution to achieve an absorbance of 0.7 ± 0.02 at 734 nm. Afterward, 40 μL of film extracts and extract solution (in 70% ethanol, as explained in Section 2.11.2), or gallic acid solutions as the standard solutions (0-0.001 mg/mL), were added to the diluted ABTS solution (3960 μL). The samples were kept in the dark for 6 min at room temperature (23 °C), and then the absorbance was determined at 734 nm. The results were given in µg gallic acid equivalent per g film or extract (mg GAE/g film or extract) (Maryam Adilah et al., 2018).
3.11.4 FRAP assay
[bookmark: _Hlk132738898][bookmark: _Hlk132739152][bookmark: _Hlk132713549]The FRAP assay was performed in accordance with the method of Maryam Adilah et al. (2018). The film extract and extract solution (see section 2.11.2) were obtained by immersing 25 mg of 3D-printed films or 2 mg of extracts (GS or GT) in 3 mL of 70% (v/v) ethanol solution and kept overnight. To prepare the FRAP solution, acetate buffer (pH 3.6), FeCl3 solution, and TPTZ solution were mixed in a ratio of 10:1:1, respectively. After 30 min of incubation at 37 °C, 2850 µL of the FRAP solution was put into a vial, mixed with 150 µL of the film extract, and vortexed. It was then incubated for 30 min at ambient temperature (23 °C) in the dark. Finally, the absorbance was measured at 593 nm. The standard curve was obtained using gallic acid solutions (0–1000 mg/L; R2 = 0.99). The results were reported as microgram gallic acid equivalent per gram film or extract (mg GAE/g film or extract) (Maryam Adilah et al., 2018).
3.12 Statistical analysis
ANOVA was performed using SPSS Statistics software (IBM Inc., IL, USA), followed by the LSD's multiple comparison test at p < 0.05. All experiments were conducted in triplicates. 
[bookmark: _Toc146973863]4. RESULTS AND DISCUSSION FOR OBJECTIVE 3
4.1 Viscosity
Viscosity presents the printability of the ink and the system’s efficiency in printing films with high resolution. The viscosity of SPI-based ink as a function of extract type and concentration at 25 °C is depicted in Fig. 4.2, where the results revealed shear-thinning properties of the inks regardless of the concentration of GS or GT. The addition of extracts reduced the viscosity of the protein solution, confirming the weakening effect of GS or GT on protein-protein interactions in the system. When compared to GT, GS significantly reduced ink viscosity, which affected the printability, as shown in Fig. 4.3. This observation could be attributed to GS and SPI having a stronger affinity than GT and SPI, resulting in a strong interaction between them and reducing the viscosity. Overall, the apparent viscosity indicated that the addition of a high concentration of GS prevented the proper gelation of soy proteins upon thermal treatment.
[bookmark: _Hlk132791851][bookmark: _Hlk132900658]Long-range (> 5 nm) and short-range (ca. 0.1 nm) interactions directly alter the viscosity in protein solutions with more than 10% (w/v) protein concentration (Jöbstl et al., 2004). Long-range interactions are mostly electrostatic, while short-range interactions include hydrogen bonding, dipole-dipole interactions, hydrophobic interactions, and van der Waals attractions. Polyphenols most likely weaken such interactions by attaching to the protein surface, increasing the distance between protein molecules, and shielding the side groups on the protein chain, which make protein interactions more susceptible to shear rate. Furthermore, reducing the volume fraction of the protein by tightly coiling protein chains around polyphenols may reduce the viscosity (Jöbstl et al., 2004). Polyphenols are multidentate ligands that can attach to many sites on the protein strand via various phenolic groups, causing the protein to coil around the polyphenols, according to Jöbstl et al. (2004). As a result, the physical size of the protein decreases, and its structure becomes more compact. Casein/epigallocatechin gallate interactions were investigated by Jöbstl et al. (2004), who reported that the reduced viscosity of casein/epigallocatechin gallate solutions compared to casein solutions was caused by the casein chains coiling up around the epigallocatechin gallate molecules, which reduced the size of the casein chains' molecules (Jöbstl et al., 2004). As previously stated, proanthocyanidins are the major compounds of GS, whereas GT contains catechins and flavanol monomers. Procyanidins are made up of catechin and/or epicatechin. It has been reported that large procyanidins have a higher affinity for protein binding than small compounds, which may be related to their multidentate structure, which allows them to bind multiple protein sites at the same time. As a result, the considerable effect of GS on ink viscosity compared to GT can be related to the type of polyphenols in GS (proanthocyanidins), which results in a strong protein-polyphenol binding, reducing the size of the protein chains and lowering the viscosity of the protein solution (Prigent et al., 2009; Jöbstl et al., 2004).


Figure 4.2. The viscosity of SPI-based inks as a function of extract type and concentration at 25 °C. GS: Grape Seed extract; GT: Green Tea extract. SPI: soy protein isolate; SPI-C: 3D-printed control SPI film; SPI-GS1,3,5: 3D-printed SPI film loaded with 1%, 3%, and 5% (w/w) GS; SPI-GT1,3,5: 3D-printed SPI film loaded with 1%, 3%, and 5% (w/w) GT.
4.2 Printing performance
[bookmark: _Hlk132745511]The accuracy of the 3D-printed films is determined by the parameters influencing ink extrudability. These factors include the rheological properties of the ink as well as the printing parameters, such as printing pressure and nozzle size. Under- or over-extrusion is one of the most common defects related to extrusion-based 3D printing (Ma et al. 2023). Therefore, optimizing the extrusion pressure and using the correct nozzle is essential to obtain the desired resolution. The preliminary experiments and the viscosity measurements revealed that SPI-GT3 provided better printability compared to SPI-C at the same printing conditions. Therefore, the printing parameters were optimized for SPI-GT3 instead of SPI-C (Fig. 4.3).  First, the minimum pressure required to achieve continuous printing of SPI-GT3 was established for a nozzle size of 0.25 mm. The minimum extrusion pressure required was determined at 0.062 MPa (Fig. 3B). Next, we evaluated 0.062 MPa pressure for the nozzles with the inner diameters of 0.10 and 0.33 mm to indicate the effect of nozzle size. The best printing pressure and nozzle diameter were determined to be 0.062 MPa and 0.25 mm, respectively (Fig. 4.3). For each nozzle, the minimum extrusion pressure should be applied as the optimal pressure. In the following steps, to print the films and examine the influence of ink properties, the extrusion pressure and nozzle size were set to 0.062 MPa and 0.25 mm, respectively.
The high shape retention of the SPI film printed without the incorporation of GS or GT demonstrated that the soy protein isolate provided adequate printing performance. When 3 and 5% GS were added to the SPI matrix, the film deformed while printing, indicating low printability of the ink. Conversely, the ink with 3 and 5% GT exhibited a higher strength, resulting in a significantly higher degree of shape preservation. This observation demonstrated the importance of the interactions between SPI and GS or GT in determining the ink rheological properties, which influence the printing quality. According to the literature, GS polyphenols and SPI have a high affinity, and the interaction between them is quite strong (Zou et al., 2019), affecting the physicochemical properties of SPI solution. It has been reported that catechin, the main polyphenol in GT extract, and SPI interact non-covalently, causing SPI to create a network-like structure (Dai et al., 2022). However, increased concentrations of catechin resulted in a more disordered protein structure (Dai et al., 2022). As a result, the difference between the 3D-printed films loaded with GS and GT can be explained by the intensity of their interactions with SPI. As presented in Fig. 4.3, the surface of the GS-loaded films was smoother than the control and GT-loaded films, which was due to the lower viscosity of the inks prepared with GS (Fig. 4.3). Overall, the GS or GT affected the protein-protein interactions, resulting in a change in SPI gel properties and printing quality. 
[bookmark: _Hlk132983543] When the layers were straight, and the area of the printed film was comparable to the .stl file area, the print was considered successful. The .stl file's area was 25 cm2. The 3D-printed film’s areas are reported in Table 4.1. It was found that the printed films loaded with 5% extracts; specifically SPI-GS5, had areas that were higher than the area specified by the .stl file, resulting in poor printing quality. In addition, the 3D-printed perforated films with nine openings geometry showed high printing accuracy and flexibility for potential future applications in foods with complex geometries (Fig. 4.3C).
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Figure 4.3. 3D printability of SPI-based inks (11% concentration): (A) The effects of GS and GT concentrations at the same printing conditions: pressure of 0.062 MPa and nozzle size of 0.25 mm, (B) the effects of printing pressures on SPI-GT3 with the nozzle size of 0.25 mm, and (C) the effects of nozzle sizes on SPI-GT3 with the pressure of 0.062 MPa, The scale bars represent 1 cm.
SPI: soy protein isolate; GS: grape seed extract; GT: green tea extract; SPI-GS: 3D-printed SPI film loaded with GS; SPI-GT: 3D-printed SPI film loaded with GT. SPI-GS3: 3D-printed SPI film loaded with 3% (w/w) GS; SPI-GT3: 3D-printed SPI film loaded with 3% (w/w) GT.
4.3 Thickness and mechanical properties
Flexibility, strength, and elastic properties are essential for the fabrication of food packaging materials. The mechanical properties of packaging materials should be able to help preserve the quality of packaged food products.  The effects of GS or GT on 3D-printed SPI films were determined by evaluating mechanical parameters, such as EB, TS, Young's modulus (YM), and PS, which for SPI-C were in good agreement with the results reported in our previous study for 3D-printed soy protein films (Dey et al., 2022).
[bookmark: _Hlk132790230][bookmark: _Hlk132791553][bookmark: _Hlk132792658][bookmark: _Hlk132794247]The thickness and mechanical properties (EB, TS, YM, and PS) of the 3D-printed SPI films are listed in Table 4.1. The results showed that adding GS or GT to SPI films increased film thickness significantly, with GS having a greater effect than GT. The reported results can be due to the effect of extracts on ink viscosity; lower viscosity resulted in more ink deposited during 3D printing at the same printing pressure. When compared to SPI-C, PS increased for films containing 1% GS or GT. Higher GS concentrations resulted in a decrease in PS; however, the PS of SPI-GT3/5 remained higher than SPI-C. Hydrogen bonding and hydrophobic interactions were the primary reasons for the formation of SPI films (Sivarooban et al., 2008). The increased thickness, PS, and TS of SPI- GS/or GT films could be attributed to cross-links generated by the high molecular size phenolic components. Polyphenols mainly interact with soy protein molecules via hydrogen bonding. The protein-protein interactions in the SPI film-forming solutions may have been influenced by the different structures of polyphenols (Sivarooban et al., 2008). Protein structure, temperature, and the type and concentration of the phenolic compounds all affect the protein-phenolic interactions (Sivarooban et al., 2008). As demonstrated in Table 1, the effects of GS and GT on the 3D-printed SPI film properties were different. The fracture resistance of SPI-based films was reflected by the TS. The TS significantly increased by increasing the concentration of the extract (Table 4.1). The addition of 3% GS and GT increased the TS of the 3D-printed SPI films by 197% and 42%, respectively, due to the development of strong hydrogen bonds among -OH groups on SPI and phenolic compounds. YM indicates the stiffness of the films, which significantly increased by the incorporation of 5% GS or GT, resulting in significantly higher YM compared to SPI-C (p<0.05). This also agreed with the results reported for the films’ TS. Furthermore, the EB of the SPI films loaded with 1% GS or GT was reduced by more than 50% compared to that of SPI-C (Table 1). However, the EB of the 3D-printed films increased with increasing the phenolic extract concentration (i.e., GS and GT) from 1 to 5%. Under alkaline conditions, polyphenols can be oxidized to quinones, which can cross-link with the nucleophilic amino groups of proteins, affecting the EB of the films (Rattaya et al., 2009). Thus, interactions due to polyphenols altered the mechanical characteristics of SPI films (Yu et al., 2018). In this study, compared to SPI-C, improved TS and YM were seen in SPI films with GS or GT (Table 4.1), which was in good agreement with the results reported by Wang et al. (2012). Another study reported that incorporating grape seed extract (1%) into SPI film significantly increased TS but had no effect on the EB. Overall, phenolics were assumed to be the predominant compounds in the extracts responsible for the changes in mechanical properties of the protein-based films (Wang et al., 2012; Sivarooban et al., 2008).
[bookmark: _Hlk132790277]Table 4.1. Thickness, area, and mechanical properties of the 3D-printed SPI films.
	Sample label
	Thickness (mm)
	Area (cm2)
	EB (%)
	TS (MPa)
	YM (MPa)
	PS (N/mm)

	SPI-C
	0.10 ± 0.00d
	25 ± 0.6b
	117.93 ± 10.70a
	4.62 ± 0.61e
	192.94 ± 19.58d
	58.63 ± 0.22d

	SPI-GS1
	0.19 ± 0.01c
	24.9 ± 0.8ab
	61.39 ± 10.23d
	10.91 ± 1.12b
	363.46 ± 36.72c
	80.21 ± 3.20a

	SPI-GS3
	0.25 ± 0.01b
	25.4 ± 0.4ab
	94.35 ± 16.0bc
	13.76 ± 1.64a
	592.12 ± 52.15a
	40.90 ± 0.24e

	SPI-GS5
	0.31 ± 0.00a
	26.4 ± 0.7a
	95.52 ± 3.84bc
	8.33 ± 0.95c
	519.58 ± 43.71b
	29.52 ± 0.15f

	SPI-GT1
	0.15 ± 0.01c
	25.1 ± 0.5b
	88.90 ± 12.91c
	6.38 ± 0.55d
	340.49 ± 47.06c
	71.45 ± 1.86b

	SPI-GT3
	0.17 ± 0.00c
	25.4 ± 0.2b
	101.47 ± 9.32b
	6.59 ± 0.88d
	581.40 ± 52.15ab
	69.02 ± 0.17c

	SPI-GT5
	0.17 ± 0.01c
	26.0 ± 0.3a
	105.58 ± 15.43b
	6.99 ± 0.39cd
	513.74 ± 10.84b
	59.58 ± 1.32d


Means within the same column with different superscript letters are significantly different (p < 0.05). Data are given as the means ± standard deviations. TS: tensile strength, EB: Elongation at break, YM: Young’s modulus, PS: puncture strength. 
SPI: soy protein isolate; GS: grape seed extract; GT: green tea extract; SPI-C: 3D-printed SPI film; SPI-GS1,3,5: 3D-printed SPI film loaded with 1, 3, and 5% (w/w) GS; SPI-GT1,3,5: 3D-printed SPI film loaded with 1, 3, and 5% (w/w) GT.
4.4 FTIR spectra
[bookmark: _Hlk132903051]The FTIR spectrum of the SPI-C film (Fig. 4.4A) indicated an absorption band at 3270 cm−1, associated mainly with the free O–H groups and amine N–H stretching (Denavi et al., 2009). The bands that appeared at 1640 cm−1, 1530 cm−1, and 1232 cm−1 corresponded to amide I (C=O stretching), amide II (N–H bending), and amide III (C–N stretching), respectively, which were consistent with findings of other studies (Tian et al., 2011). The asymmetric stretch vibrations of =C–H and –NH3+ indicated a peak at around 2928 cm−1 (Ahmad et al., 2016). The peak at ~1039 cm−1 was associated with C–H and C–O–H deformations (Liang & Wang, 2018). 
	By inspecting the frequencies of amide bonds, FTIR spectroscopy can determine the effect of phenolic compounds on the structure of proteins. Amide band I is the most sensitive spectral region for protein structure. Therefore, the second derivatives were calculated to elucidate the spectral differences at the amide band I region (wavelength range 1600-1700 cm−1) of SPI-C and SPI–GT/GS films, enabling to estimate the effect of the GS/or GT on the secondary structure of SPI. FTIR analysis revealed that the addition of GS/or GT affected the secondary structure of SPI by modifying the β-sheet, β-turn, α-helix, and random coil, leading to a more disordered structure. Our findings were consistent with the results reported in previous studies (Kanakis et al., 2011; Hasni et al., 2011), which indicated the interactions between SPI and polyphenols impacted the SPI’s secondary structures. Non-covalent polyphenol-protein interactions have previously been reported between blackcurrant polyphenols and flour proteins (Sivam et al., 2012). According to Hasni et al. (2011) and Kanakis et al. (2011), the interaction between SPI and polyphenols affected the protein’s secondary structure by modifying the α-helix, β-sheet, and random coil (Zou et al., 2019). 
The calculation of the second derivative spectra showed the components of the amide-I (Fig. 4.4B). The spectra of SPI-GS or GT displayed significant changes in the bands that corresponded to the SPI-C structure due to the interactions between SPI and extracts that disordered the protein structure and changed the protein-protein interactions. According to the literature, the peaks that appeared at 1618-1640 cm-1 were associated with β-sheets, the peaks at 1650-1660 cm-1 were attributed to α-helix, and the peaks at 1680-1695, 1665 cm-1 were ascribed to β-turns (Zhao et al., 2008). 
[bookmark: _Hlk132798179][bookmark: _Hlk132814811][bookmark: _Hlk132813674]The major secondary structure components (β-sheets and α-helical conformations) in SPI-GS3 and SPI-GT3 revealed different absorption intensities. The spectra of SPI films showed considerable changes in the bands associated with the original SPI structure as a result of protein denaturation, which disrupted the structure and affected the protein-protein interactions. The intensity and position of peaks associated with β-sheet, β-turn, and α-helical conformations shifted in SPI- GS/or GT compared to SPI-C (Fig. 4B). By comparing the representative spectra of SPI-C and SPI-GS or GT, significant differences were observed, confirming the interactions between SPI and extracts and the effect of extracts on SPI gel formation. The incorporation of extracts also caused a considerable alteration in the intramolecular β-sheet (1640 and 1618 cm−1). The addition of extracts caused a similar shift in the location and intensity of 1650 cm-1, indicating a change in the α-helical structure. Moreover, compared to SPI, a shift in the position of the major protein secondary structural components (α-helix and β-sheet) reflects protein denaturation after heating, which is accompanied by an increase in the absorption intensity at 1695 cm-1, associated with the antiparallel β-sheets (Zhang et al., 2021), indicating protein gelation after cooling. However, when compared to SPI-C, the intensity of the band at 1695 cm-1 was significantly lower for SPI-GS3, indicating that the GS extract prevented gel formation. In the presence of GS and GT, the intensity of the bands at 1618 and 1640 cm-1 decreased, confirming a more disordered structure. These bands were associated with intermolecular β-sheet (Zhang et al., 2021).
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Figure 4.4. (A) ATR-FTIR spectra of the SPI, GT, GS, SPI-C, SPI-GS3 and SPI-GT3; (B) Second-derivative spectra of the original ATR-FTIR spectra of SPI, SPI-C, SPI-GS3 and SPI-GT3 from 1600 to 1700 cm-1. SPI: soy protein isolate; GS: grape seed extract; GT: green tea extract; SPI-C: 3D-printed SPI film; SPI-GS3: 3D-printed SPI film loaded with 3% GS; SPI-GT3: 3D-printed SPI film loaded with 3% GT.
4.5 Microstructure of the 3D-printed films
Fig. 4.5 shows SEM micrographs of the surface and cross-sectional planes of the GS or GT-incorporated films and control SPI film. The GT- or GS-loaded films exhibited a smoother and less porous surface than the control film (SPI-C). Additionally, cross-sectional micrographs of SPI-C showed higher porosity compared to the GS/or GT -loaded films (i.e., SPI-GS and SPI-GT) (Fig. 4.5). When compared to SPI-C, the films loaded with GS or GT had a more compact cross-sectional structure, suggesting compatibility, entanglement and interactions between the GS or GT and SPI, as supported by FTIR results (Section 4.4) and mechanical properties (Section 3.3). Polyphenols may bind to the hydrophobic side chains of protein, resulting in chain entanglement between nearby molecules (Wang et al., 2012). With the addition of GS or GT, such interactions may cause more compact microstructures of the SPI films. The extract-loaded films were considerably homogenous. No aggregates were seen in GS- or GT-loaded SPI films, implying that the extracts were dispersed uniformly throughout the matrix. When using 3D printing, the ink material is thicker than when using the film-casting method (Kim et al. 2022). After extrusion, the printing ink should immediately recover its high viscosity to hold the shape of the printed film. As a result, the interior porosity of the polymer network can be a factor affecting the permeability of 3D-printed film. Furthermore, the film thickness is precisely controlled, and the gel network evenly distributes the loaded component. The more homogeneous microstructure resulted in better mechanical and barrier properties, as discussed above.
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Figure 4.5. SEM images taken from surfaces (A1, B1, C1) and cross-sections (A2, B2, C2) of the 3D-printed films: (A) SPI-C, (B) SPI-GT3, and (C) SPI-GS3.
SPI: soy protein isolate; GS: grape seed extract; GT: green tea extract; SPI-C: 3D-printed SPI film; SPI-GS3: 3D-printed SPI film loaded with 3% GS; SPI-GT3: 3D-printed SPI film loaded with 3% GT.
4.6 Thermal properties
[bookmark: _Hlk132994062]The thermal stabilities of the 3D-printed SPI- GS/or GT films were determined using TGA. The corresponding weight loss and derivative thermogravimetric (DTG) profiles are shown in Fig. 4.6. According to the DTG curves, all films responded similarly to thermal treatments, implying a three-stage weight loss mechanism. The first stage (between 30-130 °C) involved a 10% weight loss due to the evaporation of absorbed and bound water (Liao et al., 2022). The second interval of weight loss occurred between 130 and 270 °C, owing mostly to the dissociation of SPI protein chains from GS/or GT (Xu et al., 2015; Liao et al., 2022). After adding GS and GT, this dissociation peak shifted to a higher temperature by roughly 2 and 3 °C in comparison to the SPI control film. The third step (270-450 °C) might be associated with the breakdown of peptide bonds and the rupture of the primary protein skeleton (Liu et al., 2017). As a result, the difference in degradation temperature between the control film and the films incorporated with GS or GT, and higher residual weight after the addition of GS or GT demonstrated improved thermal stability owing to the interactions between SPI and GS or GT. There was a non-significant difference between the thermal stabilities of SPI-GT3 and SPI-GS3 (Fig.5 A, B) (p>0.05). This could be because protein-extract interactions are non-covalent, with just their strength varying. According to Zhou et al. (2020), non-covalent interactions of polyphenols with proteins result in lower increases in their heat stability than covalent bonding (Zhou, Lin, Xu, Meng, & Dong, 2020). Furthermore, as described for WVP, if higher extract concentrations result in saturation of active cites, no significant difference between the two extracts at higher concentrations may be expected.
B
A


Figure 4.6. (A) TGA and (B) DTG patterns of SPI-C, SPI-GS3, and SPI-GT3 films.
SPI: soy protein isolate; GS: grape seed extract; GT: green tea extract; SPI-C: 3D-printed SPI film; SPI-GS3: 3D-printed SPI film loaded with 3% GS; SPI-GT3: 3D-printed SPI film loaded with 3% GT.
4.7 Water vapor permeability (WVP)
[bookmark: _Hlk144977731]When most food products are exposed to high moisture levels, they become more prone to deterioration. As a result, food packaging must have effective water vapor barrier properties. According to the results in Table 4.2, the WVP of GS or GT-loaded films was reduced in a concentration-dependent manner as compared to the control films. By the addition of 5% GS or GT, WVP was reduced by around 60% and 56%, respectively, compared to the SPI-C. Table 2 reveals that the SPI film that served as a control indicated a WVP value of around 9.57 × 10−6 g m−1 s−1 Pa−1. When the extract concentration was 1%, WVP was reduced by 53% for GS and 43% for GT. The drop in WVP following the addition of the GS or GT could be attributed to interactions between the SPI and GS or GT. This result is comparable to those reported for SPI film incorporated with red raspberry extract (Wang et al., 2012) and seaweed extract-loaded fish skin gelatin film (Rattaya et al., 2009). In general, the presence of hydroxyl groups in hydrophilic substances such as phenolic compounds should improve the WVP of the films. However, by cross-linking with protein, phenolic compounds produced a more compact film structure (Section 3.5), which increased the tortuosity of the water molecule’s pathway across the matrix, resulting in less water diffusion through the film (Cao et al., 2007). Therefore, the change in the WVP of the film is caused by the phenolic compounds’ protein cross-linking abilities (Nie et al., 2015). Similarly, Wang et al. (2012) found lower WVP in films containing red raspberry anthocyanin compared to the control. Table 4.2 shows a significant difference between the WVP of SPI-GT1 and SPI-GS1 (p<0.05). However, increasing the concentration of extracts resulted in no significant difference between the extracts at the same concentration, which could be because the active sites are saturated at higher concentrations, and the higher concentration of polyphenols does not significantly affect the physical properties of the film.
4.8 Color
Color is an important aspect of food packaging design because it influences the consumer acceptability of foods. Table 4.2 shows the color parameters of 3D-printed SPI-C and SPI- GS/or GT films. The L* value indicated the lightness of the film, which decreased significantly by increasing the concentration of GT and GS extracts (p < 0.05).  The SPI-GT5 was significantly brighter, with an L*-value of 68.42 compared to 45.60 for SPI-GS5, suggesting that increasing the concentration of GS turned the film darker. As reported by Hopkins et al. (2015), the extract droplets could scatter light, which produces darker films (Hopkins, Chang, Lam, & Nickerson, 2015). SPI-C film indicated a yellow color due to its inherent protein. Although the redness (a* value) was significantly higher for SPI-GS5, the yellowness (b*-value) of SPI-GS5 was significantly lower than that of SPI-GT5 (p<0.05), demonstrating the effect of extract type on the film's appearance. Overall, the color of the edible films can impact consumer acceptability and specific food applications, where darker films can provide advantages when packaging light-sensitive foods (Yang et al., 2015).
Table 4.2. Color parameters and water vapor permeability (WVP) of the 3D-printed SPI films.
	Sample label
	L*
	a*
	b*
	WVP ( × 10-10 g m-1 s-1 Pa-1)

	SPI-C
	90.83 ± 1.55a
	3.19 ± 0.05f
	10.67 ± 0.06e
	9.6 ± 0.6a

	SPI-GT1
	76.78 ± 0.90b
	10.11 ± 0.56e
	21.71 ± 0.36d
	5.4 ± 0.2b

	SPI-GT3
	69.45 ± 0.37d
	15.84 ± 0.09d
	37.83 ± 0.48b
	4.5± 0.3c

	SPI-GT5
	68.42 ± 0.96d
	16.82 ± 0.43c
	43.72 ± 0.55a
	4.2 ± 0.1cd

	SPI-GS1
	74.89 ± 0.32c
	15.85 ± 0.05d
	21.19 ± 0.18d
	4.4 ± 0.2c

	SPI-GS3
	52.44 ± 0.57e
	27.76 ± 0.28a
	20.36 ± 0.08d
	4.0 ± 0.2cd

	SPI-GS5
	45.60 ± 0.46f
	26.18 ± 0.27b
	29.17 ± 0.53c
	3.7 ± 0.1d


Means within the same column with different superscript letters are significantly different (p < 0.05). Data are given as the means ± standard deviations.
[bookmark: _Hlk132183640]SPI: soy protein isolate; GS: grape seed extract; GT: green tea extract; SPI-C: 3D-printed SPI film; SPI-GS1,3,5: 3D-printed SPI film loaded with 1, 3, and 5% (w/w) GS; SPI-GT1,3,5: 3D-printed SPI film loaded with 1, 3, and 5% (w/w) GT.
4.9 Antioxidant activity
In order to achieve the desired concentrations of active compounds on food surfaces, release through food packaging materials is a crucial characteristic that depends on the film porosity and asymmetrical degree. Such morphological features can be modulated by the film preparation method and the composition of the film-forming solution (Gemili et al. 2010). In this work, 3D printing allowed the control of the porous structure in several ways, including the use of polymers with inherent porosity. The change in morphological properties subsequently affects the antioxidant properties of the film. 
[bookmark: _Hlk132721781]	Total phenolic content (TPC) and three types of antioxidant activity assays (i.e., ABTS radical scavenging assay, DPPH radical scavenging assay, and FRAP) were employed to determine the antioxidant activity. The phenolic compounds contribute to antioxidant activity by donating hydrogen from hydroxyl groups. TPC is a preliminary indication of the GT and GS extracts' and the films' antioxidant activities (Genskowsky et al., 2015; Viuda-Martos et al., 2011). The TPC of GS was nearly triple as high as that of GT (Fig. 4.7A). As expected, the TPC of the GT-loaded SPI films increased significantly with increasing the GT concentration (p ˂ 0.05). However, the SPI-GT films had higher TPC than SPI-GS films at 5% concentration that might be due to weaker interactions between GT and SPI, which was consistent with the FTIR data given below. Furthermore, it was observed that the TPC for SPI-GT films increased significantly when 5% GT was incorporated into the film, implying that the interactions between GT and SPI might become weaker as GT concentration in the film matrix increased owing to the saturation of active sites (Yu et al., 2018).
As shown in Fig. 4.7B, there were no significant differences between the DPPH radical scavenging activities of GS and GT (p>0.05). Similarly, the DPPH radical scavenging activities of the 3D-printed films loaded with GS or GT at the same concentrations were not significantly different (p>0.05). By increasing the concentration of the extract, DPPH radical scavenging capacity also increased as expected. As illustrated in Fig. 4.7B, 3D-printed SPI films incorporated with 5% GS or GT demonstrated up to 57% DPPH radical scavenging activity.
The SPI control films showed weak free radical scavenging activities against ABTS and DPPH (Fig. 4.7B,C). Likewise, Wang et al. (2016) reported weak DPPH scavenging effects of SPI films, which was consistent with our findings (Wang et al., 2016). In addition to DPPH scavenging activity measurement, the improvement in scavenging effects on free radicals by incorporating GS or GT in the 3D-printed films was also observed with the ABTS scavenging capacity. When GS or GT (1-5%) was incorporated into the films, a concentration-dependent improvement in their antioxidant activities was also detected by ABTS assay (Fig. 4.7C). Specifically, when 5% GS was loaded in the 3D-printed films, the DPPH scavenging percentage increased from 24 to 57% (p ˂ 0.05), while the ABTS scavenging capacity increased from 9 to 22 µg GAE/g film (p ˂ 0.05). As illustrated in Fig. 4.7C, GS exhibited higher ABTS radical scavenging capacity than GT, while the difference between the ABTS scavenging capacities of SPI-GS3 and SPI-GT3 was not significant (p>0.05), which might be related to the strong interactions between GS and SPI, which is in agreement with the DPPH scavenging activity. Similarly, several studies have discovered that incorporating natural extracts into film materials can improve free radical scavenging rates (Roy & Rhim, 2021; Saberi et al., 2017; Sogut & Seydim, 2018).
According to the FRAP experiment (Fig. 4.7D), GS extract demonstrated 61% higher antioxidant activity (550 μg GAE/g film) than GT (210 μg GAE/g extract). Fig. 7D indicates that even low concentrations of GS or GT incorporated into the SPI films reduced the ferric ion to ferrous significantly (p ˂ 0.05). At the same concentration (5%), GS demonstrated 51% higher antioxidant activity (6.7 μg GAE/g sample) than GT (3.3 μg GAE/g film).
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Figure 4.7. (A) Total phenolic content (TPC), (B) DPPH, (C) ABTS, and (D) FRAP antioxidant activities of the GS and GT extracts, and 3D-printed SPI films. Lowercase letters (comparison between 3D printed films); uppercase letters (comparison between pure extracts).
SPI: soy protein isolate; GS: grape seed extract; GT: green tea extract; SPI-C: 3D-printed SPI film; SPI-GS1,3,5: 3D-printed SPI film loaded with 1, 3, and 5% (w/w) GS; SPI-GT1,3,5: 3D-printed SPI film loaded with 1, 3, and 5% (w/w) GT.

[bookmark: _Toc146973864]5. OVERALL CONCLUSIONS
The soybean lots from mid-south USA: AR-R11-7999, MO-S17-19874R, and MO-S17-17168 were successfully used to prepare 3D printed edible soy protein films. The optimized condition from the RSM using the CCD were obtained for the soybean lot MO-S17-18874R. The verification of the optimized condition was performed with soybean lot MO-S17-19874R. The optimized condition was also used to prepare edible films using AR-R11-7999, and MO-S17-17168 for comparison purposes. The physical properties such as thickness, color, tensile and puncture strength, water activity, density, and elongation at break were quantified for the extruded film.  While all the soy protein lots revealed statistically non-significant difference in physical properties of the 3D printed edible protein films, notably, AR-R11-7999 produced edible 3D printed soy protein films with the least average density value and MO-S17-19874R produced the highest average puncture strength value among the three lots. The water activity values of all the soy protein edible films proved that the resulting 3D printed films are food safe and resistant toward microbial growth. 
In addition, the performance of 3D printing in generating edible soy protein films was examined as a function of phenolic extract type and concentration. The use of extracts altered the structural, mechanical, and antioxidant properties of SPI films by influencing protein-protein interactions and changing the rheological properties of SPI-based ink used in 3D printing. The effects of GS and GT on protein-protein interactions have been evaluated by FTIR. The second derivative of the FTIR spectra displayed changes in the absorption intensities of secondary structure components upon the addition of extracts. The incorporation of GS significantly affected the viscosity of the SPI-based ink, resulting in low printability of GS-loaded inks. The incorporation of GS or GT to SPI films considerably enhanced thickness, tensile strength, and antioxidant activity. Overall, this study describes a new flexible approach for fabricating edible films with high precision and flexibility while overcoming the limitations of the solution casting method. The discussion with local companies and Technology Commercialization Office at UADA are ongoing for patent application. Despite the advantages of 3D printing, information on the 3D printability of different biopolymers at different concentrations/temperatures is still scarce. Further research is needed to investigate the process scale-up, and the research team is looking for additional funding sources to bring this technology to the market that can add value to soy proteins from the Mid-South region.



SPI-C	85.299093969810684	56.38461626838987	34.909394025207312	19.346648970078657	7.3611112182665028	2.4275377102097409	9.3417861214910438	13.675563364167655	16.020886555579889	14.939009007228778	13.434546045740881	12.471931083079946	11.292626625291483	10.658295760867885	9.0186784930371999	7.6771622154345023	6.24603723352846	5.0608060326031694	3.6833835056353772	2.7431009518868996	4.2576820929612964	2.9935033260158739	1.8713702179306679	1.0696467454736205	0.35128525707522251	3.4012967258972009E-2	0.22655150674155269	0.37682389851952897	0.46477141319420023	2.009882471251446	1.6115813927599367	1.6040082321195759	1.4258670424652786	1.3693706275420605	1.1673081963313363	0.96575343492906995	1.8488121748087356	1.5030410316633529	1.1877605657612589	0.87473645082276208	0.5856875766581402	0.34884498152474747	0.18255987113388755	1.2870394710202172E-2	0.12916460772777677	0.22685050037514096	0.32284474541998553	0.37233768997827266	0.39268344340411215	0.4564568758473535	0.38910273211044544	0.3219178116430233	0.2641160249726765	0.21472014738047898	0.16968008082303698	0.12496235011753744	8.3669653808305738E-2	4.9834997360678208E-2	2.2819983891735944E-2	1.6087993387752715E-3	85.299093969810684	56.38461626838987	34.909394025207312	19.346648970078657	7.3611112182665028	2.4275377102097409	9.3417861214910438	13.675563364167655	16.020886555579889	14.939009007228778	13.434546045740881	12.471931083079946	11.292626625291483	10.658295760867885	9.0186784930371999	7.6771622154345023	6.24603723352846	5.0608060326031694	3.6833835056353772	2.7431009518868996	4.2576820929612964	2.9935033260158739	1.8713702179306679	1.0696467454736205	0.35128525707522251	3.4012967258972009E-2	0.22655150674155269	0.37682389851952897	0.46477141319420023	2.009882471251446	1.6115813927599367	1.6040082321195759	1.4258670424652786	1.3693706275420605	1.1673081963313363	0.96575343492906995	1.8488121748087356	1.5030410316633529	1.1877605657612589	0.87473645082276208	0.5856875766581402	0.34884498152474747	0.18255987113388755	1.2870394710202172E-2	0.12916460772777677	0.22685050037514096	0.32284474541998553	0.37233768997827266	0.39268344340411215	0.4564568758473535	0.38910273211044544	0.3219178116430233	0.2641160249726765	0.21472014738047898	0.16968008082303698	0.12496235011753744	8.3669653808305738E-2	4.9834997360678208E-2	2.2819983891735944E-2	1.6087993387752715E-3	9.9979999999999999E-2	0.11219999999999999	0.12590000000000001	0.14119999999999999	0.1585	0.17780000000000001	0.19950000000000001	0.22389999999999999	0.25119999999999998	0.28179999999999999	0.31619999999999998	0.3548	0.39810000000000001	0.4466	0.50109999999999999	0.56230000000000002	0.63090000000000002	0.70789999999999997	0.79430000000000001	0.8911	0.99990000000000001	1.1220000000000001	1.2589999999999999	1.4119999999999999	1.585	1.778	1.9950000000000001	2.2389999999999999	2.512	2.8180000000000001	3.1619999999999999	3.548	3.9809999999999999	4.4660000000000002	5.0110000000000001	5.6230000000000002	6.3090000000000002	7.0789999999999997	7.9429999999999996	8.9120000000000008	9.9990000000000006	11.22	12.59	14.12	15.85	17.78	19.95	22.39	25.12	28.18	31.62	35.479999999999997	39.81	44.66	50.11	56.23	63.09	70.790000000000006	79.430000000000007	89.12	99.99	380.1	337.1	294.89999999999998	256.5	215.8	179.9	153.9	139.19999999999999	123.3	109.7	95.85	85.86	75.87	68.37	64.2	57.65	54.3	48.34	43.63	38.15	37.53	34.44	31.69	28.42	26.71	24.56	22.32	21.33	20.04	18.46	17.43	17.04	16.899999999999999	16.8	16.71	16.420000000000002	15.62	14.53	13.42	12.49	11.33	10.119999999999999	9.0269999999999992	8.0579999999999998	7.1669999999999998	6.3579999999999997	5.6459999999999999	5.0049999999999999	4.4219999999999997	3.9129999999999998	3.4689999999999999	3.0750000000000002	2.7229999999999999	2.4159999999999999	2.1419999999999999	1.9019999999999999	1.6910000000000001	1.5029999999999999	1.337	1.19	1.0609999999999999	SPI-GS1	42.408833950861791	28.870462574397461	19.084023967762725	11.815487208531705	6.5480965744881612	2.4914530277209703	0.82162814807098927	3.1618353026585075	4.6286522155644372	5.422453911119347	5.0562799716774327	4.5470771231738372	4.2212689819655207	3.8221197808678866	3.6074231806014385	3.0524757976433601	2.598424134454755	2.1140433713480942	1.7128881956503035	1.2466836480612047	0.92843416833095072	0.65502801430173796	0.46053897323321136	0.28790311045087197	0.16456103776517239	5.4043885703880384E-2	5.2327641936880014E-3	3.4854077960238879E-2	5.7972907464542915E-2	7.1503294337569273E-2	7.7303171971209464E-2	42.408833950861791	28.870462574397461	19.084023967762725	11.815487208531705	6.5480965744881612	2.4914530277209703	0.82162814807098927	3.1618353026585075	4.6286522155644372	5.422453911119347	5.0562799716774327	4.5470771231738372	4.2212689819655207	3.8221197808678866	3.6074231806014385	3.0524757976433601	2.598424134454755	2.1140433713480942	1.7128881956503035	1.2466836480612047	0.92843416833095072	0.65502801430173796	0.46053897323321136	0.28790311045087197	0.16456103776517239	5.4043885703880384E-2	5.2327641936880014E-3	3.4854077960238879E-2	5.7972907464542915E-2	7.1503294337569273E-2	7.7303171971209464E-2	0.1	0.126	0.15859999999999999	0.1996	0.25130000000000002	0.31640000000000001	0.3982	0.50139999999999996	0.63119999999999998	0.79459999999999997	1	1.2589999999999999	1.585	1.996	2.5129999999999999	3.1629999999999998	3.9820000000000002	5.0140000000000002	6.3120000000000003	7.9459999999999997	10	12.59	15.85	19.96	25.13	31.63	39.82	50.14	63.12	79.459999999999994	100	272.8	222.1	175.2	137.6	112.2	89.82	73.28	60.1	49.12	39.54	33.51	28.96	24.36	21.21	18.75	16.71	15.02	13.11	11.29	9.11	7.2610000000000001	5.7169999999999996	4.5259999999999998	3.5990000000000002	2.8420000000000001	2.2519999999999998	1.79	1.431	1.1419999999999999	0.92589999999999995	0.74590000000000001	SPI-GS3	15.528258015784406	12.604158586503134	10.222577507873417	8.3150742930439971	6.7670984490217094	5.5022876386456208	4.4767404592187336	3.6428305734590833	2.9705698185730371	3.2228080131835442	2.6222238258850341	2.1366954549588901	1.7463866885120434	1.4270413695430353	1.5565676913863216	1.2724604556561971	0.94614485207006249	0.77807172117641132	0.64471167881464719	0.35196184815900305	0.28956900178187667	0.237673127105204	0.32481578989318832	0.26441235476247649	0.12256131899204602	0.10051127988937238	8.1623933117892081E-2	6.5866175199707763E-2	5.4111688777374593E-2	4.4669246451591239E-2	15.528258015784406	12.604158586503134	10.222577507873417	8.3150742930439971	6.7670984490217094	5.5022876386456208	4.4767404592187336	3.6428305734590833	2.9705698185730371	3.2228080131835442	2.6222238258850341	2.1366954549588901	1.7463866885120434	1.4270413695430353	1.5565676913863216	1.2724604556561971	0.94614485207006249	0.77807172117641132	0.64471167881464719	0.35196184815900305	0.28956900178187667	0.237673127105204	0.32481578989318832	0.26441235476247649	0.12256131899204602	0.10051127988937238	8.1623933117892081E-2	6.5866175199707763E-2	5.4111688777374593E-2	4.4669246451591239E-2	9.9949999999999997E-2	0.1258	0.15840000000000001	0.19939999999999999	0.25109999999999999	0.31609999999999999	0.39789999999999998	0.501	0.63070000000000004	0.79390000000000005	0.99950000000000006	1.258	1.5840000000000001	1.994	2.5110000000000001	3.161	3.9790000000000001	5.0090000000000003	6.3070000000000004	7.94	9.9949999999999992	12.58	15.84	19.940000000000001	25.11	31.61	39.79	50.1	63.07	79.400000000000006	99.95	75.81	58.42	48.13	40.590000000000003	34.46	30.35	26.12	22.52	19.809999999999999	16.91	14.58	12.33	10.64	9.1050000000000004	7.6020000000000003	6.4729999999999999	5.4180000000000001	4.4729999999999999	3.633	2.9849999999999999	2.4910000000000001	2.0579999999999998	1.6739999999999999	1.3879999999999999	1.145	0.93379999999999996	0.78610000000000002	0.65780000000000005	0.54700000000000004	0.45839999999999997	0.38479999999999998	SPI-GS5	0.14566737013113223	0.11782128791737684	9.551845586020942E-2	7.7495937557780933E-2	8.3360231666934806E-2	8.9658643737545257E-2	7.2041982444514097E-2	5.7535884288961531E-2	4.6026379927735582E-2	8.2552935234044514E-2	6.5803096129548114E-2	5.2822130450465347E-2	8.4786318016657355E-2	6.756987221895859E-2	9.0841920635149551E-2	4.4561557504234427E-2	3.8073271215283463E-2	6.0955959089880864E-2	5.1148525292959671E-2	4.5120146989998743E-2	4.0962030982340268E-2	3.6001278111456141E-2	3.1804232410484017E-2	2.8430879819432979E-2	2.4805031344280803E-2	2.1863680149643711E-2	1.9505606529114698E-2	1.7068933892997479E-2	1.4982046169802036E-2	1.2696552709770638E-2	1.0943382187844212E-2	0.14566737013113223	0.11782128791737684	9.551845586020942E-2	7.7495937557780933E-2	8.3360231666934806E-2	8.9658643737545257E-2	7.2041982444514097E-2	5.7535884288961531E-2	4.6026379927735582E-2	8.2552935234044514E-2	6.5803096129548114E-2	5.2822130450465347E-2	8.4786318016657355E-2	6.756987221895859E-2	9.0841920635149551E-2	4.4561557504234427E-2	3.8073271215283463E-2	6.0955959089880864E-2	5.1148525292959671E-2	4.5120146989998743E-2	4.0962030982340268E-2	3.6001278111456141E-2	3.1804232410484017E-2	2.8430879819432979E-2	2.4805031344280803E-2	2.1863680149643711E-2	1.9505606529114698E-2	1.7068933892997479E-2	1.4982046169802036E-2	1.2696552709770638E-2	1.0943382187844212E-2	0.1	0.126	0.15859999999999999	0.1996	0.25130000000000002	0.31640000000000001	0.39829999999999999	0.50139999999999996	0.63129999999999997	0.79469999999999996	1.0009999999999999	1.26	1.5860000000000001	1.996	2.5129999999999999	3.1640000000000001	3.9830000000000001	5.0140000000000002	6.3120000000000003	7.9470000000000001	10	12.6	15.86	19.96	25.13	31.64	39.83	50.14	63.13	79.47	100	0.33050000000000002	0.35189999999999999	0.34789999999999999	0.34160000000000001	0.34339999999999998	0.32019999999999998	0.31290000000000001	0.30520000000000003	0.32029999999999997	0.34820000000000001	0.3407	0.3382	0.3352	0.33439999999999998	0.32079999999999997	0.30559999999999998	0.29099999999999998	0.26869999999999999	0.24399999999999999	0.22109999999999999	0.20449999999999999	0.18729999999999999	0.17419999999999999	0.16120000000000001	0.1477	0.1366	0.12520000000000001	0.11459999999999999	0.105	9.5530000000000004E-2	8.6889999999999995E-2	SPI-GT1	76.266521154302083	61.674681780177202	49.202813185812445	38.850567878732477	31.001339155696648	25.412165126689274	20.627698817723068	16.283416581570943	13.135821658848039	11.025956445143617	8.7741850019805021	7.3318891988688559	6.10435182672901	5.0982398923550063	4.1392010665571393	3.5007846584001419	2.9312606537816062	2.3673935034125604	2.0319891868697426	1.0929513814540062	8.0138768534475352E-2	1.0045630338056888	0.32799148045337995	0.52290546468745203	0.37170835720023837	0.25100522965169475	0.13175874207239532	0.17008039407880027	0.21740351540971001	0.27632672348598497	0.34996482367875204	76.266521154302083	61.674681780177202	49.202813185812445	38.850567878732477	31.001339155696648	25.412165126689274	20.627698817723068	16.283416581570943	13.135821658848039	11.025956445143617	8.7741850019805021	7.3318891988688559	6.10435182672901	5.0982398923550063	4.1392010665571393	3.5007846584001419	2.9312606537816062	2.3673935034125604	2.0319891868697426	1.0929513814540062	8.0138768534475352E-2	1.0045630338056888	0.32799148045337995	0.52290546468745203	0.37170835720023837	0.25100522965169475	0.13175874207239532	0.17008039407880027	0.21740351540971001	0.27632672348598497	0.34996482367875204	9.9979999999999999E-2	0.12590000000000001	0.1585	0.19950000000000001	0.25119999999999998	0.31619999999999998	0.39810000000000001	0.50119999999999998	0.63100000000000001	0.79430000000000001	1	1.2589999999999999	1.585	1.9950000000000001	2.512	3.1619999999999999	3.9809999999999999	5.0119999999999996	6.3090000000000002	7.9429999999999996	10	12.59	15.85	19.95	25.12	31.62	39.81	50.12	63.09	79.430000000000007	100	377.6	305.39999999999998	243.7	192.5	153.69999999999999	126.1	102.5	81.099999999999994	65.650000000000006	55.37	44.43	37.549999999999997	31.8	27.23	23	20.49	18.489999999999998	16.73	14.93	12.58	10.34	8.3279999999999994	6.5730000000000004	5.16	4.093	3.222	2.5430000000000001	2.0139999999999998	1.599	1.2729999999999999	1.0149999999999999	SPI-GT3	0.62133836507672757	0.50421211962017498	0.39557946220197432	0.29632048020054558	0.19454037016470072	0.10470413155934347	1.8105390726378328E-2	6.0709183606337806E-2	0.1276787675642381	0.18713714657175276	0.23410100078745971	0.26545722107033798	0.28651416987188583	0.2936878917006947	0.28856466730082064	0.26732838348126586	0.23502576732309677	0.18570938197741854	0.12468658029706722	5.3274336556053743E-2	3.1609111777419846E-2	0.12639603833431493	0.19626204601557806	0.2801807959480484	0.3256894067743008	0.25571590666920979	0.31655695940368883	0.41652297181867148	0.50010858745149467	7.4944853068457107E-2	0.11991176490953137	0.62133836507672757	0.50421211962017498	0.39557946220197432	0.29632048020054558	0.19454037016470072	0.10470413155934347	1.8105390726378328E-2	6.0709183606337806E-2	0.1276787675642381	0.18713714657175276	0.23410100078745971	0.26545722107033798	0.28651416987188583	0.2936878917006947	0.28856466730082064	0.26732838348126586	0.23502576732309677	0.18570938197741854	0.12468658029706722	5.3274336556053743E-2	3.1609111777419846E-2	0.12639603833431493	0.19626204601557806	0.2801807959480484	0.3256894067743008	0.25571590666920979	0.31655695940368883	0.41652297181867148	0.50010858745149467	7.4944853068457107E-2	0.11991176490953137	0.10009999999999999	0.12590000000000001	0.15859999999999999	0.1996	0.25130000000000002	0.31640000000000001	0.39829999999999999	0.50139999999999996	0.63129999999999997	0.79469999999999996	1	1.26	1.5860000000000001	1.996	2.5129999999999999	3.1640000000000001	3.9830000000000001	5.0140000000000002	6.3129999999999997	7.9470000000000001	10	12.6	15.86	19.96	25.13	31.64	39.83	50.14	63.13	79.47	100	314.10000000000002	250.7	198.1	159.69999999999999	127.7	106.1	86.27	70.459999999999994	56.36	47.85	38.869999999999997	33.049999999999997	28.69	25.61	22.86	20.69	18.309999999999999	15.51	12.82	10.26	8.08	6.4329999999999998	5.1529999999999996	4.1059999999999999	3.1880000000000002	2.57	2.016	1.6020000000000001	1.302	1.0489999999999999	0.83379999999999999	SPI-GT5	12.678403039617018	12.943160777140514	13.203967877566011	13.458533537706877	9.1353859923529246	9.2909729844778752	9.436746409584039	2.8714990461740166	2.9082196094849686	2.9409234163612004	2.9692956983765386	2.993187592523503	3.0124847331057545	3.0271800647033134	3.0372652085785927	3.0429108296894185	0.338249603138361	0.25345716528967671	0.20232442732205619	0.2016447267529359	0.20074683043051902	0.19964374314967945	0.1983616150083431	0.19691539140489744	0.19533041443337162	0.19361490269623055	0.19179303652517682	0.12919317646030359	0.136522064526864	0.14431547138373799	0.15253583754202041	12.678403039617018	12.943160777140514	13.203967877566011	13.458533537706877	9.1353859923529246	9.2909729844778752	9.436746409584039	2.8714990461740166	2.9082196094849686	2.9409234163612004	2.9692956983765386	2.993187592523503	3.0124847331057545	3.0271800647033134	3.0372652085785927	3.0429108296894185	0.338249603138361	0.25345716528967671	0.20232442732205619	0.2016447267529359	0.20074683043051902	0.19964374314967945	0.1983616150083431	0.19691539140489744	0.19533041443337162	0.19361490269623055	0.19179303652517682	0.12919317646030359	0.136522064526864	0.14431547138373799	0.15253583754202041	0.1	0.12590000000000001	0.15859999999999999	0.1996	0.25130000000000002	0.31640000000000001	0.39829999999999999	0.50139999999999996	0.63119999999999998	0.79459999999999997	1	1.2589999999999999	1.585	1.996	2.5129999999999999	3.1629999999999998	3.9830000000000001	5.0140000000000002	6.3120000000000003	7.9459999999999997	10	12.59	15.85	19.96	25.13	31.63	39.83	50.14	63.12	79.459999999999994	100	178.9	134.80000000000001	106.7	85.99	68.87	56.26	47.97	40.85	34.479999999999997	28.97	24.74	21.17	18.84	16.61	15.03	12.84	10.66	8.6720000000000006	7.0949999999999998	5.5830000000000002	4.4790000000000001	3.5539999999999998	2.86	2.2599999999999998	1.8049999999999999	1.462	1.17	0.95620000000000005	0.79790000000000005	0.65069999999999995	0.53500000000000003	Shear rate (1/s)


Apparent viscosity (Pa.s)




SPI-C	14.730596100000001	21.712293899999999	29.655568800000001	37.633186799999997	45.726575400000002	53.907499799999997	62.136072900000002	70.384505400000009	78.636690000000002	86.886419399999994	95.134802399999998	103.38461099999999	111.63170699999999	119.87414999999999	128.11966200000001	136.365768	144.60642900000002	152.84481299999999	161.065674	169.28841600000001	177.519969	185.753997	193.99129199999999	202.23244800000001	210.471822	218.71485900000002	226.970766	235.254492	243.480402	251.73343799999998	260.00468999999998	268.21872000000002	276.36780600000003	284.69410199999999	292.95822599999997	301.12473599999998	309.40182900000002	317.70545400000003	325.981854	334.23281100000003	342.48515399999997	350.74096199999997	358.98706800000002	367.22663999999997	375.476112	383.73201899999998	391.98178799999999	400.23403199999996	408.48637500000001	416.73465899999997	424.990071	433.24637399999995	441.50020199999994	449.75640599999997	458.01558	466.2801	474.54323399999998	482.79221100000001	491.04960299999999	499.30719300000004	507.56616899999995	515.81910600000003	524.07372599999997	532.33151400000008	540.590688	548.8529309999999	557.11358999999993	565.36969499999998	573.62896799999999	100	99.82761174214879	99.456283165059091	98.882411727738614	98.101460897086085	97.143852130369282	96.059353864258924	94.918148934381705	93.778678561278554	92.681171119362844	91.664253853718165	90.760082778386348	89.984402331778	89.338346647168464	88.812709230910855	88.376401488516549	87.972316473886252	87.548350770076482	87.057938199076418	86.459916394363489	85.689973327853906	84.682596124466443	83.476478743006723	82.101242076077654	80.48316746078234	78.537661897525041	76.315227673919324	73.862631109142313	70.655702488822115	67.091588600492884	64.081038492483358	61.491431956673438	59.097016428921187	56.683060451972111	54.079810959997111	51.436553248891549	48.887148402006211	46.508630754225308	44.298805424092457	42.211599915140141	40.246253690936676	38.437151003841372	36.809763152943873	35.338732252482082	33.993977085170741	32.752327975331937	31.595418635277412	30.526157783289815	29.560409942479428	28.717909031837124	28.001617140623186	27.376876490217761	26.788561532067284	26.223002624517829	25.683929064633588	25.178612648121142	24.666384690001344	24.040596634159293	23.332403788805703	22.559458604802586	21.723001957380607	20.822333352457932	19.864624515158024	18.86870872922368	17.861731808168692	16.864508433281607	15.888379937315786	14.938570004709989	14.018501049406847	SPI-GS3	18.874667899999999	25.983189300000003	34.070875399999998	42.198587799999999	50.457186100000001	58.808946800000001	67.206147400000006	75.623527800000005	84.045180500000001	92.463954700000002	100.8826481	109.296443	117.71045000000001	126.12577	134.53593900000001	142.94327999999999	151.35395400000002	159.75331600000001	168.13843700000001	176.53123400000001	184.93059600000001	193.336018	201.739622	210.14767000000001	218.55329399999999	226.96386699999999	235.39443799999998	243.807536	252.22225	260.63615600000003	269.06420199999997	277.33721300000002	285.802528	294.29844599999996	302.65882199999999	311.258871	319.41452000000004	328.01164	336.38363099999998	344.80794000000003	353.22992599999998	361.66211299999998	370.06814100000003	378.48063300000001	386.89847799999995	395.31753500000002	403.73598600000003	412.15383100000003	420.57167600000002	428.99224800000002	437.41504200000003	445.83359400000001	454.261034	462.68605000000002	471.10237999999998	479.52648700000003	487.939888	496.36995400000001	504.79698999999999	513.22382400000004	521.65429400000005	530.08274399999993	538.50432599999999	546.92711999999995	555.35203500000011	563.776748	572.20297600000004	580.63001200000008	100	99.742592787267782	99.300181080828963	98.673875351834269	97.865452354124798	96.905931248510129	95.848170461763516	94.759834702667661	93.707996428724783	92.728486842397501	91.836186257105155	91.051823467660853	90.393240043885811	89.888197764547542	89.529367520051409	89.189267222297076	88.807265146456331	88.348640561217309	87.786520064733068	87.091217061574881	86.232304642213592	85.159515479227522	83.945178260232254	82.576485551289693	80.969337670586881	79.029788758774572	76.725857246712636	73.739630050237707	69.964065153563354	66.356262835195707	63.407725029575545	60.836184776476962	58.2020139504789	55.435378722484373	52.28699312544326	49.207353095771474	46.216772852385816	43.974072719573456	41.866317040994154	39.917203271003821	38.169847302813636	36.610057315117658	35.202631372438695	33.9092434137956	32.706884476945881	31.583294960385789	30.533300068553089	29.562785298546469	28.675119079523061	27.875905589223393	27.164700639187195	26.528896680283509	25.959025095167377	25.442648606950957	25.013333056949399	24.663564257042978	24.37738843836663	24.123060932292354	23.884776032775186	23.652961478496099	23.421169133640017	23.180463407014326	22.917592676220664	22.628648082808571	22.320655207591479	22.010152667573795	21.711213833805406	21.416776109767852	SPI-GT3	18.874667899999999	25.983189300000003	34.070875399999998	42.198587799999999	50.457186100000001	58.808946800000001	67.206147400000006	75.623527800000005	84.045180500000001	92.463954700000002	100.8826481	109.296443	117.71045000000001	126.12577	134.53593900000001	142.94327999999999	151.35395400000002	159.75331600000001	168.13843700000001	176.53123400000001	184.93059600000001	193.336018	201.739622	210.14767000000001	218.55329399999999	226.96386699999999	235.39443799999998	243.807536	252.22225	260.63615600000003	269.06420199999997	277.33721300000002	285.802528	294.29844599999996	302.65882199999999	311.258871	319.41452000000004	328.01164	336.38363099999998	344.80794000000003	353.22992599999998	361.66211299999998	370.06814100000003	378.48063300000001	386.89847799999995	395.31753500000002	403.73598600000003	412.15383100000003	420.57167600000002	428.99224800000002	437.41504200000003	445.83359400000001	454.261034	462.68605000000002	471.10237999999998	479.52648700000003	487.939888	496.36995400000001	504.79698999999999	513.22382400000004	521.65429400000005	530.08274399999993	538.50432599999999	546.92711999999995	555.35203500000011	563.776748	572.20297600000004	580.63001200000008	100	99.636508585687949	99.063413174007607	98.300644297052344	97.359389725625476	96.272916407347481	95.091532265234633	93.879178002619852	92.696534310151662	91.585907261530068	90.579896983599156	89.6985080996497	88.956632940353614	88.332859149670156	87.790956132083849	87.305732880487923	86.849997925446459	86.355513274178918	85.798643834723279	85.13923217810337	84.369869184581916	83.470402048473431	82.436755753922384	81.241590649098157	79.820966030667819	78.096122955823859	75.999119796575201	73.299495883493066	70.077069663507416	66.511956837432052	63.340164541731127	60.581927082407184	57.776249029405314	54.839874104237417	51.487936471243721	48.050660597115773	44.933451286519549	42.158158033560348	39.741406902928681	37.597689243736326	35.725108321330559	34.148447641232636	32.837189039244628	31.709017195085089	30.675919175394604	29.705205943892217	28.831863363977451	28.035323719259559	27.315142462554302	26.671082502030096	26.096031082739117	25.584964821499483	25.12943732181067	24.71957963618258	24.358525822264106	24.053588681235961	23.780414436521628	23.531601377503542	23.305149041852637	23.095945136950171	22.897402955349676	22.707396079686561	22.522894179988263	22.342474705265218	22.164122374948874	21.991823295457912	21.826155378131833	21.665510843987647	Temperature (°C)


Weight (%)




SPI-C	14.879390000000001	21.931609999999999	29.955120000000001	38.01332	46.188459999999999	54.452019999999997	62.763710000000003	71.095460000000003	79.430999999999997	87.764060000000001	96.095759999999999	104.4289	112.7593	121.08499999999999	129.41380000000001	137.7432	146.06710000000001	154.3887	162.6926	170.9984	179.31309999999999	187.63030000000001	195.95079999999999	204.27520000000001	212.59780000000001	220.92410000000001	229.26339999999999	237.63079999999999	245.93979999999999	254.27619999999999	262.63099999999997	270.928	279.15940000000001	287.56979999999999	295.91739999999999	304.16640000000001	312.52710000000002	320.91460000000001	329.27460000000002	337.60890000000001	345.94459999999998	354.28379999999999	362.61320000000001	370.93599999999998	379.2688	387.60809999999998	395.94119999999998	404.27679999999998	412.61250000000001	420.94409999999999	429.28289999999998	437.62259999999998	445.95979999999997	454.29939999999999	462.642	470.99	479.33659999999998	487.66890000000001	496.00970000000001	504.35070000000002	512.69309999999996	521.02940000000001	529.36739999999998	537.70860000000005	546.05119999999999	554.39689999999996	562.74099999999999	571.08050000000003	579.42319999999995	6.0570119999999998E-2	6.0570119999999998E-2	6.0570119999999998E-2	8.2777820000000002E-2	0.10402989999999999	0.12051000000000001	0.13075349999999999	0.13450909999999999	0.13229679999999999	0.12513940000000001	0.1141055	0.1003978	8.5520180000000001E-2	7.1294389999999999E-2	5.9860490000000002E-2	5.3078340000000002E-2	5.2119440000000003E-2	5.708684E-2	6.8009500000000001E-2	8.5412680000000005E-2	0.107501	0.13136610000000001	0.1561273	0.1835726	0.21474119999999999	0.24757299999999999	0.29168159999999999	0.34231800000000001	0.37455739999999998	0.37593910000000003	0.34560259999999998	0.31035649999999998	0.2980814	0.30180000000000001	0.3079094	0.30653340000000001	0.29332639999999999	0.27541260000000001	0.25828899999999999	0.24207419999999999	0.22492699999999999	0.2061675	0.1872665	0.17024130000000001	0.1561516	0.1442146	0.1330519	0.1212027	0.1079016	9.423202E-2	8.2556889999999994E-2	7.4368470000000006E-2	6.9402820000000004E-2	6.5931580000000004E-2	6.3365110000000002E-2	6.4494319999999994E-2	7.000642E-2	7.8790299999999994E-2	8.8329530000000003E-2	9.6445619999999996E-2	0.1039711	0.11077679999999999	0.11600050000000001	0.11887259999999999	0.1193056	0.1178336	0.1151905	0.1151905	0.1151905	SPI-GS3	18.874667899999999	25.983189300000003	34.070875399999998	42.198587799999999	50.457186100000001	58.808946800000001	67.206147400000006	75.623527800000005	84.045180500000001	92.463954700000002	100.8826481	109.296443	117.71045000000001	126.12577	134.53593900000001	142.94327999999999	151.35395400000002	159.75331600000001	168.13843700000001	176.53123400000001	184.93059600000001	193.336018	201.739622	210.14767000000001	218.55329399999999	226.96386699999999	235.39443799999998	243.807536	252.22225	260.63615600000003	269.06420199999997	277.33721300000002	285.802528	294.29844599999996	302.65882199999999	311.258871	319.41452000000004	328.01164	336.38363099999998	344.80794000000003	353.22992599999998	361.66211299999998	370.06814100000003	378.48063300000001	386.89847799999995	395.31753500000002	403.73598600000003	412.15383100000003	420.57167600000002	428.99224800000002	437.41504200000003	445.83359400000001	454.261034	462.68605000000002	471.10237999999998	479.52648700000003	487.939888	496.36995400000001	504.79698999999999	513.22382400000004	521.65429400000005	530.08274399999993	538.50432599999999	546.92711999999995	555.35203500000011	563.776748	572.20297600000004	580.63001200000008	6.816316E-2	6.816316E-2	6.816316E-2	8.7533490000000005E-2	0.10567120000000001	0.1188896	0.12571360000000001	0.12587899999999999	0.120543	0.111357	9.9610219999999999E-2	8.5439509999999996E-2	6.9304989999999997E-2	5.506407E-2	4.6455860000000002E-2	4.5634609999999999E-2	5.1971669999999998E-2	6.2709840000000003E-2	7.7052159999999995E-2	9.5368400000000006E-2	0.11551599999999999	0.135909	0.15740419999999999	0.18291089999999999	0.2157937	0.26285550000000002	0.32732220000000001	0.38500459999999997	0.40794720000000001	0.38940360000000002	0.34958879999999998	0.32474819999999999	0.33154929999999999	0.34763090000000002	0.36203259999999998	0.34754869999999999	0.31249500000000002	0.27517760000000002	0.24092649999999999	0.22097839999999999	0.199347	0.17964359999999999	0.1634331	0.150532	0.1398692	0.13028210000000001	0.1209032	0.111175	0.10098360000000001	9.0837089999999995E-2	8.1242700000000001E-2	7.2758000000000003E-2	6.4577640000000006E-2	5.6038659999999997E-2	4.7259059999999999E-2	3.9255980000000003E-2	3.3521629999999997E-2	3.0114200000000001E-2	2.8531569999999999E-2	2.812746E-2	2.8826000000000001E-2	3.0572930000000002E-2	3.2983060000000002E-2	3.5198019999999997E-2	3.631558E-2	3.6334249999999998E-2	3.6334249999999998E-2	3.6334249999999998E-2	SPI-GT3	18.874667899999999	25.983189300000003	34.070875399999998	42.198587799999999	50.457186100000001	58.808946800000001	67.206147400000006	75.623527800000005	84.045180500000001	92.463954700000002	100.8826481	109.296443	117.71045000000001	126.12577	134.53593900000001	142.94327999999999	151.35395400000002	159.75331600000001	168.13843700000001	176.53123400000001	184.93059600000001	193.336018	201.739622	210.14767000000001	218.55329399999999	226.96386699999999	235.39443799999998	243.807536	252.22225	260.63615600000003	269.06420199999997	277.33721300000002	285.802528	294.29844599999996	302.65882199999999	311.258871	319.41452000000004	328.01164	336.38363099999998	344.80794000000003	353.22992599999998	361.66211299999998	370.06814100000003	378.48063300000001	386.89847799999995	395.31753500000002	403.73598600000003	412.15383100000003	420.57167600000002	428.99224800000002	437.41504200000003	445.83359400000001	454.261034	462.68605000000002	471.10237999999998	479.52648700000003	487.939888	496.36995400000001	504.79698999999999	513.22382400000004	521.65429400000005	530.08274399999993	538.50432599999999	546.92711999999995	555.35203500000011	563.776748	572.20297600000004	580.63001200000008	8.4474519999999997E-2	8.4474519999999997E-2	8.4474519999999997E-2	0.10379969999999999	0.1214568	0.13410900000000001	0.14077580000000001	0.14109840000000001	0.13561670000000001	0.12558340000000001	0.11228440000000001	9.7467159999999997E-2	8.3262000000000003E-2	7.1374140000000003E-2	6.2860550000000001E-2	5.8734340000000003E-2	5.9245109999999997E-2	6.4688540000000003E-2	7.424058E-2	8.6530159999999995E-2	0.10081279999999999	0.1168091	0.13595989999999999	0.16039429999999999	0.19212460000000001	0.23627049999999999	0.29116340000000002	0.34884900000000002	0.38528099999999998	0.38559900000000003	0.36804100000000001	0.34748279999999998	0.35297040000000002	0.37492799999999998	0.3871252	0.38263449999999999	0.35223900000000002	0.3126758	0.27515279999999998	0.2398566	0.20664660000000001	0.17575209999999999	0.15037790000000001	0.13255459999999999	0.120119	0.1101838	0.1005672	9.0891449999999999E-2	8.1910700000000003E-2	7.3333809999999999E-2	6.5390240000000002E-2	5.8338580000000001E-2	5.1992799999999999E-2	4.592272E-2	4.0296360000000003E-2	3.5388419999999997E-2	3.148662E-2	2.862864E-2	2.6364749999999999E-2	2.4618339999999999E-2	2.338788E-2	2.2530120000000001E-2	2.193113E-2	2.143492E-2	2.088535E-2	2.0258200000000001E-2	2.0258200000000001E-2	2.0258200000000001E-2	Temperature (°C)


Derivative weight change (%/°C)
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