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A B S T R A C T   

Needing to extend the shelf-life of packaged food and the evolving consumer demands led researchers to seek 
innovative, eco-friendly, and biocompatible packaging solutions. Starch is among the most promising natural and 
renewable alternatives to non-degradable plastics. Here, we deeply study the structural features of starch films 
modified by adding citric acid (CA) or sodium citrate (SC) as a cross-linker and polyethylene glycol 200 
(PEG200) as a plasticizer and obtained through solvent casting. The substances' influence on starch films was 
evaluated through Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) and Solid-state Nuclear 
Magnetic Resonance (ss-NMR) spectroscopies. Films' macroscopic properties, such as swelling index, solubility, 
thermo-mechanical features, and moisture absorption, were also assessed to foresee potential applications. 
Proper amounts of CA, CS, and PEG200 improve film properties and inhibit starch chains' retrogradation and 
recrystallization. Besides, the chemical neighbourhood of nuclei observed through ss-NMR significantly changed 
alongside the polymer chains' mobility. The latter result indicates a different polymer chain structural organi-
zation that could justify the film's higher resistance to thermal degradation and elongation at the break. This 
methodological approach is effective in predicting the macroscopic behaviour of a polymeric material and could 
be helpful for the application of such products in food preservation.   

1. Introduction 

Plastics have reached almost all areas of human lives, finding ap-
plications in various industries, such as the packaging industry, which 
accounts for nearly 40 % of global plastic production [1]. Plastic pack-
aging is currently designed for a single-use or has a short service life, 
becoming a waste after consumption. Besides, the lack of information 
and awareness about its side effects, use, misuse, and waste disposal has 
turned the Earth into a plastic planet [2]. 

The food industry has invested heavily in response to environmental 
and market requirements, alongside wellness programs. The hustle and 
bustle of everyday life have greatly favoured the consumption of ready- 
to-eat fresh fruits or vegetables that have already been washed, cut, and 
packaged. To date, non-renewable raw materials destined for depletion 
are the principal materials used for food packaging. Therefore, 

researchers are looking for new, cheap, alternative plastics with good 
properties based on renewable and natural raw materials, such as 
polysaccharides [3]. Among them, starch is one of the most promising 
alternatives to non-degradable plastics because it is an abundant, inex-
pensive, biodegradable, and edible material [4] that can find significant 
applications in bio-based packaging. Starch is composed of two glucose 
polymers, amylose [a linear polymer composed of α(1 → 4) linked 
anhydrous-glucose residues, typically reported to have a molar mass of 
ca 105–106 g mol− 1] and amylopectin (a highly branched polymer 
consisting of short chains of α(1 → 4) linked anhydrous-glucose residues, 
interspersed with 5–6 % branch points of α(1 → 6) linkages, with a 
molecular weight perhaps as high as 107–109 g mol− 1) [5]. These two 
polymers form a complex semi-crystalline granular arrangement based 
on aggregates of double helices bounding adjacent branches of amylo-
pectin molecules. Moreover, starch's amylose/amylopectin ratio 
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influences its physical-chemical properties, such as crystalline structure, 
viscosity, gel-formation capacity, shear-resistance ability, and water 
interaction, alongside those of starch films [6,7]. Specifically, films 
made from wheat starch - that holds an intermediate amount of amylose 
(ca. 25 %) than other starches - showed low wetting properties and good 
surface hydrophobicity, intermediate transparency, hydration (water 
solubility and swelling index) and barrier (water vapor and oxygen 
permeability) properties, and good tensile strength [8–11]. 

Regardless of the promising physical-chemical features of starch, this 
polymer has substantial drawbacks that have limited its use in pack-
aging. For instance, the ratio of crystalline-to-amorphous material in the 
native starch varies greatly depending on the botanical origin of the 
biopolymer [12]. The massive inter- and intra-molecular interactions 
make starch it very brittle [13], and starch films are hydrophilic and 
generally feature low mechanical strength. Various options are available 
to overcome these hindrances and improve the properties of starch films. 
Adding cross-linkers and plasticizers to starch can improve film stability, 
flexibility, and extensibility and reduce its brittleness [14]. Specifically, 
cross-linking agents, such as citric acid (CA), sodium citrate (SC), and 
choline dihydrogen citrate salt, can improve tensile strength, thermal 
stability and decrease the dissolution of starch films in water [15–17]. A 
plasticizer is a substance added to synthetic or natural polymers to 
reduce brittleness by promoting plasticity and flexibility [18]. Plasti-
cizers in appropriate proportions can also promote the stability of starch 
film and efficiently hamper recrystallization or retrogradation [19]. An 
ideal plasticizer should (i) reduce intermolecular strengths and moisture 
absorption, (ii) increase starch chain mobility, and (iii) be compatible 
with the biopolymer [14]. Currently, the most used starch plasticizers 
are small molecules with polar functional groups, such as –OH [20], 
–COOH [21], and –NH2 [22]. No single plasticizer can meet all the 
required criteria, yet the cooperation of several plasticizing agents and 
their interaction with cross-linking agents can optimize the poor prop-
erties of starch films. In this regard, CA and polyethylene glycol (PEG) 
can be a promising combination, as they are both non-toxic and inex-
pensive [23–30]. CA-modified starch shows superior barrier properties 
and moisture resistance [28], whereas PEG plasticizer efficiency is 
inversely related to its molecular weight [23–25]. Specifically, PEG with 
a molecular weight >300 g mol− 1 cannot plasticize starch by melt 
processing [31]. Moreover, PEG can prevent starch retrogradation to 
some extent. Although several reports focused on using CA alone or 
combined with diverse plasticizers to improve the quality of starch- 
based films, only a few studies explore the possibility of using poly-
carboxylates such as SC for the same purpose. Specifically, according to 
Zhang et al. [16], the combination of SC (20 wt%) and PEG200 (5 wt%) 
confers low crystallinity, low humidity sensitivity, and high resistance to 
elongation at the break to the starch film. 

Based on the above considerations, we explored the cross-linking of 
the starch film (S) by CA and SC and the effect of PEG200 as a plasti-
cizing agent. Starch was modified with either citric acid/PEG200 mix-
tures at various weight ratios or an SC/PEG200 mixture at a 4:1 weight 
ratio (i.e., the optimal reported in [16]). The comparison between 
structural changes and physical and thermal-mechanical properties of 
starch-based films and the non-modified one highlighted that CA, SC, 
and PEG200 improved the film quality, which can be relevant for food 
packaging development and application. Therefore, the present work 
aims to verify if a deep investigation of the microscopical features of a 
polymeric material can allow for rationalizing its macroscopic proper-
ties. Besides, the results of this study may help the translation of starch- 
based films from benchtop research to application in food preservation 
or other related fields. 

2. Experimental section 

2.1. Materials 

Commercial wheat starch (S) was obtained from Paneangeli Cameo 

S.p.A. Polyethylene glycol 200 (PEG200), tribasic sodium citrate dihy-
drate (SC, >99 %), citric acid monohydrate (CA, 98 %), glycerol (99.5 
%), and sodium hydroxide (NaOH) were purchased from SIGMA 
Aldrich. Demineralized water (conductivity <10 μS/cm) was used in all 
experiments. 

2.2. Preparation of starch-based films 

Starch-containing dispersions (Table 1) were obtained by dissolving 
16 g of starch into 380 g of water. Dispersions were then stirred at 150 
rpm, heated at 95.0 ± 0.5 ◦C for 1 h, and then cooled to room temper-
ature. Aliquots (20 ml) were poured into Petri dishes (80 mm diameter). 
Starch-based films were subsequently obtained through solvent casting 
at room temperature for 72 h. 

The pH value of S_CA_PEG200 ternary dispersions was adjusted to 
3.5 by adding appropriate amounts of a 10 M NaOH solution. 

2.3. Attenuated total reflection - Fourier transform infrared spectroscopy 
(ATR-FTIR) 

ATR-FTIR spectra were acquired through a VERTEX 70 V Bruker 
spectrophotometer equipped with a Platinum ATR unit with diamond 
crystal (η = 2.4) operating at 2 hPa in the spectral range between 4000 
and 500 cm− 1, a spectral resolution of 2 cm− 1, and 200 scans. In all 
spectra, a baseline correction of scattering was made, and the 
2000–2200 cm− 1 range shows the characteristic auto-absorption feature 
of the diamond crystal. Data analysis was performed using the OPUS 
7.5® software. ATR-FTIR spectra were subjected to a spectral decon-
volution by non-linear least-squares fitting in the 1180–880 cm− 1 region 
(Figs. S1–S4) using OriginPro software. 

2.4. Solid-state NMR spectroscopy (ss-NMR) 

The 13C cross polarization-magic angle spinning nuclear magnetic 
resonance (13C[1H]CPMAS NMR) spectra of the prepared films (50 mg) 
were acquired at room temperature using a Bruker Avance II 400 MHz 
(9.4 T) spectrometer following the conditions described by Piacenza and 
colleagues [32]. 

2.5. NMR relaxometry 

Two complementary NMR relaxometry approaches based on the 
longitudinal (spin-lattice) relaxation rates were used for characterizing 
starch-based films. The dynamics of the glucose subunit backbone was 
addressed by determining the T1ρ(C) values for the cumulative signal at 
75 ppm relevant to the C2, C3, and C5 of the glucose units. The carbon 
spin-lattice relaxation times in the rotating frame T1ρ(C) were deter-
mined with the variable spin lock (VSL) pulse sequence [33] using delay 
times ranging from 0.4 to 30 ms and a contact time of 1.5 ms. The latter 

Table 1 
Composition of starch-containing dispersions.  

Film acronym Quantity of cross-linking and/or plasticizing agent added to starch- 
containing dispersions 

Binary dispersions 
S_PEG200 4 g of PEG200 (25 % of the total polymer mass) 
S_SC 4 g of sodium citrate (25 % of the total polymer mass) 
S_CA 4 g of citric acid (25 % of the total polymer mass)  

Ternary dispersions 
S_SC_PEG200 3.2 g of sodium citrate (20 % of the total polymer mass) and 0.8 g of 

PEG200 (5 % of the total polymer mass), weight ratio of 4:1. 
S_CA_PEG200 3.2 g of citric acid (20 % of the total polymer mass) and an amount 

of PEG200 such that the CA/PEG200 ratio was 4, 2, 1, 0, 5, 0, 25. 
The abbreviations of these dispersions were CA4P1, CA2P1, CA1P1, 
CA1P2, CA1P4, respectively.  
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was chosen after the application of a variable contact time experiment 
according to references [34,35]. A spinning speed of 6 kHz was applied 
to ensure the removal of all the spinning side bands. 13C[1H]CPMAS 
NMR spectra were processed by calculating the integral of the most 
intense peak, corresponding to the carbons of the glycosidic unit indi-
cated in spectra as C2-3-5. The area values obtained are plotted as a 
function of contact time (Fig. S5), and data were subjected to regression 
analysis according to a simple first-order model. 

The overall dynamics of the systems were assessed through the Fast- 
Field-Cycling (FFC) technique applied to the 1H magnetization signal. 
The 1H relaxation rates (R1 = T1

− 1) were evaluated at different magnetic 
field values in the Larmor frequency (νL) range of 0.01–10 MHz, using a 
Stelar SmartRace apparatus. The obtained NMRD dispersion curves (i.e., 
the R1 versus νL plots) were subjected to a Monte Carlo heuristic analysis 
procedure recently proposed by Landi and colleagues [36] (Supple-
mentary material) to identify the main dynamic domains of the system 
[37]. 

2.6. X-ray diffraction (XRD) of starch-based films 

XRD patterns of starch-based films were recorded with a RIGAKU D- 
MAX 25600 HK instrument. Analyses were performed in the 2-theta 
range from 5◦ to 30◦ using a copper Kα radiation (λ = 1.54 Å; setup 
conditions: tube voltage of 40 kV, current 40 mA, 0.02◦/s). XRD patterns 
and the degree of crystallinity (DC) were analysed and calculated using 
Match! 3 software. 

2.7. Thermogravimetric analysis of starch-based films 

Thermogravimetric experiments were performed using a Q5000 IR 
apparatus (TA Instruments) in an inert atmosphere by heating the 
sample from room temperature to 800 ◦C with a heating rate of 20 ◦C 
min− 1. Measurements were conducted with nitrogen flows of 25 and 10 
cm3 min− 1 for the sample and balance, respectively. Films thermal 
stability was compared by TG curve analysis, which allows to determine 
the onset temperature, the decomposition temperature (measured at the 
peak of the differential thermogravimetric curves - DTG -), and the 
percentage of the residual mass. The film's moisture content was 
calculated from the mass loss between 25 and 200 ◦C. 

2.8. Swelling and solubility in H2O of films 

For the determination of the swelling behaviour, four samples of 
each film comparable in weight were submerged in distilled water for 1, 
2, 3, and 4 h at room temperature. The swelling degree was calculated by 
the relationship (1): 

Degree of swelling (%) =
(Wa − Wb)

Wb
× 100 (1)  

where Wb is the original dry weight of the sample and Wa is the weight 
after submersion in distilled water. 

Swelled films were subsequently dried at room temperature up to a 
constant weight, and the weight loss percentage of each sample was 
calculated as indicated in Eq. (2): 

Weight loss (%) =
(Wb − Wd)

Wd
× 100 (2)  

where Wb is the first dry weight of film before submersion and Wd is the 
dry weight of the swelled film. 

2.9. Dynamic mechanical analysis (DMA) 

The dynamic mechanical measurements were conducted using a 
Q800 Dynamic Mechanical Analyzer (TA Instruments). In particular, the 
films were cut into rectangular-shaped portions (10.00 × 5.00 × 0.10 

mm3) and the tensile investigations were performed with a stress ramp 
of 5 MPa min− 1 at 25.0 ± 0.5 ◦C. Measurements were performed in 
triplicate (n = 3); tensile strength and elongation at break values ob-
tained from DMA are reported as average values with Standard De-
viations (SD). 

2.10. Moisture content and absorption of starch-based films 

2.10.1. Initial moisture content 
Starch films were cut in small sections (1 cmx1 cm) and their initial 

weight (Wi) was measured. Film pieces were then pre-dried in a dessi-
cator containing dried silica gel (0 % RH) for 5 days at 25 ◦C and 
weighted (Wd) to calculate the initial moisture content (Mi, percentage 
dry basis) as follows: 

Mi =
(Wi − Wd)

Wd.

2.10.2. Determination of the equilibrium moisture content 
Starch film sections (1 cm × 1 cm) were placed in a dessicator at 

25 ◦C containing a saturated solution of sodium chloride (NaCl) to 
mimic a storage setting with 75 % RH. The air moisture and temperature 
inside the dessicator was monitored through a digital temperature- and 
humidity-meter. Film sections were weighted after 2 and 5 h of treat-
ment and each 24-h until the difference in weight between two 
consecutive measurements was smaller than 1 % - i.e., when the equi-
librium moisture absorption (Me) was reached [38]. The latter was 
determined by using the equation: 

Me =
We

Wi
(Mi + 1) − 1  

where Wi, Mi, and We are the initial weight, the initial moisture content, 
and the equilibrium weight of the samples, respectively. Subsequently, 
samples were dried in an oven at 105 ◦C for 24-h to evaluate their 
moisture content (MC) [39]. These experiments were performed in 
triplicate (n = 3) per each starch-based film. 

2.10.3. Moisture curve and rates 
Moisture adsorption data obtained over the timeframe described in 

2.10.2 were fitted according to the Peleg mathematical model [40]: 

Mt = Mi +
t

k1 + k2t  

where Mt is the moisture at the considered time, k1 the Peleg rate con-
stant, and k2 the Peleg capacity constant. Fittings were performed using 
OriginPro software. 

3. Results and discussion 

3.1. Microscopic characterization of starch-based films 

3.1.1. ATR-FTIR spectroscopy 

3.1.1.1. Cross-linker effect and its interaction with starch. ATR-FTIR 
spectra of the S film, the cross-linkers CA and SC, and S_CA and S_SC 
binary films are shown in Fig. 1. The starch film features characteristic 
signals at 3316 (O–H stretching), 1150 and 1078 cm− 1 (C–O–H 
stretching), and 1012 and 993 cm− 1 (C–O–C stretching) [41]. 

The spectrum of CA shows typical bands at 1754, 1720, and 1683 
cm− 1 attributed to the stretching vibrations of carboxyl groups [42]. 

The spectrum of the S_CA film resembles that of the S film. Yet, we 
noticed the appearance of a broad peak at 1715 cm− 1 (Fig. 1c), which 
refers to the C––O stretching vibrations. This signal can derive from a 
possible combination of vibration of esters bonds and free carboxyl C––O 
groups in CA units, being unlikely that all the starch carboxyls are 
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esterified [26]. This hypothesis was confirmed by the deconvolution of 
the ATR-FTIR spectrum, which shows two peaks at 1710 cm− 1 and 1735 

cm− 1 (Fig. 2). The latter is typical of the ester bonds, which can derive 
from the reaction between the –COOH in CA and –OH in starch 
[42,43]. The –OH contribution (3300 cm− 1) is less intense in the S_CA 
film than in the S film, indicating that the OH groups of starch were 
consumed by citric acid to generate ester linkages [26,42,44]. Finally, 
the band at 1640 cm− 1 observed in the S_CA film is attributable to the 
–OH bending contribution of starch-bound water. The spectral evi-
dence demonstrates chemical cross-linking with covalent bond forma-
tion between CA and starch [45,46]. 

The SC spectrum shows a characteristic band typical of the asym-
metric –COO− (ca. 1580 cm− 1) stretching vibrations (Fig. 1b and d). 
The latter was also present in the ATR-FTIR spectrum of the S_SC film, 
while the -C––O stretching contributions partially overlapped with the 
IR absorbance deriving from the –OH bending of water in the S film 
(Fig. 1b and d). Moreover, the S_CS film featured a lower absorbance at 
1640 cm− 1 than the S film, and no left shoulder of the band at 1540 cm− 1 

was detected (Fig. 1b and d). These outcomes indicate the occurrence of 
non-covalent interactions between the citrate salt and the starch, which 
suggest that SC only plays the role of physical plasticizer under the 
preparation conditions explored. 

3.1.1.2. Effect of plasticizer and interaction with starch. PEG200 was 
added as a plasticizer to S_SC (fixed SC/PEG200 ratio at 4) and S_CA 
(different amounts, Section 2.2) dispersions to optimize the properties of 

Fig. 1. ATR-FTIR spectra of a) S, CA and S_CA films, b) S, SC and S_SC films and c, d) relative magnification of the spectral region from 1800 to 1500 cm− 1. Symbols 
(*), (*) and (*) identify the characteristic peaks of S, CA, and SC. Symbols (◦) and (◦) identify the characteristic peaks of S_CA and S_SC. 

Fig. 2. ATR-FTIR spectral deconvolution by non-linear least-squares fitting of 
S_CA spectrum in the spectral region from 1800 to 1500 cm− 1. 
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these films. ATR-FTIR spectra of S_SC and S_SC_PEG200 films are shown 
in Fig. 3. The -OH stretching vibration peak at about 3274 cm− 1 of the 
plasticized binary starch film with PEG200 is more intense than that of 
S_SC film and, for both, shifts to lower wavenumber respect to pure 
starch film (3295 cm− 1; Fig. 1b). This reflects that plasticizer can destroy 
the interaction between starch molecules to some extent and combine 
with starch by hydrogen bonding, as reported by Zhang and colleagues 
[16]. 

ATR-FTIR spectra of S_CA_PEG200 ternary films obtained using 
various CA/PEG200 ratios showed the highest differences in the 
4000–2500 cm− 1 and 1200–900 cm− 1 spectral regions (Fig. 4). Ternary 
films display a higher IR absorbance associated with the O–H stretching 
vibration peak (ca. 3300 cm− 1) than binary film. Moreover, this 
contribution shifts to greater wavenumbers as the PEG200 amount in-
creases. Films featuring elevated PEG200 content also show a shift of the 
starch –C–O vibration peak from approximately 995 cm− 1 to 999 
cm− 1. The latter indicates that large PEG200 quantities could partially 
impair starch structure and favour its interaction with water molecules, 
as this peak is sensitive to water content [41]. Specifically, a high 
amount of bound water promotes starch retrogradation [47], which 
determines extensive interchain H-bonding in amylopectin and amylose 
molecules [48–50]. The evidence gathered through ATR-FTIR spec-
troscopy suggests that a small amount of PEG200 in the S_CA binary film 
inhibits starch crystallization events. Indeed, when the amount of CA is 
higher or equal to PEG200, the –C–O IR absorbance does not signifi-
cantly change (Fig. 3b), thus indicating a competing effect of CA and 
PEG200. 

3.1.1.3. Starch retrogradation. Retrogradation consists of the formation 
of crystalline structures, which cause detrimental effects in foods and 
materials containing starch [51]. Nevertheless, additives (e.g., proteins, 
salts, acids, polyols, and other polysaccharides) can partially prevent 
this phenomenon [40]. 

Several physical-chemical techniques can assist in evaluating the 
starch crystal structure, among which FTIR spectroscopy plays a crucial 
role [52]. In particular, the latter allows obtaining information on the 
degree of starch short-range order by monitoring the bands in the 
1200–900 cm− 1 region, which is sensitive to changes in polysaccharide 
structure [51]. Indeed, according to Kim et al. [19], starch retrograda-
tion determined the splitting of the –C–O (in C–O–C) asymmetric 
stretching vibration signal at 1018 cm− 1 into three peaks at 1050 cm− 1, 
1018 cm− 1, and 995 cm− 1. The band at 1050 cm− 1 relates to the ordered 

phase of starch [53], whereas contributions at 1018 cm− 1 and 995 cm− 1 

represent the amorphous one. The 995-to-1018 cm− 1 (A995/1018) and the 
1050-to-1018 cm− 1 (A1050/1018) band area ratios indicate the ability to 
inhibit starch retrogradation [48] and the degree of order in starch 
polymers, identifying the crystalline structure region in the amorphous 
area [18], respectively. Thus, these ratios (Table 2) were calculated on 
peak areas obtained by performing deconvolutions of ATR-FTIR spectra 
of the prepared starch-based films in the 1200–900 cm− 1 region 
(Figs. S1–S2). 

The smaller the A995/1018 ratio, the stronger the starch retrograda-
tion is inhibited. Taking the value of the A995/1018 ratio for starch as a 
reference, the sole PEG200 does not alter the retrogradation process 
(Table 2). The S_CS and S_CS_PEG200 films have lower ratios than the S 
film, indicating that SC and, better still, its combination with PEG200 
inhibits starch retrogradation. For ternary S_CA_PEG200 films, retro-
gradation depends on the amount of PEG200. Indeed, a high amount of 
PEG200 favours retrogradation. The retrogradation process is inhibited 
when the CA/PEG ratio is 4. The amount of PEG200 also influenced the 
crystalline structure of the S_CA_PEG200 ternary films (Table 2). Indeed, 
increasing PEG200 amounts favour starch recrystallization, as high-
lighted by the high A1050/A1018 ratios (Table 2), while the sole addition 
of CA (S_CA) caused no apparent variations in the degree of crystalline 
order. Based on these results, a small amount of PEG200 can efficiently 
improve the compatibility between starch and CA [21], making the 
ternary film more stable and inhibiting the polysaccharide retrograda-
tion and recrystallization [19]. 

3.1.1.4. Aging effect. The aging of starch and plasticized starch films 
were studied by performing ATR-FTIR spectroscopy on one-year-old S, 
S_PEG200, S_SC, S_CA, S_SC_PEG200, and S_CA_PEG200 films. The ob-
tained spectra showed comparable vibrational modes (i.e., peak pres-
ence and position) than newly produced films (Fig. 1; Fig. S3), indicating 
the maintenance of their structure in time. The long-term retrogradation 
deriving from recrystallisation of amylopectin [54] was determined by 
calculating the A995/1018 and A1050/1018 ratios (Table 3) from spectral 
deconvolutions in the 1180–880 cm-1 region (Fig. S4). 

The calculated ratios did not significantly change after one year of 
film storage, and ternary films were more stable over time than binary 
ones (Table 3). These results demonstrate once again that co-plasticizers 
in appropriate proportions more effectively hinder starch retrogradation 
than the single plasticizer and suggest the suitability of these starch- 
based films for applicative purposes even after one year from their 
preparation. 

3.1.2. ss-NMR spectroscopy 
The structure of starch-containing films and the structural changes of 

this polysaccharide induced by SC, CA, and PEG200 were investigated 
through 13C[1H] CP-MAS solid-state NMR spectroscopy (Fig. 5). All 
films feature signals in the regions 90–110, 80–90, 67–80 and 58–67 
ppm, which correspond to C1, C4, C2,3,5 and C-6 carbon of starch [55]. 

The S_CA_PEG200 ternary film (red spectrum) presents some pecu-
liarities. The signal of C6 carbon appears as the superimpositions of at 
least three components centred at 64.1, 62.1, and 59.5 ppm, which 
suggests significant changes in the orientation of the O6 group [56]. In 
addition, the shoulder at ca. 75 ppm of the band relating to the signals of 
C2,3 and 5 is shifted at a lower chemical shift value. According to the 
literature [57], the not-resolved peaks in the 80–67 ppm region can also 
derive from C2, C3, and C5 with substitution groups, such as the ester 
groups in modified starch. This shift could indicate that the carboxyl 
group of citric acid cross-links with the carbon 2 and 6 of starch. The 
presence of this shoulder in S_SC, S_PEG200, and S_SC_PEG200 films 
may relate to hydrogen bonds between starch and SC or PEG200 that can 
modify the chemical neighbour of C2 and C3. In all 13C CPMAS spectra, 
the chemical shift and peak shape of the C1 signal differed (Fig. 5), 
giving information on starch polymorphisms, as this peak is more Fig. 3. ATR-FTIR spectra of S_SC binary film and S_SC_PEG ternary film with 

SC/PEG200 weight ratio of 4:1. 

V. Ciaramitaro et al.                                                                                                                                                                                                                           



International Journal of Biological Macromolecules 253 (2023) 127225

6

sensitive to starch conformational changes than C2, C3, and C5. Indeed, 
the C1 signal shows higher chemical shift dispersion under the variation 
of the torsion angles of the glycosidic linkage in α-(1,4) glucans than the 
other starch carbons [58]. In amorphous starch, the broad distribution 
of conformations thus leads to a large chemical shift dispersion of the C1 
peak. The C1 splitting of the crystalline forms results from the different 
space groups adopted by A and B forms, which display three or two 
peaks at 100.4, 99.2, and 98.2 ppm or 100.0 and 99.2 ppm, respectively 
[58]. The starch-based films in this study showed a characteristic en-
velope of signals in the 93.0–106.0 ppm region with a maximum be-
tween 103.0 and 104.0 ppm, typical of amorphous materials. 
Specifically, the amorphous content is the highest in the S_SC_PEG200 
and S_CA_PEG200 ternary films. The S_CA and S_SC binary films also 
showed an up-field shoulder at about 100.4 ppm, typical of double he-
lical conformations, which was more defined and intense in the latter 
(Fig. 5). This increased double helix content may partly be derived from 
the increase in linear chains derived from retrograded partially 

hydrolysed amylose or branched portions of amylopectin [55]. Ac-
cording to the literature [59], an amylose-rich starch has a more 
amorphous/mobile structure; thus, amylose can also undergo recrys-
tallization processes [60], consistent with the high flexibility of amylose. 

Comparing S_SC, S_CA, S_SC, PEG200, and S_CA_PEG200 NMR 
spectra reveals that PEG200 is crucial to improve the ternary film 
quality as, for instance, PEG200 presence prevents the recrystallization 
of starch. Moreover, these results agree with our previous observations 
obtained through ATR-FTIR spectroscopy. 

3.1.2.1. Relaxation kinetics. NMR relaxometry techniques were used to 
assess the dynamics of molecular motions in starch-based films. To 
detect dynamic changes in the polymer induced by SC or CA and 
PEG200, the carbon spin-lattice relaxation times in the rotating frame, 
T1ρ(C), were determined as described in Section 2.5 and reported in 
Table 4. 

Since T1ρ(C) gives information about molecular motions in the kHz 
range [61], it accounts for the polymeric chain's dynamic behaviour in a 
few nanometers range, being a suitable probe for local mobility. The S 
film denotes the slowest relaxation rate, which indicates its stiffness, 
while the three binary systems reveal similar behaviours. The ternary 
systems feature the lowest T1ρ(C) values, yet the S_SC_PEG200 film 
displays a significantly lower value than the S_CA_PEG200 one. 

T1ρ(C) values are complemented by evaluating the NMRD and rele-
vant IIT curves derived from FFC data (Fig. 6a and b), whose values 
reflect molecular motions differently from T1ρ(C). Indeed, slower mo-
lecular motions are accounted for by slower relaxation and larger T1ρ(C) 
values. 

The brittle S film shows no fast dynamics, as Monte Carlo analysis 
affords only an apparent maximum (cut off in Fig. 6b) at 4 ± 1 μs, 
whereas S_CA features only a dynamic component at 0.19 ± 0.03 μs. The 
latter accounts for the much larger molecular mobility of starch chains 
for S_CA than S film, which indicates a higher microscopic disorder. This 
phenomenon derives from the modifications determined by the partial 
esterification of the glucose subunits of starch from CA, which likely 
hampers, at least partially, intra-chain hydrogen bonding. In the case of 
the S_PEG200 film, the IIT curve features both a short-time dynamic 
component at 0.11 ± 0.01 μs and a slow one at 6 ± 1 μs, suggesting a 
more disordered and mobile situation than for the S film. Nevertheless, 
the hydrogen bonding disruption deriving from PEG is less effective than 
in the previous case. On the opposite, the IIT curve of the S_SC film 
features a wide distribution at 1.0 ± 0.3 μs, indicating that SC can 
modify the hydrogen bonding network of starch. Yet, the SC effect 
cannot be compared with CA or PEG200, as significant stiffness still 

Fig. 4. ATR-FTIR spectra of S_CA_PEG200 films at different CA/PEG200 weight ratios. Spectral region a) 4000 to 2500 cm− 1 b) 1200 to 900 cm− 1.  

Table 2 
Values of peak area ratios at 995 and 1018 cm− 1 (A995/1018) and 1050 and 1018 
cm− 1 (A1050/1018).  

Sample A995/1018 A1050/1018 

S 6.6 ± 0.8 3.5 ± 0.5 
S_PEG200 5.9 ± 0.7 3.6 ± 0.5 
S_SC 4.6 ± 0.5 2.9 ± 0.4 
S_SC_PEG200 4.1 ± 0.5 2.7 ± 0.4 
S_CA 7.6 ± 0.9 3.3 ± 0.4 
S_CA/PEG200 (4) 5.3 ± 0.7 2.8 ± 0.4 
S_CA/PEG200 (2) 6.7 ± 0.7 3.1 ± 0.4 
S_CA/PEG200 (1) 7.8 ± 1.4 4.8 ± 0.8 
S_CA/PEG200 (0.5) 8.4 ± 1.3 5.4 ± 1.3 
S_CA/PEG200 (0.25) 8.4 ± 1.4 5.5 ± 1.3  

Table 3 
Values of peak area ratios at 995 and 1018 cm− 1 (A995/1018) and 1050 and 1018 
cm− 1 (A1050/1018) for aged starch films.  

Sample A995/1018 A1050/1018 

a-S 10 ± 3 5.0 ± 1.0 
a-S_PEG200 3.9 ± 0.7 3.2 ± 0.8 
a-S_SC 4.8 ± 0.7 3.3 ± 0.6 
a-S_SC_PEG200 3.5 ± 0.5 2.8 ± 0.4 
a-S_CA 5.3 ± 0.8 2.5 ± 0.4 
a-S_CA/PEG200 (4) 4.0 ± 0.4 1.5 ± 0.2 

a indicates aged films. 
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occurs in the material. 
On passing to ternary systems, the S_CA_PEG200 film shows an IIT 

profile similar in shape to the S_PEG200, even though a significant 
downshift of the apparent correlation times was observed in the former, 
as the fast component is at 44 ± 7 ns and the slow one at 1.3 ± 0.3 μs. 
Hence, the intra-chain hydrogen bonding network of starch is efficiently 
disrupted by the simultaneous presence of the cross-linker CA and the 
plasticizer PEG200, which also determines the best mobility at a 
microscopic level. Finally, the IIT curve for the sample S_SC_PEG200 
displays a broad distribution in the slow-motion region (with an 
apparent maximum at 1.1 ± 0.4 μs) and a broad fast component at 80 ±
30 ns, roughly comparable with the other ternary film. This outcome 

Fig. 5. 13C[1H] CP-MAS solid-state NMR spectra of the S film; S_PEG200, S_CA, S_SC binary films, and S_CA_PEG200 (20 wt% CA vs. starch mass and AC/PEG200 =
4) and S_SC_PEG200 (20 wt% SC vs. starch mass and SC/PEG200 = 4) ternary films. 

Table 4 
T1ρ(C) values for the C2-3-5 contribution in the 13C 
NMR spectrum of starch films, binary and ternary 
films.  

Sample T1ρC (ms) 

S 17 ± 2 
S_PEG200 9 ± 1 
S_SC 10 ± 2 
S_ SC_PEG200 4.0 ± 0.5 
S_CA 10 ± 1 
S_CA_PEG200 7.4 ± 0.9  

Fig. 6. a) NMRD curves and b) IIT curves of the starch-based films.  
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confirms, on one side, the beneficial effect of combining a cross-linker 
with a plasticizer and, on the other, the less efficient cross-linker ac-
tion of SC than its acidic counterpart CA. 

Differences between these results and those obtained through T1ρ(C) 
evaluation trace back to the diverse aspect of systems dynamics that the 
latter focuses on, namely the intrinsic mobility of the glucose subunit 
backbone. Overall, relaxometry data indicate that SC has a more sig-
nificant effect than CA or PEG200. This diversity likely derives from the 
strong hydrogen bonding between the anionic salt units and the glucose 
subunits, which can facilitate their torsional motion but exert less dis-
ordering effect on the arrangement of starch chains. 

3.1.3. Crystalline structure of starch-based films using XRD analysis 
The crystal structure of starch-based films, alongside their degree of 

crystallinity (DC; the percentage of crystalline regions to the total ma-
terial), are significant to consider, as they influence films' physical, 
mechanical, and technological properties. 

XRD patterns of starch films are shown in Fig. 7. Spectrum of S film 
presented low intensity, broad diffraction peaks, and a high amorphous 
scattering halo, features typical of a semicrystalline polymer with low 
crystallinity [29]. Diffraction peaks at 5.6◦, 17◦, 19.6◦, 22.1◦ and 23.8◦

in the starch film are the characteristic peaks of B-type crystal [12,29]. 
Starch-based binary and ternary films show some of these signals, yet 
XRD patterns reveal significant modifications than the S film. This evi-
dence aligns with the measured DCs (Table 5). 

Binary S-CA film features a DC comparable to the S film, while a 
higher value was measured for S_PEG200 and S_CA. The latter phe-
nomenon may derive from a hydrolysis effect exerted by the plasticizer 
or the cross-linker [29], which can slightly promote starch crystalliza-
tion under the conditions used for film' preparation. In contrast, S_SC 
and S_SP_PEG200 films displayed small DCs, being the lowest for the 
ternary one. This outcome reiterates the efficiency of the SC-PEG200 co- 
plasticizing effect in hindering starch recrystallization during film for-
mation and decreasing the crystalline starch portion, preventing its 
retrogradation. 

3.2. Macroscopic properties of starch-based films 

3.2.1. Thermal stability 
High thermal stability is one of the functional applicative features of 

new materials with low environmental impact [62] and great interest in 
industrial applications [63,64]. Thermograms provide crucial 

information regarding polymeric materials' thermal stability and 
degradation [65]. The initial weight loss observed for all starch- 
containing films in the 25–200 ◦C range was attributed to the loss of 
physisorbed water [46], which was the highest for the S film (Fig. 8). 

PEG200 does not substantially influence the starch thermal behav-
iour, as highlighted by the similarities between S and S_PEG200 ther-
mograms (Fig. 8). In contrast, the cross-linker addition triggered starch 
degradation at a lower temperature than S or S_PEG200 films (Fig. 8). 
Both cross-linkers slowed the film degradation process in the 
300–550 ◦C range. Yet, SC more efficiently stabilized the S_SC, as a 5 % 
residual mass was obtained at temperatures above 600 ◦C, whereas the 
S_CA completely degraded at 550 ◦C (Fig. 8). These results suggest that 
the intermolecular non-covalent interactions between SC and starch led 
to change at a microscopic level that reflects, at the macroscopic level, 
on the film's thermal stability. The degradation of ternary films appears 
more complex, likely due to the simultaneous presence of cross-linker 
and PEG200, which may synergistically protect the starch polymer. 
The degradation process of S_CA_PEG200 and S_SC_PEG200 films is 
completed at ca. 730–770 ◦C, yet the latter featured a 7 % residual mass 
at 800 ◦C (Fig. 8a). Moreover, adding SC to the ternary films led to a 
more gradual mass loss up to about 320 ◦C, and a decreased degradation 
rate decreases in the 320–640 ◦C range than CA (Fig. 8). The higher 
thermal stability conferred to ternary films by SC than CA may derive 
from the extension and stabilisation of the hydrogen bonds network 
involving starch and PEG200. 

3.2.2. Degree of swelling and water solubility of ternary films 
The degree of swelling (DS) and water solubility of polysaccharide- 

based films are fundamental parameters for their application in food 
packaging or biomedicine, to name a few. For instance, the DS can help 
determine the cross-linking degree, the degradation rate, and the me-
chanical or viscoelastic properties of polysaccharide hydrogels or films 
[66]. The DS calculated for starch-containing ternary films over a 4-h 
submersion timeframe is shown in Fig. 9a. Overall, the S_SC_PEG200 
film displayed a lower DS than the S_CA_PEG200 film, indicating that 
the former absorbs less water and is more stable in this solvent. Spe-
cifically, the DS of the S_CA_PEG200 film increased abruptly as a func-
tion of the submersion time, reaching a value of 300 % after 4-h 
submersion (Fig. 9a). 

The water solubility resistance of polysaccharide-based films be-
comes important when their application involves their contact with 
water for the desired timeframe [67]. The water solubility of hydrogels 
or films is generally expressed as their weight loss percentage after 
submersion. In general, cross-linked starch macromolecules cause an 
increase in the resistance of films to disarm, allowing their swelling [43], 
as in this case of starch films amended with CA (Fig. 9a and b). There-
fore, in agreement with the ATR-FTIR results, citric acid effectively 
cross-links starch, prevents its dissolution, and considerably decreases 
the weight loss of the films in water. Comparing the ternary films, the 
lower weight loss of the S_CS_PEG200 film than the CA_S_PEG200 film 
(Fig. 9b) indicates the lower solubility of the former [68]. This evidence, 
alongside the swelling behaviour, reveals a higher water resistance for 
the S_SC_PEG200 film, which, by acting as a physical barrier, inhibits 
water absorption, the first step of biodegradation [69]. Based on the 
results obtained, SC in starch films prevents the swelling of starch Fig. 7. XRD patterns of starch-based films.  

Table 5 
Degree of crystallinity (DC) of starch-based 
films.  

Sample DC 

S  26.4 
S_PEG200  31.3 
S_SC  17.8 
S_ SC_PEG200  14.1 
S_CA  28.9 
S_CA_PEG200  25.4  
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(Fig. 9a), while PEG200 creates a denser structure which decreases the 
accessible regions to water, leading to an improvement in the resistance 
to dissolution, compared to both S and binary S_SC films (Fig. 9b). The 
higher water solubility resistance and lower DS of the starch molecules 
are likely the main reasons for the better stability of the S_SC_PEG200 
ternary film in water compared to all film systems studied. Besides, these 
results suggest the potential suitability of ternary starch-based films for 
edible food coating and encapsulation, which can require a certain de-
gree of film solubilization [8]. 

3.2.3. Mechanical properties 
The stress-strain experiments are one of the most used tests to 

characterize the mechanical behaviour of materials. In this study, the 
stress-strain curve obtained for the pure starch is distinctive of brittle 
materials, while S_CA_PEG200 and S_SC_PEG200 ternary films showed 
the typical behaviour of ductile materials (Fig. 10; Table 6). 

Indeed, ternary films exhibited two hallmark regions of deformation 
behaviour in their stress-strain curves. At low strain (lower than 5 %), 
both the former and the stress increased rapidly. At higher strains 
(higher than 5 %), the films showed a slow increase in stress with strain 
until failure occurred. Thus, as stress-strain tests indicate the strength of 
a material, cross-linking and plasticizing agents' presence increases the 

flexibility of the polymer chains. As a result, the elongation at break for 
ternary films increases, and the latter acquire a higher ductility at the 
expense of stiffness [70]. It is important to remark that the ternary films 
show discernible maximums of rupture. According to the results re-
ported in Table 4, the S_CA_PEG200 ternary film had the greatest 
elongation and tensile strength. The lower mechanical strength of the 
S_SC_PEG200 ternary film is probably due to the dense network of 
hydrogen bonds, which hinders the sliding between the molecular 
chains and makes them less deformable. 

3.2.4. Moisture content and absorption of starch-based films 
The water sorption properties of the starch-based films are worth 

investigating to elucidate their potential application in food packaging. 
According to the literature, moisture sorption significantly influences 
the stability of starch films during packaging and storage conditions 
[71]. Starch is a hygroscopic material, and adding hydrophilic plasti-
cizers, such as PEG200, may enhance the moisture absorption of starch, 
accelerating, in turn, its recrystallization. In this regard, water-sensitive 
plasticizers do not favour the application of thermoplastic starch, 
especially for packaging materials [16]. Therefore, the ideal plasticizer 
should reduce the moisture absorption of starch. 

Here, the moisture sorption test was performed at 25 ◦C and relative 

Fig. 8. TGA curves of a) S, S_SC, S_PEG200, and S_SC_PEG200 (20 wt% SC compared to starch and SC/PEG = 4) films, and b) S, S_CA, S_PEG200, and S_CA_PEG200 
(20 wt% CA compared to starch and CA/PEG = 4) films. 

Fig. 9. a) Degree of swelling and b) weight loss (%) of starch-based films.  
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humidity (RH) of 0 % and 75 %; the films' initial (Mi) and final (MC) 
moisture contents are reported in Table 7. 

The MC values of binary and ternary starch-based films are lower 
than those of S film (Table 5). In agreement with previous results 
[16,72], the strong hydrophilicity, the high number of water-binding 
sites, and the weak ability of PEG200 to associate with starch promote 
films' moisture adsorption. Indeed, S_PEG200 features a higher Mi than 
the starch film, while the MC at 75 % RH was comparable between the 
two samples (Table 5). Adding SC or CA to the starch polymer causes a 
decreased moisture sorption in the resulting films. Yet, the lowest MC 
value is obtained for the ternary S_SC_PEG200 film (Table 5), which 
likely traces back to the few water binding sites deriving from the 
simultaneous presence of SC and PEG200 and the subsequent changes in 
the starch microstructure [16]. Thus, the co-plasticizing effect of SC and 
PEG200 in the right proportions decreases the hygroscopic sensitivity of 
starch [22] by reducing moisture absorption and the moisture humidity 
sensitivity of the ternary film. 

The kinetics of the water sorption process by starch-based films was 
obtained by evaluating the equilibrium moisture content (Me) as a 
function of their time of storage at 75 % RH (Fig. 11). Overall, a low 
moisture amount is adsorbed over time by films, which achieved the 
equilibrium rapidly. At the initial stage (2 and 5-h), the high partial 
pressure of saturated vapor causes an increase in Me for all films 
(Fig. 11), indicating their water sorption activity [73]. From 5-h 

onwards, Me reaches a plateau (Fig. 11), likely due to the elevated 
pressure difference between films and the surrounding water. This evi-
dence, in turn, suggests that films became equilibrated with the RH of 
the storage environment [38]. Among the analysed samples, only the 
S_PEG200 film features an Me kinetics higher than the S one (Fig. 11), 
confirming the superior ability of the former to absorb moisture from the 
surrounding atmosphere. In line with MC estimation, binary and ternary 
films show lower Me values than S over the timeframe considered; once 
again, the lowest Me values are observed for the ternary S_SC_PEG200 
film (Fig. 11). 

A deeper investigation of the water sorption process was performed 
by fitting the moisture content data at the chosen times using the Peleg 
model [38], which allows for determining the parameters k1 and k2 
(Table 8) related to the initial water adsorption rate and the maximum 
water adsorption capacity. 

The S and S_PEG200 films display the lowest k1 and k2 values 
(Table 8), corresponding to the highest water adsorption rate and ca-
pacity, hence their fast and abundant water sorption during storage 
[38]. This phenomenon is limited in binary and ternary films, which 
exhibit higher Peleg constants than the starch one (Table 8). Never-
theless, the increased water-binding sites of the ternary S_CA_PEG200 
film deriving from the plasticizer's presence determine higher water 
sorption than its binary S_CA counterpart (Table 8). On the opposite, the 
co-plasticizing effect of SC and PEG200 results in the highest k1 and k2 
values (Table 8), which further confirms the limited ability of the 
S_SC_PEG200 film to absorb water from the environment. Overall, 
analysing the moisture content and adsorption corroborate the swelling 
and water solubility tests, ss-NMR and ATR-FTIR spectroscopy findings, 
even one year after the film's preparation. 

Fig. 10. Stress-strain curves of S, S_CA_PEG200, and S_SC_PEG200 films. The 
inset displays a sketch image of the deformation. 

Table 6 
Results of the parameters obtained from the tensile tests.  

Sample Tensile strength (MPa) Elongation at break (%) 

S 25.0 ± 1.0 1.40 ± 0.06 
S_ SC_PEG200 10.9 ± 0.4 16.2 ± 0.7 
S_CA_PEG200 12.6 ± 0.5 22.7 ± 0.9  

Table 7 
Initial (Mi) and final (MC) moisture content of starch-based films.  

Sample Mi (0 % RH) MC 

S 6.6 ± 0.7 5.8 ± 0.6 
S_PEG200 6.8 ± 1.4 5.4 ± 1.0 
S_SC 3.9 ± 1.7 2.8 ± 0.9 
S_ SC_PEG200 0.6 ± 0.1 0.8 ± 0.01 
S_CA 3.1 ± 1.0 2.9 ± 0.9 
S_CA_PEG200 4.2 ± 0.6 3.9 ± 0.5  

Fig. 11. Equilibrium moisture content (Me) of starch-based films overtime.  

Table 8 
Constant values and correlation coefficient for water sorption curves fitted with 
Peleg model of starch-based films at 75 % RH.  

Sample k1 k2 R2 

S 0.16 ± 0.05 0.19 ± 0.02 0.998 
S_PEG200 0.44 ± 0.08 0.38 ± 0.03 0.987 
S_SC 3.1 ± 0.2 0.68 ± 0.1 0.989 
S_ SC_PEG200 18 ± 2 4.2 ± 0.4 0.998 
S_CA 3.4 ± 0.7 2.1 ± 0.4 0.985 
S_CA_PEG200 1.6 ± 0.6 0.80 ± 0.02 0.998  

V. Ciaramitaro et al.                                                                                                                                                                                                                           



International Journal of Biological Macromolecules 253 (2023) 127225

11

4. Conclusions 

In this study, some micro and macroscopic properties of starch (S) 
-based films, obtained through solvent-casting aqueous starch disper-
sions containing cross-linkers and plasticizers agents, were explored. 
Citric Acid (CA) or sodium citrate (SC) and polyethylene glycol 
(PEG200) were used as cross-linkers and a plasticizer, respectively, 
alone or combined in different weight ratios. CA binds effectively to S 
through the formation of covalent bonds, while SC plays the role of a 
physical plasticizer. In both cases, adding small quantities of PEG200 
efficiently improves the stability of S film by inhibiting the retrograda-
tion and recrystallization processes and increasing the mobility of 
polymer chains. This effect was observed the most for the S_SC_PEG200 
ternary film, which was the more stable. Yet, although this ternary film 
features greater mobility of the polymeric chains, which implies greater 
flexibility at the expense of the rigidity (typical of the S film), the 
S_SC_PEG200 showed a lower elongation resistance at break than the 
S_CA_PEG200. This lower mechanical strength likely derives from the 
dense network of hydrogen bonds that, on the one hand, hinders sliding 
between the molecular chains and, on the other, acts as a kind of 
physical barrier, making the structure more stable to thermal degrada-
tion and inhibiting water absorption. The microscopic evidence 
observed can be correlated and justify the variations in the macroscopic 
properties of the modified starch films. Thus, these results demonstrate 
that investigating the microscopic behaviour of starch-based films and, 
more generally, a polymer matrix is crucial to predict the macroscopic 
properties of these materials, which, in turn, are essential to developing 
innovative materials. 
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