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Fourier Transform Infrared Spectroscopy (FTIR) Probing on Interactions of Proteins with Phenolic Compounds in the East African Highland Banana Pulp at Different Stages of Banana Juice Extraction


	 
Abstract
[bookmark: _Hlk38631574]The ability of East African highland bananas to produce juice is hypothesized to be attributed to the interactions of proteins and phenolic compounds during mechanical kneading of the banana pulps. The mechanism on how this occurs is still unclear though the involvements of their chemical functional groups have been mentioned. To evaluate the influence of proteins and phenolic compounds on juice recovery, this study analyzed and compared functional groups present in the pulp of intact fruit and at different stages of juice extraction. Fourier transform infrared spectroscopy (FTIR) analysis was performed to provide novel information on the changes of the functional groups in the pulp structure in response to banana juice production by mechanical blending. Amide I, amide II regions in FTIR spectra were used to study the structural changes of proteins as the result of protein-polyphenol interactions. FTIR analysis displayed that the mechanical blending led to the decrease of phenolic compounds and shift of protein regions (Amide I and II). Result suggests that, the reduction of the intensity of OH spectra is attributed to interaction of these groups, while the shift in the wavenumber of OH from 3300 to 2250 cm -1, may be attributed to the formation of hydrogen bonding. Moreover, the observed reduced intensity at amide I region at 1655.14 cm -1 could explain the same phenomena. Reduced intensity in the carbohydrate region (995.65 cm -1) of the spent pulp after juice recovery could be ascribed to the reduction of these components in the pulp as most of them were released in the juice product during extraction. The involvements of proteins and pectin with phenolic compounds were validated by the addition of adsorbent and enzyme (bentonite and pectinase) during juice extraction, as the result no juice was recovered, suggesting the chemical structures in protein and pectin were partly broken, hence no observed interactions. The observations suggest interactions between polyphenol, protein and pectic polysaccharides and that all three compounds may have an impact on banana juice release. Understanding these mechanisms could inform improvements in juice production techniques and broader food science applications, particularly in optimizing extraction methods for plant-based beverages.
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1. Introduction
East African Highland Bananas (EAHBs) are commonly cultivated in East Africa (Karamura, 1998). They are mainly utilised as staple foods, or for desserts and juice production (Gebre-Mariam, 1999). Banana is a highly perishable fruit due to a high moisture content, which makes it susceptible to post-harvest losses. Thus, processing bananas into value-added products like low viscosity juice is an interesting alternative to reduce these losses. 
Low viscosity banana juice has traditionally been produced by kneading a mixture of ripe bananas and grass or fibres until juice oozes from the pulp. Research has been conducted to improve extraction efficiency and obtain clear banana juices during banana juice production (Kyamuhangire et al., 2006; Kyamuhangire et al., 1999). An improved method involves an extended blending of banana pulp without the addition of grass or fibre until juice separates from the pulp (Kibazohi et al., 2017, Majaliwa et al 2019). Mechanical processing of banana juice utilises high tannin content EAHB bananas (Musa AAA-EA and ABB-EA). Kyamuhangire et al. (2002) used an electron microscope and observed higher tannin laticifers in juice-producing bananas than in non-juice producing bananas. Thus, the ability of banana to release juice is hypothesized to be linked to interactions between proteins and polyphenols, especially tannins (Kyamuhangire and Pehrson, 1999; Kyamuhangire et al., 2002; Kibazohi et al., 2017). Further, the involvement of polysaccharides (pectin) has also been reported (Kyamuhangire et al., 2006). However, there is little information about the biochemical reactions of pulp components, and the potential involvement of their functional groups. 
Polyphenols are secondary plant metabolites mostly found in fruits and vegetables (Tomás‐Barberán and Espín, 2001). Interactions of polyphenols with proteins have been demonstrated in many studies. Moreover, the degree of affinity of polyphenol to protein is governed by the type of polyphenol, size, and the nature of the protein, pH, ionic strength, and temperature (Siebert et al., 1996; Ali et al., 2012). Hydrogen and hydrophobic bonds have been reported to play an important role in the interactions (Sarni‐Manchado, and Cheynier, 2002), as the hydroxyl groups interact with the carbonyl groups of proteins (McManus et al., 1981; Butler et al., 1984; Siebert et al., 1996; Richard et al., 2006). These interactions lead to the formation of insoluble complexes which induce structural changes in tertiary and secondary protein structures (Ozdal et al., 2013; Xie et al., 2017; Czubinski and Dwiecki, 2017; Pessato et al., 2018). It is implicit that the same phenomenon occurs during banana juice extraction; however, the contribution of the complex formation and its potential effect on banana juice release remains unclear. Moreover, previous researches on protein-polyphenol interactions have been conducted in the modal systems. Less is known, however, regarding their involvements and implications in the real processing environment.
Therefore, the understanding of structural changes of the banana pulp at different time intervals during juice extraction is vital for an improved understanding of the mechanism behind juice release. Moreover, bentonite and pectinase treatments may provide insight into the nature of interactions with and without the presence of pectins and proteins in the pulp, respectively. Bentonite can bind to proteins, by chelation or hydrogen bonding, through interactions with the polar terminal regions. This interaction is dependent on the pH value of the media and the isoelectric point (pI) of the protein (Blade and Boulton, 1988). Pectinase is used to break down high-molecular-weight pectins into monomer sugars (Jadaun, 2018). Fourier Transform Infrared Spectroscopy (FTIR) has been widely used to study interactions between polyphenols and proteins and for characterization of structural and conformational changes of proteins. It can be a valuable tool to enhance the understanding of how the physicochemical properties of the phenolic compounds or proteins may change after binding or complex formation, and their influence on juice release during processing (Zhang and Ma, 2013).
This study aims to explore and characterize the biochemical changes in proteins, polyphenols, and pectins in banana fruit pulp during mechanical juice extraction. To elucidate the underlying mechanism behind banana juice release, FTIR was employed to obtain detailed information on the molecular and conformational changes occurring during mechanical juice extraction.

2.0 Materials and Methods 

2.1 Materials
Pisang awak bananas (Musa ABB genotype), and cooking bananas (Musa AAA genotype) were purchased at the local market in Dar es Salaam city, Tanzania. The bananas were then transported to the Food Laboratory at the Department of Chemical and Mining Engineering, University of Dar es Salaam and stored at 28 - 32°C for 5 days. The ripening process was assessed following a colour chart (Fig.1.)
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Figure 1. Categorization of different stages of ripeness in banana using a colour index (Sankhe, 2015).
2.2 Reagents 
Pectinase (EC 3.2.1.15) from Aspergillus niger with an enzymatic activity 1.06 U per mg and aqueous bentonite powder were purchased from Sigma Aldrich, USA.
2.3 Methods
2.3.1 Mechanical juice extraction
[bookmark: _Hlk46133323][bookmark: _Hlk47003102]Banana pulp of cooking variety (Malindi) was used as control while banana pulps of Pisang awak cultivar of juice variety (about 800 g) were obtained from stage five of ripening (Fig. 1) were peeled and subjected to mechanical blending (Blixer 4 V.V., Robot Coupe, France) at a speed of 2500 rpm for 180 s (until the juice was released). Subsequently, pulp samples were collected at three different time intervals (60 s, 120 s, and 180 s) during blending for the lyophilisation process. Samples were lyophilised at 0.1 mbar and -78°C for 72 h to remove water interference during FTIR analysis (Kaddour et al., 2008). Lyophilised pulps were ground into a fine powder using a mortar and pestle and then subjected to Fourier transform infrared spectroscopy (FTIR) analysis.
2.3.2 Bentonite treatment of the banana pulp
[bookmark: _Hlk38365853]An aqueous bentonite suspension 5% (w/v) was prepared in deionised water (Moreno-Arribas and Polo, 2009). Bentonite was added to the banana pulp to bind the protein and prevent its interaction with polyphenols (Blade and Boulton 1988). For each experiment, 500 g of fruit banana pulp was mixed with 100 mL pre-treated bentonite. The mixture was blended by using a mechanical blender (Blixer 4.V.V., Robot Coupe, France) at 2500 rpm for 240 s. After blending, the pulp was also collected and lyophilised at -78°C for 72 h. The lyophilised pulp was ground to a powder and subjected to FTIR measurements. 
2.3.3 Pectinase pre-treatment
To study the relative role of the presence of pectins for the interactions, enzymatic depectinization was employed (Liu et al., 2017; Zhai et al., 2018). About 500 g banana pulp (chopped into small pieces) was mixed with 0.02 g of the pectinase enzyme (Nighojkar et al., 2019). The mixture was stirred for 5 min and allowed to settle at room temperature (30°C) for 10 min and subjected to blending at 2500 rpm for 162 s in a blender (Blixer 4 V.V., Robot Coupe, France). The pectinase treatment was made as described by Majaliwa et al. (2019) but without adjustment of the of the banana pulp pH (4.5) since pectinase works well at pH 4 - 4.5 (Fleuri et al., 2015). The obtained puree was lyophilised at 0.1 mbar and -78°C for 72 h and later subjected to FTIR analysis.
2.4 FTIR spectrum acquisition
Comparative analysis of functional groups (polyphenols, proteins, and pectins in the spent pulps with the control (intact fruit pulp) was done using FTIR (Bruker Optics GMBH vector, Germany). Spectra were collected at the wave range between 400 and 4000 per cm and the resolution of 4 per cm following the method described by Monteiro et al. (2014). Each sample was sprinkled on top of the FTIR crystal (3 mm2) and transmittance measured. The functional groups were detected based on their frequencies of vibration of the bonds within a molecule as a result of light absorption by the bonds. The analysis was done in duplicate for each sample, and the peak values were recorded. The spectral peaks were used to study if the chemical shifts could be associated with the interactions and provide information on the ability of phenolic compounds to bind proteins and pectins during banana juice extraction.

3.0 Results and Discussion 
3.1 FTIR characterization of protein-polyphenol interactions
The bands considered to be the most interesting for the elucidation of protein-polyphenol interactions in the pulps were between 3300 - 2250 per cm and 1647-1545 per cm for polyphenols and proteins respectively. The FTIR spectra for the cooking cultivar (red line in Fig. 2) was compared with the juice-producing cultivar (blue line in Fig. 2). The characteristic band of the phenolic compounds in the juice-producing cultivar had higher intensity than in the cooking cultivar, suggesting higher content of tannins in the juice-producing cultivar than cooking cultivar. This is in line with the observations by Kyamuhangire et al. (2006) who compared banana cultivars using an electron microscope and reported a higher amount of tannin laticifers in the juice-producing cultivars then in cooking bananas. It is further suggesting that high tannin content is a determinant factor for juice release and provides evidence behind the failure of juice release from cooking banana when subjected to mechanical blending. The experimental IR spectra of banana pulps at different blending intervals during juice extraction are shown in Fig. 3, lines A-D, and the wavenumber values of the identified peaks are summarized in Table 1. The FTIR bands obtained at different blending time during juice extraction are based on sensitive band regions representing distinct stretching vibrations in functional groups that demonstrate the changes in the structures of phenolic compounds, proteins, and pectins. It is worth noting that the banana fruit pulp spectrum at intact stage (0 s) before juice extraction, characteristically had spectral peaks at 1750.35 per cm (Fig. 3-line A), corresponding to amide I. However, the absorption band (1750.35 per cm) disappeared at 180 s (Fig. 3-line D) of juice extraction, implying that the conformational changes of amide I bond was induced by the mechanical extraction. The interactions between para-OH, meta-OH, and COOH groups of phenolics with side chains of amino acids have been reported (Madhan et al., 2001). As shown in Fig. 3A-D, bands in the range between 3300.13 per cm and 3270.94 per cm were found in the pulp samples from all stages of juice extraction which might be attributed to the OH stretch of the phenolic compounds since lyophilisation process during sample preparation removes the OH groups from water in the fruit pulp (Kaddour et al., 2008). The mechanical blending resulted in a significant shift of wavenumber and flattening of the curve in the OH region (Fig. 3, line A-D), from the intact fruit pulp (3270.94 per cm) to the point where the juice was recovered (3300.13 per cm). The observed decline in the intensity of the absorption band for the OH group and decline of wavenumber was probably due to the formation of hydrogen bonds and by interactions between NH groups in the peptide chain and the OH groups of phenolic compounds (Hassan et al., 2013; Yang et al., 2015). This agrees well with the in vitro study of Trnková et al. (2010), which showed a decrease in OH functional groups during interactions between bovine serum albumin and hydroxycinnamic acids. 

Table 1. FTIR peak values (per cm) and functional groups of pulp collected at different time intervals of juice extraction.

	Extraction time
(s)
	Stretching 
OH
	C-H 
stretching
	C=O bond
vibrations
 of protein
	C=C plane 
Symmetric
 stretching 
of protein
	C-O-C bond
stretching 
vibration in
carbohydrate
(pectin)

	0
	3300.13
	2875.20
	1750.51
	1655.14
	995.65

	60
	3299.82
	2859.12
	1743.07
	1625.45
	894.11

	120
	3296.46
	2835.53
	1740.13
	1630.09
	887.34

	180
	3270.94
	2763.32
	1725.84
	1641.89
	875.08



[bookmark: _Hlk37428392][bookmark: _Hlk38292976]Determination of structural changes of protein have previously been described by evaluation of spectra regions of amide I and amide II in the region 1600 - 1700 per cm and 1480 -1575 per cm, respectively (Ng et al., 2002; Capek et al., 2003; Ge et al., 2006; Skotti et al., 2014; Rodríguez-Torres., 2015). The presence of secondary structures of protein in these regions and hydrogen bonding environments enables the probing of the interaction of the protein with other macromolecules (Byler and Susi, 1986; Susi and Byler, 1983; Murayama and Tomida, 2004). Studies have shown that polyphenol-protein interactions through hydrogen bonds affect the secondary and tertiary structure of protein molecules resulting in an unfolding of the protein chain (Bandyopadhyay et al., 2012). The amide I and II changes (C=O stretching) are reflected by extension of the band’s vibrations, and the shifting of the bands (Haris and Severcan, 1999; Bourassa et al., 2013). Moreover, the amide I region has mostly been used to study secondary protein structures due to its high absorption sensitivity (Li et al., 2006). 
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Figure 2. FTIR spectra for banana pulps. A-pulp of intact fruit of juice-producing cultivar, B-pulp of intact fruit of non-juice producing (cooking) cultivar. 


In the present study, a wavenumber shift by 111.88 per cm was observed between the peak at 2875.20 per cm to 2763.32 per cm, suggesting asymmetric and symmetric CH2 stretching vibrations of proteins. Furthermore, there was a remarkable chemical shift of wavenumber at the amide I region from 1641.89 to 1655.14 per cm from 0 s to180 s of juice extraction, respectively. The shift of bands could be due to hydrophobic interactions between phenolic rings and hydrophobic pockets in proteins,resulting in a change of the secondary structures of the protein (Li et al., 2004; Kanakis et al., 2011; Mehanna et al., 2014), and a transition of α-helix to β-sheet structure (Xu et al., 2019). Similarly, Zhao et al. (2020) reported that the α-helix content of protein decreased during protein-polyphenol interactions.
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Figure 3. FTIR spectra for banana pulps. A- Pulp of intact fruit, B- pulp (0 s), C- pulp (60 s), and D- pulp (180 s) of mechanical blending.
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Figure 4. FTIR spectra of pectinase treated banana pulp

3.2 FTIR characterization of pectin polysaccharides in the pulp
[bookmark: _Hlk39091781]Figure 3 shows the absorption spectra of pectins that are characterised by vibration modes of C-C, C-O stretching, and bending mode of C-H bonds in the region between 1250.11 and 875.08 per cm. The intense band occurring at 995.65 per cm at 0 s (line-A, Fig. 3) indicates a high amount of pectin (Mousia et al., 2001; Capek 2003; Khoozani et al., 2020). Thus, a significant reduction of the band intensity at 180 s (line-D in Fig. 3) is in line with the reduction of pectins in response to mechanical blending. This suggests the involvement of pectin in the release of juice from the banana pulp, as pectins interact with proteins and polyphenols. The interaction of polysaccharide by polyphenol and protein is mostly governed by hydrogen and hydrophobic bonds (Sow et al., 2017; Zhu et al., 2018).
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Figure 5. FTIR spectra of bentonite treated pulp 
3.3 Effect of bentonite treatments on pulp properties
Figure 5 shows the FTIR analysis of bentonite treated pulps. Comparison between control (Fig. 3-line A) and the fruit pulp pre-treated with bentonite (Fig. 5) showed that the intensity of amide I peaks was reduced from 83 to 77%, respectively. The reduction of band intensities in the amide regions suggests a decrease of the amide groups and related to the bonding of these groups with bentonite (Chatjigakis et al., 1998). Moreover, the failure of juice release after bentonite pre-treatment could be explained by the binding of proteins in the pulp to bentonite, and hence no interaction of proteins and phenolic compounds. 
3.4 Effect of pectinase treatments on pulp properties
Identification of pectin in the FTIR spectra lies on the (C–OH) stretch vibrations and (C–O–C) vibrations, and the absorption peaks of different pectin polysaccharides are dependent on the adjacent groups attached to them. The transition of structural properties of pectin has been observed after treatment with pectinase (George et al., 2014; Van Buggenhout et al., 2009). These changes have been studied and reported to occur in the region between 900 and 2000 per cm of the FTIR spectra (Kalapathy and Proctor, 2001; Kačuráková et al., 2000). The effect of pectinase on the banana pulp pectin in the present study is shown in Figure 4. The result indicates a drop of band intensity from 100% (Fig.3-line A) to 57% (Fig. 4), and a wavenumber shift from 995.65 to 1000.93 per cm, respectively. Further, the juice was not released after 10 min. of pectinase treatment. This might be due to the flocculation of pectin and protein due to pectin hydrolysis (Singh et al., 2012), which suggests that pectin is involved in the formation of an insoluble complex. 
4.0 Conclusion
The results of FTIR analysis provided a better picture regarding the chemical profile of the pulp in response to mechanical blending during low viscosity banana juice production. The blending process caused a reduction in the intensities of proteins, carbohydrate (pectin) and polyphenols functional groups. Thus, it is hypothesized that observed reductions were attributed to the protein-pectin-polyphenol interactions. Moreover, FTIR spectra disclosed the existence of interaction between protein, pectin and phenolic compounds and demonstrated that it was mainly contributed by hydrogen bonding. Furthermore, the influence of protein-pectin-polyphenol interaction on the conformational structures of the banana proteins was evidenced from the associated alterations in banana protein’s Amide I and II bands. Changes were detected in the protein secondary structure (Amide I), as well as the OH groups as the result of hydrogen bond formation. Further, it was obvious from the FTIR spectra that, pretreatment of fresh pulps with bentonite and pectinase gave rise to the decreased protein and pectin contents, as reflected by the decrease in their band’s intensities. The findings suggest that a combination of protein-pectin-polyphenol interactions, rather than only protein-polyphenol interactions, are involved in the formation of insoluble complexes and can play an important role in the release of low viscosity juice from the banana pulp. Further analyses using NMR is needed to confirm this hypothesis, and to decipher the properties of intrinsic and formed compounds during mechanical extraction of low viscosity banana juice, hence the biochemical involvements.
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