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Abstract

:

Starch is one of the biopolymers that has been recognized as promising for its application as an eco-friendly substitute for conventional polymers due to its biodegradable nature, low cost, and considerable abundance from renewable vegetal-type resources. In particular, the use of cassava starch as raw material in the manufacture of packaging materials has increased in recent years. Consequently, the analytical study of the quality and features of starch and its derivatives throughout their entire life cycle have gained importance, with non-destructive sample methods being of particular interest. Among these, spectroscopic methods stand out. The aim of this study was evaluated using spectroscopic techniques (i.e., mid-infrared spectroscopy (MIRS) and functional-enhanced derivative spectroscopy (FEDS)) for the monitoring of the effect of the thermal stress of starch in conjunction with computational tools such as density-functional theory (DFT). It is concluded that the FEDS technique in conjunction with DFT calculations can be a useful tool for the high-precision spectral analysis of polymers subjected to small thermal perturbations. In addition, it is demonstrated that small changes produced by thermal stress can be monitored by infrared spectroscopy in conjunction with FEDS at wavenumber range between 3800 and 3000 cm−1, which would allow for the implementation of spectral techniques instead of thermal techniques for out-lab evaluations and for the study of the thermal stress of biomaterials.
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1. Introduction


Polymers derived from natural sources are widely recognized as one of the most environmentally friendly and appropriate alternatives to replace fossil-fuel based polymeric materials [1,2]. Thus, biodegradable polymers based on low molecular weight biomolecules such as sorbitol, dextrose, and citric acid (as well as in natural macromolecules such as agar, cellulose, collagen, lignin derivatives, cellulosic biomass, and starch) have been widely studied for their use in multiple applications including both structural and functional applications [3,4,5,6,7,8,9]. Starch is one of the biopolymers that has been recognized as promising for its application as an eco-friendly substitute for conventional polymers due to its biodegradable nature, low cost, and considerable abundance from renewable vegetal-type resources. Thus, starch has been used as a raw material for biofuel production, in the food industry as a thickener and stabilizing agent, as an encapsulation material for bioactive substances, in the generation of starch-based conductive polymers, and in the production of biodegradable polymeric packaging, among others interesting applications [3,8,10,11,12,13,14,15].



Starch is a polysaccharide formed by a mixture of high molecular weight polyols denominated amylose and amylopectin [14,16,17]. The proportion between both polysaccharides in starch depends on the type of plant material from which they are extracted (i.e., corn, potato, wheat). The cassava tuber (Manihot esculenta) is one of the most relevant sources in tropical and subtropical regions, whose dry weight is approximately 84% of amylose and amylopectin [13,18,19]. In structural terms, both homopolymers are composed of fundamental monomeric glucose units in their hemiacetal form α-d-glucopyranose [19]. In the case of amylose, it is a linear biopolymer made up of α-(1 → 4) glycosidic type bonds between approximately 500 to 2000 units. As for amylopectin, this is a branched type homopolysaccharide made up of up to 1000 units with the presence of α-(1 → 4) glycosidic bonds with α-(1 → 6) glycosidic type branches, which constitute approximately between the 6 to 5% of the structure [15,19,20,21,22,23]. Chemical and structural composition of starch makes it a polymer with high hydrophilicity, high susceptibility to humid conditions, limited processability, reduced solubility in water, instability against temperature changes, and low resistance to shear. For these reasons, its mechanical and functional properties limit its widespread use in the polymer industry, particularly in the development of packaging-type systems [3,4,7,19,22].



Generally, thermal stress has been used as an economical and environmentally friendly treatment method for biopolymers (e.g., wood, starch, proteins) and produces changes in its functional and mechanical properties (e.g., glass transition temperature, durability, heat capacity, etc.). These changes are mainly caused by variations in the water contents in the biopolymer matrix that lead to structural and conformational changes of its native structure by modifying the molecular mobility of the systems [24,25,26]. In this work, it is crucial to monitor the functional and mechanical characteristics of the starch, derivates, and starch-based polymer mixtures without carrying out the destruction of the samples (this being a very common situation in the study of the thermal stress of biopolymers). Usually, the effect of temperature on starch has been studied through differential scanning calorimetry to study the variation of its properties during their production and processing (e.g., to estimate the heat transported through the aqueous medium during gelatinization [4,27], or to study the effect of heat stress on the physicochemical properties of starch [28]), studies which have been commonly focused on starch from maize. In particular, thermal stress during the heating of food, sterilization operations, or inadequate storage conditions can alter the barrier properties of starch-based materials and affect their functionalities [5,14,22,28,29,30]. Therefore, in recent years there has been increased interest in both the use of cassava starch as a raw material in in packaging manufacturing as well as the use of spectroscopic techniques (e.g., mid-infrared spectroscopy (MIRS) and functionally-enhanced derivative spectroscopy (FEDS)) for monitoring the effect of their thermal properties. In conjunction with computational tools such as the functional density theory (DFT), the study of changes in the structural properties of starch-based materials has been explored.



In particular, MIRS is of special interest since the analytical information it has provided is associated with the fundamental vibrations of functional groups, allowing for their identification, the analysis of their molecular interactions, and their straightforward quantification using a calibration curve. In addition, this allows one to omit the use of multivariate calibration models which are usually characterized to require a large proportion of samples (as in the case of near-infrared spectroscopy) [18,31,32]. However, despite the multiple advantages present in MIRS analysis, in polymeric systems such as starch the structural characterization by MIRS of the signals associated with molecular vibrations presents hidden and overlapped signals, making it difficult to interpret the spectrum correctly and limits the information obtained through this; it is complicated to establish specific vibrational frequencies beyond typical vibration ranges. For example, in the case of the stretching region of the O–H bonds, they present a slight perceptible displacement and a widening associated with the effect of hydrogen bonds. In the region between 1100 cm−1 and 900 cm−1 (associated with stretching of C–O, C–H, C–O–H bonds), and bending C–O–H bonds, it is difficult to reliably identify the vibrational modes since they are overlapping and poorly resolved signals [21,31,33,34]. A solution to this situation is to use deconvolution methods to increase the spectral resolution of the signals in the MIRS associated with the vibration frequencies of the molecular system [35]. FEDS is a method based on functional transformations of simple implementation that allows for the deconvolution of the infrared spectrum, enabling the analysis of multiple overlapping and hidden signals [7,36]. This tool has been evaluated with optimal results in the identification of non-appreciable signals in the pristine infrared spectra and in the evaluation of the influence of the molecular interactions on the frequency of vibration in systems of simple molecular composition (e.g., mixtures of controlled composition), as well as in the study of complex systems of biological origin (e.g., animal tissue, bacterial biofilms, soil samples). Likewise, this tool has been used in the analysis of polymeric matrices based on PVC, polyurethanes, polyureas, cellulose, and polymer-clay composites [31,36,37,38,39,40,41,42]. Thus, the application of FEDS in the analysis and characterization of biopolymer mixtures, such as cassava starch and its derivatives, is a promising analytical approach for the study of its quality and features throughout their entire life cycle.




2. Materials and Methods


2.1. Source and Thermal Treatment of Cassava


Commercial cassava starch (Almidones 1-A, Cali, Colombia) was used to carry out the experiments. In order to analyze the effect of thermal stress, the cassava starch was subjected to thermal heating, employing an air atmosphere temperature-programmed heating oven at 105 °C for 4 h.




2.2. Analysis by Infrared Spectroscopy with Fourier Transform Coupled to the Total Attenuated Reflectance Technique (FTIR-ATR)


The infrared spectra of the native, thermal product, and acetylated cassava starches were obtained using a Fourier-transform infrared spectrometer coupled to the attenuated total reflectance technique with ZnSe crystal (IR-Affinity, Shimadzu, Kyoto, Japan). The analysis region was 4000–600 cm−1. Fifteen readings were collected and averaged with a resolution of 2 cm−1. All samples were analyzed for triplicate.




2.3. FEDS Analysis


The FEDS treatment of the pristine infrared spectra of cassava starch and its acetylated derivatives was carried out using the methodology described by Palencia (2020) [35]. In general, this process consists of applying a smoothing algorithm to the infrared spectrum data with an average-based spectral filter of the absorbance and the wavenumber with a data window of 3 in 20 cycles. The obtained spectrum is subsequently auto-scaled using the maximum and minimum absorbance values, and the FEDS algorithm is applied to the processed data based on the first derivative of the inverse of auto-scaled spectra, the square root of its absolute value, and the inverse of the resulting data. The conceptual foundation and the specific mathematical procedure of deconvolution are reported in detail in previous scientific articles [35,36,43].




2.4. Computational Analysis


The computational calculations were developed using the Gaussian 09W/Gauss view 5.0.8 software package applying Density-functional theory (DFT) with the B3LYP hybrid functional and the 6-31G + (d) basis set, considering the singlet state and neutral charge for the gas phase. This level of theory has been accepted as an appropriate approach to analyze a simplified molecular model of biopolymers such as arabinogalactan and chitosan [44,45]. In this sense, in the present study, the DFT/B3LYP/6-31 G + (d) level of theory has been employed as a first approximation to analyze and compare the infrared spectra of model units of amylopectin, amylose, and representative structures of their acetylation products.





3. Results and Discussion


3.1. Cassava Starch Characterization at 25 °C and Starch Dried at 100 °C


Starch spectra at 25 °C and starch dried at 100 °C are shown in Figure 1. The typical assignation of starch includes the wide band associated with hydroxyl groups (O-H stretch among 3600 and 3100 cm−1), typical signals associated with –CH and –CH2 units (among 2950 and 2850 cm−1), vibrations of side chain (CH2-OH) at 1320 cm−1 (3), vibrations C–O and C–C at 1145 cm−1 (4) and 1080 cm−1 (5), respectively. The signal (4) has been described as being associated with glycosidic bonds [46,47,48,49], and an intense signal has been associated with vibrations of C–O–H (bending) at 1000 cm−1 (6). This signal is particularly interesting since its correlation with the content of glucose in aqueous dissolutions has been described [49]. However, it is important to indicate that signal pattern among 1700 cm−1 and 900 cm−1 are consistent with signals described for glucose, which is the monomer unit of amylose and amylopectin (which have been identified with numbers from 1 to 6 in Figure 1) [49]. The signal at 1420 cm−1 (2) has been described to be the bending of CH and CH2 [46,47]. In particular, signal associated to ~1650 cm−1 (1) is usually described as water bending vibration due to highly hydrophilic nature of polymer structure [46,47,48,49]. However, it is important to note that signals are present both in the samples at 25 °C (room temperature) and at 100 °C (dried samples in oven). Therefore, it is suggested that, if sample is not disturbed for air humidity, then the hydrophilicity of starch and/or its hydration degree can be easily monitored by using of signal (1).



When trajectories of line functions of spectra are compared, it can be seen that among 4000 cm−1 and ~2850 cm−1 the intensity of absorption for starch dried at 100 °C is larger than absorption intensity observed for starch at 25 °C. However, it is well-known that in this region not only is the contribution of hydroxyl groups present, but a contribution of water molecules absorbed is also expected. Therefore, from a compositional point of view, for “dried” starch, a decreased absorption intensity is expected due to loss of water molecules resulting from heating. However, a decreasing of intensity was not observed in this first wavenumber range. On the other hand, for wavenumbers lower than ~2850 cm−1, a consistent behavior of spectral trajectories respect to the drying operation is obtained (i.e., at lower absorbed water content a lower contribution of water spectrum to starch spectrum, and therefore, the absorption intensity of “dried” starch is lower than those observed for starch at room temperature).



The behavior among 4000 cm−1 and ~2850 cm−1 can be explained for an increase of interchain space as a result of heating. However, the effect of temperature on thermal properties of starch has been described to be more complex that a simple increase of intermolecular space. First, it is recognized that starch is characterized by a multilevel structure from the macro- to the molecular scale [50]. In this way, it is clear that heating influences the amorphous and crystalline domains. However, it also promotes desorption of water molecules (this being an aspect important for the description of gelatinization of starches), which is an irreversible process associated with the alteration of molecular ordering, temperature, heating time, and moisture content, among others aspects [50,51,52]. In general, the presence of water is associated with the disturbance of the crystalline regions and, consequently, the vibration of polymer chains is favored. However, it is widely accepted that water content has an important effect on melting temperature (Tm). Thus, Tm of starch is increased by reducing of moisture content [50]. From a practical perspective, water can be assumed to act as a plasticizer. In this regard, an increase of specific heat with the increase of temperature and moisture content has been described for Cassava starch. Thus, e.g., a variation in water content in starch from 4% to 30% produces a change in specific heat from 267.6 to 412.2 J/kgK at 25 °C, while at 75 °C the specific heat changes from 368.9 to 545.1 J/kgK for similar water contents [51]. Besides, it has been described that starch thermal conductivity decreases with the temperature and the moisture content, which it has been associated with a decrease of crystalline structure and an increase of amorphous domains [51,52]. Therefore, an important result is identifying two zones. The first is a starch’s spectrum zone where thermal stress can be observed, while the second is a region where hydration can be evaluated. In this way, two regimes can be defined: (i) a chain-chain intermolecular association region (CCIAR), which is associated with spectral changes associated with the thermal response of polymer chains by effect of the increase on temperature and decrease of moisture content; and (ii) a chain hydration region (CHR), which is characterized by the interaction of hydrophilic groups with water molecules (see Figure 1).




3.2. Study by FEDS of Chain-Chain Intermolecular Association Region Associated to the Hydroxyl Band


As previously established, the region between 4000 and ~2850 cm−1 can be used to study the effect of thermal stress on the intermolecular ordering characteristics of starch. In order to explore previous affirmation, the spectrum region among 3800 cm−1 and 3000 cm−1 was selected since this is associated with hydroxyl groups and can be easily contrasted with results obtained by molecular simulation of infrared spectra of molecular models (dimers of amylopectin and amylose).



In Figure 2A,B infrared and FEDS normalized spectra for starch at 25 °C (T1 = 25 °C) subjected to thermal stress (T2 = 100 °C) are shown. According to the FEDS spectra, a set of signals can be associated with both samples (i.e., C1 which is related with maximum absorbance, and others “unknown” signals which usually are not described in the spectral analysis of the starch, some are around the absorbance maximum and others can be identified among 3800 and 3600 cm−1 (note that it is important the performing of replicates to reduce the appearing of artefacts resulting of nature fluctuation of signal, in this way, the use of replicates, smoothing algorithms and correlation analysis of signals were used in order to warrant a correct analysis). To ease the analysis, different features of spectrum were denoted as C1, C2, C3, C4, and C5. Detailed analysis is shown below.



In region C1, one can identify two sets of signals, namely ones related with the maximum absorbance and others distributed around of center signals. By comparison with the FEDS spectrum of liquid water which was previously published [36], it can be established that FEDS signals in the center of band correspond to asymmetric and symmetric stretching of water.



Therefore, it is verified that absorbed water molecules are usually in the starch due to high hydrophilicity. This result is consistent with previous works [46,47,48,49]. By comparison of FEDS spectra, a displacement of water signals can be observed in T2 compared with T1 (this displacement can be verified by the use of adjacent signals as referencing points; Note that signals 1, 2, 3, and 4 remain invariant in both spectra). Thus, water signal displacement is a result of thermal stress and can be explained by the destruction of crystalline domains and the subsequent formation of amorphous domains with a larger interchain space. During drying, water is drawn from the surface of the starch, but not completely removed. Furthermore, after subsequent cooling, water molecules are again absorbed from the medium. In this way, the presence of water between the samples is not surprising, however, it is clear from the results that the increase in the intermolecular space of the chains weakens the interactions between them (i.e., hydrogen bonds), and therefore a greater infrared absorption is expected for T2 with respect to T1.



On the other hand, signals 1, 2, 3 and 4 are associated with structural vibrations of the OH groups that form the monomer of starch polysaccharides. The above is supported for the absence of changes in the position of signals compared to previously published spectra. FEDS spectrum of ethanol and methanol is characterized by signals associated with hydroxyl groups to the left of the water FEDS signals [36]. From the database of ATR-IR spectra and previous publications, signals at ~3392 cm−1 (1) and 3193 cm−1 (11) can be identified [53]. From computational analysis, signals at ~3502 cm−1 (5), 3482 cm−1 (6), 3460 cm−1 (7), and 3443 cm−1 (8) have been previously described [54]. In particular, a signal at 3418 cm−1 (9) was related to α-d-anomeric glucose [54]. Thus, the above permits one to associate the signal 9 with a specific structural characteristic the great interest.



On the other hand, signal C4 can be identified in both spectra with an exact correlation. In consequence, these signals are associated with hydroxyl groups of monomer structure. However, signals contained in C5 do not correlate adequately, so their origin is understood from the structural complexity at the intermolecular level producing a consistent complexity of spectrum. In Figure 3, the theoretical spectra of amylose and amylopectin dimers (A and C) and their respective structures (B and D) is shown. It can be observed that signals between 3800 and 3600 cm−1 are associated with signals of polysaccharides constituting the starch (i.e., amylose and amylopectin). Signals calculated for dimers are summarized in Table 1.



From results of DFT of dimers, it can be seen that signals associated to CH and CH2 appear among 3120 and 3000 cm−1. However, these signals are expected under to 3000 cm−1. These displacements of ~ 70 cm−1 are explained due to oversimplifications of molecular models used for the description of system under study. Thus, intermolecular interactions, nature of condensed phase, polymeric nature, and molecular organization of chains are not considered. Consequently, experimental signals of hydroxyl vibrations are expected to show a displacement to the right respect to theoretical results. Here, it was assumed that the behavior is displacement should show a more or less similar magnitude. Hence, from displacement of –CH2 and CH signals experimentally obtained and calculated by DFT was estimated a displacement constant k = 184 cm−1 (k was obtained by comparing the average signals of all signals related to –CH2 and –CH units in the samples). Nevertheless, assignment of signals by theoretical data must be carried out carefully. Therefore, due to working spectral resolution Δv = 2 cm−1, there is an inherent uncertainty of ±2 cm−1, and since FEDS uses the difference of two consecutive data to obtain a new data set, the tolerance to define when two signals are significantly equal was assumed to be ±4 cm−1. In this way, if the difference among two signals is lower than 4 cm−1 then it is concluded that signals are the same. Also, the approximate origin of k implies that a greater tolerance is admissible as long as the assignation shows to be consistent with the data. Thus, by previous criteria, signals obtained by FEDS can be assigned from theoretical calculations (see Table 2).



From the analysis shown in Table 2, it can be concluded that these signals are related to the amorphous phases of starch. Furthermore, since the crystalline phases are expected to show a more significant interaction between their components, which is an aspect not considered in the working models, the results obtained by DFT will correspond to systems with a low restriction in their vibrational modes. When a phase is more crystalline, strong intermolecular interactions are associated with the polymer structure due to high molecular ordering. As a consequence, a larger vibrational energy is required since the movement of molecular segments is more restricted. Consequently, vibrations related to crystalline phases are expected to demonstrate larger wavenumbers (i.e., according to our data wavenumbers larger than ~3610 cm−1).



By comparing T1 and T2 spectra, signals associated with the crystalline phase were assigned (see Figure 4). For this, the correlation of signals resulting from FEDS were identified by direct comparison of spectra. The above was performed in order to identify the signals from the infrared spectrum transferred to the FEDS spectrum (i.e., inherited signals). Later, the signals calculated by DFT were assigned preserving the sequence of appearance in the theoretical spectrum in order to use the relative position of the signals for their identification. From Figure 4, it is concluded that changes into spectra, promoted by thermal stress, are related to the spectrum zone recognized to show vibrations from the crystalline domains. The previous conclusion is consistent with the fact that elimination of water from starch alters the crystalline phases [50,51,52]. At experimental conditions of this work, by gravimetry, it was established that the loss of water mass was 13 ± 1%. In particular, here it is demonstrated that these small changes can be monitored by infrared spectroscopy in conjunction with FEDS.





4. Conclusions


It was verified that signals between 3800 and 3500 cm−1 are associated with hydroxyl groups of amylose and amylopectin. In addition, the main contribution to signals around 3300 cm−1 is associated with water molecules absorbed on the polymer matrix. Likewise, it was evidenced that the broadening and variations in the intensity of the maximum absorbance signals are related to neighboring hydroxyl groups. As a result of heating, starch infrared spectrum experiment changes in the intensity of its signals. These changes permit one to define two zones in function of the use. The first one between 3800 and 2800 cm−1 related to the effect of thermal stress on intermolecular structure of starch, whereas the second one, under 2800 cm−1, is useful for a structural description of starch. In particular, the FEDS technique in conjunction with DFT calculations have been demonstrated to be a useful tool for the high-precision spectral analysis of polymers subjected to small thermal perturbations, which would allow the implementation of spectral techniques instead of thermal ones for out-lab evaluations and for the study of thermal stress of biomaterials.
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Figure 1. Averaged infrared spectra of starch at 25 °C (T1 = 25 °C) and after to be subjected to thermal stress at 100 °C (T2 = 100 °C). (CCIAR and CHR mean chain-chain intermolecular association region and chain hydration region, respectively). 
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Figure 2. Normalized infrared and FEDS spectra of Cassava starch for T1 (A) and T2 (B) among 3800 and 3000 cm−1, and (C) comparison of FEDS spectra for T1 and T2 among 3800 and 3000 cm−1. 






Figure 2. Normalized infrared and FEDS spectra of Cassava starch for T1 (A) and T2 (B) among 3800 and 3000 cm−1, and (C) comparison of FEDS spectra for T1 and T2 among 3800 and 3000 cm−1.



[image: Polysaccharides 02 00052 g002]







[image: Polysaccharides 02 00052 g003 550] 





Figure 3. Theoretical spectra of amylose and amylopectin dimers (A,C) and their respective structures (B,D). 
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Figure 4. Comparison of spectra T1 and T2 between 3800 and 3500 cm−1. Changes into spectra are related to the spectrum zone recognized to show vibrations from the crystalline domains. 
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Table 1. Signals between 3800 and 3500 cm−1 obtained through DFT calculations for dimers of amylose (2Am) and amylopectin (2AmP).
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Theoretical Wavenumber (cm−1)

	
Signal Assignation




	
2Am

	
2AmP

	
Total

	
(From Theoretical Data)






	
3784

	

	
3784

	
6-C of 2Am-m1




	
3757

	
3757

	
3757

	
6-C of 2AmP-m1 or 2AmP-m2




	

	
3739

	
3739

	
1-C of 2AmP-m2




	
3730

	

	
3730

	
3-C of 2Am-m2 and 2AmP-m1




	

	
3685

	
3685

	
2-C of 2Am-m2




	

	
3658

	
3658

	
4-C of 2Am-m2




	
3631

	
3631

	
3631

	
6-C 2Am-m2 and 2-C 2AmP-m1




	
3577

	

	
3577

	
2-C of 2Am-m2








“Total” refers to 2Am + 2AmP (sum of individual spectra). All Signals assignation were based on structures B and D in Figure 3. “-m1” and “-m2” refer to “first unit” and “second unit”, respectively.













[image: Table] 





Table 2. Assignation of signals by FEDS and DFT (k = ~184 cm−1).
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v (cm−1)

	
v − k (cm−1)

	
v (cm−1)

	
Observations




	
by DFT

	
by FEDS






	
3784

	
3600

	
3609

	
6-C of 2Am-m1




	
3757

	
3573

	
3590

	
1-C of Am-m2; 6-C or 3-C of 2AmP-m1 or 2AmP-m2




	
3739

	
3555

	
3561

	
1-C of 2AmP-m2




	
3730

	
3546

	
3545

	
Signal splitting in 3-C of 2Am-m2 and 2AmP-m1 (no specific assignment)




	

	

	
3539




	
3685

	
3501

	
3502

	
2-C of 2Am-m2




	
3658

	
3474

	
3482

	
Signal splitting in both cases related to 4-C of 2Am-m2 (no specific assignment)




	

	

	
3460




	
3631

	
3447

	
3443

	
Signal splitting in 6-C of 2Am-m2 and 2-C of 2AmP-m1 (no specific assignment)




	

	

	
3418




	
3577

	
3393

	
3392

	
2-C of 2Am-m2








DFT, density-functional theory; k, displacement constant; v, wavenumber.
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