
ORIGINAL ARTICLE

Journal of Food Science and Technology
https://doi.org/10.1007/s13197-026-06647-2

Introduction

Brazil is the largest producer and consumer of acerola (Mal-
pighia emarginata), fruit well known for its high vitamin C 
content. In the country, acerola is mainly produced in the 
Northeast region, following crop management practices that 
allow many harvests along the year (Ribeiro and Freitas 
2020). However, the commercialization and consumption of 
fresh acerola is limited due to its high perishability, present-
ing high metabolic activity that reduces fruit postharvest life 
(Alves et al. 1995).

In addition to the cold chain, the use of impermeable 
polymeric packaging has been shown to reduce fruit meta-
bolic activity and maintain fruit postharvest quality. How-
ever, even under these conditions, there are significant fruit 
losses after harvest. In order to overcome such drawbacks, 
specific fruit coatings can be developed to effectively reduce 
metabolic activity, extend postharvest life and reduce losses. 
Applied directly on the fruit skin, edible coatings make it 
possible to increase fruit postharvest life, allowing greater 
flexibility in fruit handling and trading (Galvão et al. 2024).

Abbreviations
CHI	� Chitosan
GLM	� Galactomannan
GTMAC	� Glycidyl trimethyl ammonium chloride
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Abstract
The high postharvest losses have affected the profitability of growers worldwide mainly for acerola, a highly perishable 
fruit. To overcome this, edible coatings with polysaccharides chitosan and galactomannan have been proposed. However, 
raw polysaccharides are not fully adequate to be used as coatings. In this way, these polysaccharides were chemically 
modified to get quaternary derivative with improved action on acerola postharvest coating. The chemical modification was 
confirmed by spectroscopy analyses, showing Infrared peak at 1478  cm− 1 and 1H-NMR at 3.2 ppm. Modified polysac-
charide showed reduction in thermogravimetric Tmax (~ 22–40 °C), tensile stress (~ 6–30 MPa), and elongation (~ 6%) in 
comparison with the parent polymers. The water vapor permeability was similar in both cases (~ 3 g mm kPa− 1 h− 1 m− 2). 
The swelling degree (< 2% in ethanol and > 70%) confirms the hydrophilic character of the modified polymers. Analysis by 
Scanning Electron Microscopy showed a smoother surface for the modified material. The most affected postharvest physi-
ological parameter for stored acerola (18 days, 12 °C, relative humidity 90%) was the respiration rate (CO2 mol kg− 1 h− 1) 
that was lower for uncoated (1.10 10− 2±1.96 10− 4) compared with chitosan derivative (0.99 10− 2±3.36 10− 4) coated fruit. 
This indicates a post-climacteric peak shift and consequent delayed ripening, improving the acerola postharvest losses.
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Despite its importance, only a few studies have reported 
the use of polysaccharides as coating materials for acerola 
fruit. In a first study, it was applied a coating based on cas-
sava starch that reduced the soluble solids and ascorbic acid 
losses, but other parameters were not evaluated (Maciel et 
al. 2004). Following, edible films based on vegetable residue 
flour reduced weight loss of acerola, but with minor influ-
ence on pH, titratable acidity and soluble solid content dur-
ing storage (Ferreira et al. 2016). More recently, an edible 
film based on pineapple peel flour and yam starch reduced 
significantly the weight loss and maintained the lightness 
(L), but had limited influence on total soluble solids, pH, 
and total titratable acidity (Galvão et al. 2024). In this way, 
new materials must be studied and evaluated to maintain 
acerola postharvest quality.

Polysaccharides have been evaluated as economical 
and efficient edible coatings, especially chitosan (CHI) 
(Tokatlı and Demirdöven 2020). Other polysaccharides, 
such as GLM that is mostly obtained from mesquite seeds 
(Prosopis juliflora), have also shown potential for coating 
formulations (Souza et al. 2023). Such edible coatings act 
by creating a modified atmosphere inside the fruit, which 
improves several physiological postharvest changes, such 
as water loss, decay incidence, mechanical resistance and 
O2/CO2 permeability (Cerqueira et al. 2009). Nevertheless, 
to achieve such postharvest efficiency, it is necessary a mul-
ticomponent system or chemically modified material.

Polysaccharide materials with improved film forming 
properties can be obtained by chemical modifications to get 
quaternary salts derivatives (Britto and Assis 2012). This 
can be achieved with GTMAC, which reacts with chitosan, 
leading to the formation of QCHI, a chitosan quaternary salt 
from N-(2-hydroxyl) propyl-3-trimethyl ammonium chlo-
ride. This derivative molecule presents better solubility in a 
wide pH range and enhanced antibacterial activity, mucoad-
hesiveness, hydrophilicity and hemostatic action, compared 
to chitosan (Yang et al. 2020).

The objectives of this study were to develop new GLM 
and CHI modified coatings to maintain quality and reduce 
postharvest losses of acerola fruit. Our study proposes to 
carry out the synthesis of quaternary salt of GLM by quater-
nization with GTMAC to get QGLM. The new coating was 
characterized regarding its physicochemical properties, as 
well as its effect on reducing fruit metabolic activity, main-
taining quality and reducing postharvest losses of acerola 
fruit. For comparison, the quaternary chitosan derivative, 
QCHI, was also evaluated.

Materials and methods

Material

The reagents used in the study were medium molec-
ular weight chitosan (80% deacetylation degree); 
GTMAC ≥ 97%; NMP ≥ 99.5%; oxalic acid, ≥ 99%; 2,6 
– dichlorophenol indophenol hydrate (sodium salt); gla-
cial acetic acid, 99.7% that were acquired from Sigma-
Aldrich®. Dialysis tube was one with an exclusion limit up 
to 12–14,000 Daltons acquired from Sigma-Aldrich®. GLM 
was extracted from mesquite seeds (P. juliflora), according 
to the approach described in previous studies (Souza et al. 
2023). The variety ‘Junko’ acerola (M. emarginata) were 
harvested early in the morning at the ‘Bebedouro’ experi-
mental station located in the Embrapa Semi-Arid Region, 
Petrolina, PE, Brazil.

Galactomannan and chitosan quaternization 
synthesis

The quaternization reaction was carried out based on pre-
vious publications (Ruihua et al. 2012; Britto and Assis 
2007a), in which the reactional medium consisted of water 
(3.5 mL), GTMAC (3.0 mL) and NMP (3.5 mL). An amount 
of 0.5 g of the parent polymer (GLM or CHI) was added 
to the reaction medium and the system maintained under 
magnet stirrer at 80 °C for 18 h. Later, the reaction medium 
was subjected to dialysis for 48  h against distilled water 
(changed every 12 h) to remove impurities and unreacted 
reagents. After dialysis, the reacted material was subjected 
to centrifugation (at 12,857 x g for 10 min and 25 °C, centri-
fuge Eppendorf, model 5804 R, rotor F-34-6-38) to separate 
the insoluble fraction of GLM or CHI. Then, the superna-
tant, containing QGLM or QCHI, was dried by casting on 
a Petri dish. After the drying, the QGLM and QCHI films 
were detached from the Petri dish and characterized.

Quaternary films characterization

1H nuclear magnetic resonance spectroscopy (1H NMR)

The 1H NMR spectrum was obtained on a Bruker AC200 
Spectrometer, operating at 200  MHz at a temperature of 
80  °C. For analyses, the samples were dissolved in deu-
terated water/hydrochloric acid (D2O/HCl) (100/1 v/v) at 
a concentration of 10  mg/mL. The parameters for acquir-
ing the NMR spectrum were: 90° pulse, corresponding to a 
pulse width of 8.2 μm; LB = 0.3 Hz; NS = 16. The average 
degrees of acetylation were determined from the 1H NMR 
spectrum (Britto and Campana Filho 2004). The degree of 
acetylation (DA) of CHI was calculated according to Eq. 1:
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DA (%) = ACH3

3AH2
100

 
� (1)

 
in which, ACH3 is the area of the methyl protons from 

acetamide moiety and AH2 is the area of the proton linked to 
glucosamine carbon 2. The degree of substitution (DS) for 
QCHI was calculated according to Eq. 2:

DS (%) =
A3(CH3)

9AH1
100

 
� (2)

in which, ACH3 is the area of the methyl protons attributed 
to quaternary ammonium moiety and AH2 is the area of the 
proton linked to glucosamine carbon 1.

Fourier transform infrared spectroscopy (FTIR)

The quaternary materials were analyzed in film form using 
the ATR technique in a Perkin-Elmer FTIR spectrophotom-
eter, model Spectrum Two, in the range 4000 –400  cm− 1. 
For comparison, films of the unmodified GLM and CHI 
were prepared by casting, using distilled water for GLM and 
acetic acid (0.5%) for CHI, both at a concentration of 5 mg/
mL (Thombare et al. 2023; Britto and Assis 2007a).

Thermogravimetric analysis (TG/DTG)

TG measurements were carried out on a TGA Q500 V20 
from TA Instruments. The heating rate was 10 °C/min up to 
600 °C under a nitrogen atmosphere at a flow rate of 50 mL/
min. The mass used in each experiment was around 10 mg 
(Britto and Campana Filho 2007).

Morphological analysis by scanning electron microscopy 
(SEM)

For SEM analysis, the filmogenic solution of CHI, GLM, 
QCHI and QGLM solutions were deposited on glass slides 
and dried in a desiccator. Following, the samples were cov-
ered with a thin layer of gold and were analyzed in a scan-
ning electron microscope from Tescan, model Vega 3XMU 
(Nascimento et al. 2019).

Mechanical properties

The mechanical analysis was performed as described before 
(Souza et al. 2023). The sample film consisted of a rectan-
gular shape, measuring 5 × 10 mm and thickness in the range 
0.1–0.2 mm. The stress x strain curve was obtained with a 
Universal Testing Machine (EMIC, DL 10000, Paraná, Bra-
zil). The cell load was 500 N, with a deformation speed of 

5 mm/min. The experiment was repeated at least six times 
for each sample.

Water vapour permeability

Water vapour permeability (WVP) was determined by gra-
vimetry, according to the ASTM Standard Test Methods 
(ASTM E96/E95M, 1995), described before (Souza et al. 
2023). For this, disc-shaped sample film pieces with a diam-
eter of 30 mm were attached to the measuring cells contain-
ing 20 mL of water. The cells were placed in a desiccator 
containing silica gel at 50% relative humidity. Each cell was 
weighed on an analytical balance at each 24 h for seven days 
until the system reaches the steady state. The experiment 
was performed in triplicate, and permeability was calculated 
using Eq. 3:

WV P = ∆M E

T A S (R1 − R2)  
� (3)

 
where WVP is the water vapour permeability (g mm/kPa 

h m2); ΔM is the change in mass (g) of the cell; E is the 
average thickness (mm) of the film; T is the time (hours); 
A is the permeation area (m2) of the film; S is the water 
vapour pressure (3.2 kPa) at testing temperature (25 °C); R1 
is the relative humidity within the cell, expressed as a frac-
tion (1.0); and R2 is the relative humidity in the desiccator, 
expressed as a fraction (0.5).

Swelling degree

The degree of swelling in anhydrous ethanol and ethanol/
water (1:1 v/v) was measured using an immersion assay as 
described before (Britto and Assis 2010). Pieces of dried 
film were weighed (~ 200  mg) and immersed separately 
in the liquids for 24  h at room temperature. The samples 
were removed from the liquids, free surface liquids blotted 
quickly with filter paper and weighed. The degree of swell-
ing was expressed as a percentage of liquid uptakes after 
immersion compared to the initial dry weight from Eq. 4:

DS = Ws − Wd

Wd
(100%)

 
� (4)

where DS is the degree of swelling of the film, Ws the 
weight of swollen sample and Wd is the dried sample. All 
experiments were conducted in triplicate.
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2,9 dichlorophenol indophenol (DFI) until permanent light 
pink color (Ribeiro and Freitas, 2020). The results were 
expressed in mg/100 g of juice.

The data were submitted to the analysis of variance and 
the averages were compared by Tukey’s test (5%). The sta-
tistical analysis was carried out using the software ExpDes.
pt, from the software R, version 3.2.5.

Results and discussion

The quaternization reaction of CHI with GTMAC occurs 
preferentially at the amino groups, as they are more reactive 
than the hydroxyl groups. In the GLM molecule, there are 
no amino groups, so the GTMAC reaction takes place at the 
hydroxyl groups. After reaction and purification, the casted 
QGLM and QCHI films were flexible, homogeneous and 
transparent in appearance. The mass obtained was around 
150 mg for QGLM and 220 mg for QCHI, which represents 
a yield of 30% and 44%, respectively, in relation to the ini-
tial mass.

FTIR characteristics of the derivatives

The chemical structure of the GLM polysaccharide was 
completely elucidated by FTIR, as demonstrated by previ-
ous studies (Thombare et al. 2023; Cerqueira et al. 2011; 
López-Franco et al. 2013). In agreement, the FTIR spectrum 
for GLM film shows characteristic bands (Fig. 1). The band 
at 3392 cm− 1 is related to the vibrational stretching of O–H 
groups and the band at 2925 cm− 1 is related to the vibra-
tional stretching of the CH group. The band at 1643 cm− 1 
refers to the stretching of the galactose and mannose rings. 
The region between 1200 and 1460 cm− 1 is related to sym-
metric deformations of the COH and CH2 groups. The broad 
band between 1031 cm− 1 and 1149 cm− 1 can be attributed 
to the vibrational stretching related to C–O in the C–O–H 
bonds. The bands at 813 cm− 1 and 871 cm− 1 are attributed 
to the bonds of the anomeric units of galactose and man-
nose, respectively. All these bands are also observed in the 
QGLM spectrum (Fig. 1). However, after the quaternization, 
a new band is observed at 1478 cm− 1 that corresponds to 
the symmetric C–H deformation of the methyl groups of the 
quaternary ammonium substituent. Furthermore, the pres-
ence of a discrete band at 1419 cm− 1 can also be observed 
due to the presence of the C–N vibrational stretching mode 
(Pal et al. 2007), suggesting the modification of the GLM.

Equally for the chitosan, its chemical structure was com-
pletely elucidated by FTIR, as demonstrated by previous 
studies (Britto and Assis 2007; Mourya and Inamdar 2009; 
Vasconcelos et al. 2011). In agreement, the FTIR spectrum 
for chitosan film shows the characteristic bands (Fig.  1). 

Acerola coating experiment

Coating formulation

Mature green fruits were harvested, washed with chlori-
nated water (600 µL L− 1) and selected to exclude fruit pre-
senting visual defects. Only fruit with density lower than 
1 g/mL were used in the study due to the capacity to change 
skin color from green to red after harvest (Ribeiro and Frei-
tas 2020). Each treatment consisted of 3 replications with 7 
fruits per replication that were packed in clamshell boxes 
with 5 × 10 × 17  cm (height x width x length). The fruits 
were immersed for 5 s in each filmogenic solution (5.0 mg/
mL) of CHI, GLM, QCHI and QGLM. Each solution rep-
resents one treatment. The fruits were stored for 18 days at 
12 ± 0.5 °C, with relative humidity of 90 ± 5%.

Fruit physiological evaluation

Average mass loss was calculated by subtracting the initial 
sample weight at harvest by its respective weight after 18 
days of cold storage. The weight difference was then multi-
plied by 100 and divided by its respective weight at harvest. 
Mass loss was expressed in percentage.

Skin color was analyzed in the equatorial region of each 
fruit, using a model CR-400 colorimeter (Konica Minolta, 
Tokyo, Japan). The results were expressed in lightness (L) 
that corresponds to variations from dark/opaque (0) to white 
(100), chroma (C) that represents the color intensity, and 
Hue angle (ºh) that represents the color that ranges from 
blue (270º), green (180º), yellow (90º) and red (0º).

To determine the respiration rate, the fruit were placed 
in hermetically sealed glass bottles, with a capacity of 600 
mL, and silicone septa on the lids. The bottles were closed 
for 120 min to collect the headspace gas sample, which was 
injected into a gas chromatograph (Thermo Finnigan, Ther-
moquest GC Trace 2000) with a Porapack column, metha-
nator and flame ionization detector (FID). The results were 
expressed in mol of CO2 per kg of fruit per hour.

Fruit texture was determined as the maximum force 
required to press 10% of the fruit diameter using a TA.XT 
Plus texturometer (Extralab®, São Paulo, Brazil), adapted 
with a P/75 pressure plate. The results were expressed in 
Newtons (N).

The soluble solids (SS) content was determined in a juice 
sample extracted with a domestic centrifuge. About 1 ml of 
juice was added to a portable digital refractometer PAL-1 
(Atago, São Paulo, Brazil) to determine the SS content in 
each juice sample. The results were expressed in ºBrix. 
The concentration of ascorbic acid (vitamin C) was deter-
mined by titrating 0.5 mL of the juice, diluted in 100 mL 
of 0.5% oxalic acid, with a solution containing 0.02% of 
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band at 1559 cm− 1 corresponding to the primary amine and 
there was also an increase in the intensity of the band at 
1655  cm− 1, indicating that the primary amines present in 
chitosan were modified to secondary amine as a result of 
the reaction with GTMAC (Mourya and Inamdar 2009). On 
the other hand, the characteristic bands observed between 
1148 cm− 1 and 1035 cm− 1 remained similar after the reac-
tion of chitosan with GTMAC, indicating that no reaction 
occurred between the hydroxyl groups linked to carbons C3 
and C6, which is in agreement with previous studies (Huang 
et al. 2014).

The broad and intense band at 3437 cm− 1 corresponds to the 
overlapping of O–H and N–H axial stretching. The band at 
2879 cm− 1 is attributed to axial C–H stretching. The bands 
at 1653 cm− 1 and 1567 cm− 1 correspond to the axial stretch-
ing of C=O (amide I band) and angular stretching of N–H2, 
respectively. The bands at 1156 cm− 1 and 1037 cm− 1 corre-
spond to C–O stretching of primary and secondary alcohols, 
respectively. These main bands are also observed in the 
QCHI spectrum (Fig. 1). However, after the quaternization 
a new band is observed at 1479 cm− 1, which is attributed to 
the asymmetric angular deformations of the methyl groups 
at trimethyl ammonium moiety (Britto and Assis 2007a). 
Furthermore, there was a reduction in the intensity of the 

Fig. 1  FTIR spectra for the polysaccharides chitosan, galactomannan and its quaternary derivative
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to the thermal decomposition of the polysaccharides, occur-
ring in the range from 200 to 340 °C. In this thermal decom-
position occur depolymerization and breaking of chemical 
bonds with consequent release of H2O, CO2, CH3HCOH, 
among other low molar weight components. According to 
the derivative of the TG curve, the maximum temperature 
of degradation (Tmax) was 291  °C for chitosan (Fig.  3), 
which is in agreement with a previous study and can vary 
depending on the chitosan source, molecular weight and 
degree of acetylation (Britto and Campana Filho 2004; 
Britto and Campana Filho 2007). Particularly for GLM, 
there is an overlap of two peaks at 292 and 306 °C, indicat-
ing the occurrence of two distinct thermal events. This may 
be related with the thermal decomposition of the two GLM 
components galactan and mannan. After the chemical modi-
fication, there is a clear reduction in the Tmax for the deriva-
tives. The Tmax was 273 °C for QGLM and 253, 268 °C for 
QCHI (overlapping two peaks). This reduction in the Tmax 
is common for polysaccharides derivatives such as chitosan 
(Britto and Campana Filho 2004; Britto and Campana Filho 
2007). Even with this reduction in the thermal decompo-
sition temperature, the modified material is stable at room 
temperature, allowing its use as fruit coating, for example.

Modified polysaccharides morphological analysis by 
SEM

The morphological analysis showed that non-modified 
parent polysaccharides, chitosan and GLM, have irregular 
and rough surfaces typical of formation of agglomeration 
(Fig.  4). Depending on the solubility, the polysaccharide 
chain can adopt a coiled conformation, resulting in a col-
loidal system with agglomeration during the casting film. 
This is expected to occur manly with GLM, as observed in 
other studies (Nascimento et al. 2019). After the quaterniza-
tion reaction, the film morphology changed greatly (Fig. 4). 
Both QGLM and QCHI showed a smoother surface, with-
out formation of agglomeration. This may be related to the 
increased solubility of the derivatives, which showed a 
better filming ability. These results are important from the 
point of view of commercial applications as fruit coatings. 
Polymers with low solubility tend to form irregular films, 
resulting in an irregular coating that reduces its efficiency on 
maintaining fruit quality (Souza et al. 2023).

Mechanical property

The parent polymers CHI and GLM films showed high ten-
sile strength (TS) values, having the CHI the greatest value 
(Table 1). On the other hand, the modified polymers showed 
low tensile strength in comparison with the parent polymers, 
with the QCHI sample reaching the lowest value. As natural 

1H NMR characteristics of the derivatives

The GLM, CHI and derivatives were characterized by 1H 
NMR to confirm the changes in their chemical structures, as 
well to calculate the degree of acetylation of CHI, the man-
nose-galactose ratio for GLM, and the degree of quaterniza-
tion of the QCHI. The 1H NMR spectrum for GLM shows 
peaks at 5.02 and 4.73 ppm (Fig. 2a), which are related to 
the hydrogen atoms linked to the anomeric carbon of the 
α-D-galactopyranose ring (G1) and to the anomeric carbon 
of the β-D-mannopyranose ring (M1), respectively.

By integrating the areas associated with the G1 signals at 
5.02 ppm and M1 at 4.73 ppm, the mannose: galactose ratio 
was obtained with a value of 0.3:1. This proportion may 
vary depending on the source and method used to obtain 
the GLM. In addition, it affects the film-forming proper-
ties of the material, since the higher the D-galactose con-
tent, the greater will be its solubility in water (Cerqueira et 
al. 2011). For the QGLM spectrum, it shows clearly a new 
intense peak at 3.2 ppm, attributed to the methyl hydrogens 
of the quaternary ammonium group, indicating the occur-
rence of chemical modification of GLM by the quaterniza-
tion reaction.

The 1H NMR spectrum for chitosan (Fig. 2b) shows the 
following characteristic signals in ppm: (a) δ = 4.8, attrib-
uted to hydrogen bonded to the anomeric carbon 1; (b) 
δ = 3.5 < δ < 4.0 due to hydrogen bonded to carbon atoms 3, 
4, 5 and 6 of the glucopyranose unit; (c) δ = 3.2 attributed 
to the hydrogen atom linked to carbon 2 of the glucopy-
ranose ring and (d) δ = 2 related to the hydrogen atoms of 
the methyl moieties of the acetamido groups (Britto and 
Campana Filho 2004). Using the ratio between the areas of 
the acetamide methyl protons and the glucosamine carbon 
2 proton (Eq. 1), the degree of acetylation (DA) of CHI was 
25%.

After the quaternization, the QCHI 1H NMR spectrum 
showed an intense signal at 3.2 ppm (Fig. 2b), assigned to 
the hydrogens present in the methyl moieties of the quater-
nary ammonium group (Britto and Campana Filho 2004). 
This proves the success of the substitution reaction. Based 
on the area ratio between the peak attributed to quaternary 
ammonium and peak of hydrogen bonded to carbon 1 (Eq. 2) 
the degree of substitution (DS) for QCHI was 33.3%.

Thermogravimetric analysis of the derivatives

The thermal behavior was similar for all the samples, show-
ing initially (25 a 100 °C) a mass loss associated with water 
evaporation (Fig.  3). This loss of adsorbed water is due 
to the hydrophilic nature of the polysaccharides, mainly 
hydroxyl moiety (Britto and Campana Filho 2004; Britto 
and Campana Filho 2007). The second thermal event refers 
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interchain interactions, molecular weight, chain structure 
and conformation, water and plasticizer contents. Evidently, 
the chemical modification affects greatly the interchain 
interaction, mainly for polyelectrolyte, influencing the 

polymers, several factors can affect the mechanical perfor-
mance of chitosan and galactomannan, mainly the material 
source (Dos Santos et al. 2015). Further, physical chemistry 
characteristics influence greatly the mechanical property as 

Fig. 2  1H NMR spectra for the polysaccharide (a) galactomannan and its quaternary derivative; and (b) chitosan and its quaternary derivative
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However, depending on the degree of substitution such 
change is not imparted, which may be occurring with GLM. 
Although the WVP can vary depending on the GLM source 
(Dos Santos et al. 2015), the values found are similar to 
observed in other studies (Almeida et al. 2021).

Regarding the polysaccharide CHI, a different aspect was 
found, in which the chemical modification had a deep impact 
on the WVP. The WVP increased greatly for the deriva-
tive QCHI, indicating that the chitosan chain was deeply 
modified by the introduction of quaternary moiety, which 
resulted in a more hydrophilic polyelectrolyte (Britto and 
Assis 2007a). In agreement, WVP values for CHI is similar 
to observed in other studies (Kołodziejska and Piotrowska 
2007).

Comparing the WVP for the two modified polysaccha-
rides, QGLM may be more appropriated to reduce weight 
loss by water transpiration due to its low hydrophilic char-
acter in comparison with QCHI. However, for edible coat-
ing several parameters must evaluated to get most adequate.

tensile strength. In a previous study with different chitosan 
derivative, the quaternization process decreased the ten-
sile strength for the parent chitosan film but increased for 
the alkylated ones (Britto and Assis 2007b). In general, all 
polysaccharide material exhibits a non-linear viscoelastic 
behavior, with a stress versus strain curve typical of brittle 
material. The elongation, or maximum strain, reflects the 
same behavior, with the parent polymers having higher val-
ues in comparison with the modified polymers (Table  1). 
Despite the specific TS and elongation values for each mate-
rial, all of them showed good ability to form film suitable to 
edible coating.

Film water vapor permeability

The WVP, calculated according to Eq.  3, was shown in 
Table 1. The analysis shows that the WVP for the chemically 
modified GLM is similar to that non-modified one. Gener-
ally, the introduction of a quaternary moiety in the poly-
saccharide chain results in a more hydrophilic material due 
to the cationic character of the generated polyelectrolyte. 

Fig. 3  Thermogravimetric curve for the polysaccharides chitosan, galactomannan and quaternary derivatives in N2 atmosphere and heating rate of 
10.0 °C min− 1. Insert: Corresponding DTG curves in the range 180–380 °C
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amount of absorbed anhydrous ethanol decreases for the 
derivatives in comparison with the parent polymers. The 
introduction of quaternary moiety increases the hydrophilic 
character of the polysaccharides, resulting in charged poly-
electrolyte with low affinity to more apolar species as etha-
nol. However, the presence of methyl group also influences 
the hydrophobic character, contributing to ethanol absorp-
tion. This fashion and values were reported before (Britto 
and Assis 2010). For the DSe/w analysis, it is observed that 
absorbed amount is greatly superior that found for DSeth, 
indicating the hydrophilic character of these materials. In 
agreement, QCHI become soluble in the mixture ethanol/
water, having the greatest hydrophilic character. This con-
firms that CHI and its derivatives are more hydrophilic 
materials in comparison with GLM in accordance with dis-
cussed for WVP values.

Swelling degree

The degree of swelling, determined in anhydrous ethanol 
(DSeth) and ethanol/water (DSe/w), provides additional infor-
mation about the hydrophilic characteristics of chitosan and 
its derivatives (Table 1). The analysis shows that the relative 

Table 1  Average values ± standard deviation of mechanical stress x 
strain parameters (tensile strength and maximum deformation yield), 
Water Vapor Permeability (WVP) and Swelling degree for galacto-
mannan (GLM), chitosan (CHI) and its respective quaternary salts 
(QGLM) and (QCHI).
Film Tensile 

Stress* 
(MPa)

Elonga-
tion (%)

WVP (g 
mm kPa− 1 
h− 1 m− 2)

Swelling degree (%)
DSeth DSe/w

GLM 24.1 ± 4.3b 8.3 ± 2.1b 2.09 ± 0.52b 5.6 ± 1.1a 19.3 ± 2.9b

QGLM 18.7 ± 1.5b 2.3 ± 1.0c 1.89 ± 0.24b 0.6 ± 0.1c 72.4 ± 3.2a

CHI 39.3 ± 9.0a 14.8 ± 1.0a 3.24 ± 0.30a 4.5 ± 0.4a 80.2 ± 8.0a

QCHI 7.4 ± 2.3c 8.8 ± 2.2b 4.04 ± 0.44a 2.3 ± 0.4b –
*Averages followed by the same letter are statistically equal accord-
ing to Tukey test (5%)

Fig. 4  SEM images for the poly-
saccharides chitosan, galactoman-
nan and quaternary derivatives 
deposited on glass slides
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climacteric peak, showing that QCHI effectively delayed 
fruit ripening and senescence, compared to control uncoated 
fruit. Indeed, previous studies have reported similar behav-
ior for uncoated and coated fruits during storage (Tokatlı 
and Demirdöven 2020). Efficient coatings reduce the inter-
nal O2 concentration in the fruit, inhibiting respiration and 
delaying ripening and senescence, which extends fruit post-
harvest life (Alves et al. 1995).

Acerola texture was lower in uncoated and CHI coated 
fruit, intermediate in GLM and QGLM coated fruit, and 
higher in QCHI coated fruit (Table 2). Similar to the result 
observed for the respiration rate, fruit texture also shows 
that QCHI coating effectively delayed fruit ripening, main-
taining higher flesh firmness, than uncoated fruit during 
18 days of storage at 12  °C (Table 2). In addition, QCHI 
coated acerola had a firmer texture that is highly desirable to 
reduce mechanical damage during handling and transporta-
tion (Ribeiro and Freitas 2020).

Acerola vitamin C content was not affected by coating 
treatments during 18 days of storage at 12  °C (Table  2). 
Usually, vitamin C content decreases during fruit ripening 
(Maciel et al. 2004; Minh et al. 2019) due to biochemi-
cal oxidation (Ribeiro and Freitas 2020), which was not 
observed in our study.

The soluble solids content (°Brix) was higher in 
uncoated, intermediate in non-modified coated (CHI and 
GLM), and lower in quaternary derivative coated (QGLM 
and QCHI) acerola fruit (Table  2). Soluble solids content 
has been reported to increase during acerola fruit ripening 
characterized from changes in skin color from green to red 
(Ribeiro and Freitas 2020). Indeed, considering that soluble 
solid content is expected to increase during acerola fruit rip-
ening, these results, together with respiration rate and flesh 
firmness, suggest that QGLM and QCHI coatings had a pos-
itive effect on inhibiting acerola ripening and senescence, 
extending fruit postharvest life (Ribeiro and Freitas 2020).

Physiological evaluation of coated acerola

Some acerola physiological parameters showed significant 
changes in response to fruit coatings, while other parameters 
were not affected by coating treatments. Fruit mass loss and 
skin color (luminosity, L; chroma, C and Hue angle, h) were 
not affected by coating treatments (Table 2). However, both 
parameters showed a trend of lower mass loss and red color 
(Hue angle) development in response to coating, mainly in 
response to QGLM and QCHI coating, compared to con-
trol uncoated fruit. Although there are only a few studies on 
the application of edible coatings on acerola fruit, statistical 
differences between coated and uncoated fruit quality have 
been reported (Maciel et al. 2004; Abreu 2019). Indeed, these 
studies have reported fruit mass loss of 18.6% for uncoated 
and 12.4% for coated acerola fruit after 15 days of storage at 
5 °C. In other study, a nanocomposite edible film developed 
with acerola puree, alginate, cellulose whiskers or montmo-
rillonite resulted in a weight loss of 7.2–4.4%, compared to 
11.1% weight loss in uncoated acerola stored for 7 days at 
6 °C (Azeredo et al. 2012). Therefore, coatings can have a 
great effect on reducing acerola weight loss, which has been 
reported to reach values as high as 20% during 14 days of 
storage at 10 °C (Ribeiro and Freitas 2020). Considering the 
results observed in our study, coated acerola fruit reached 
about 10% weight loss, suggesting that improvements in the 
coating composition can add beneficial effects on reducing 
fruit weight loss during storage by reducing fruit mass loss 
in response to transpiration and respiration (Ribeiro and 
Freitas 2020; Britto and Assis 2012; Galvão et al. 2024).

Acerola respiration rate was lower in uncoated, GLM and 
CHI coated fruit, compared to QCHI coated fruit after 18 
days of storage at 12 °C (Table 2). Acerola is a climacteric 
fruit, characterized by an increase in respiration rate after 
harvest, reaching a peak and decreasing afterwards during 
storage and senescence (Ribeiro and Freitas 2020). There-
fore, the lower respiration rate observed in uncoated acerolas 
is possibly the result of the post-climacteric peak decrease 
in respiration rate that leads to fruit senescence (Ribeiro 
and Freitas 2020). On the other hand, the higher respira-
tion rate observed in the QCHI coated acerola suggests that 
the fruit were at the developmental stage that precedes the 

Table 2  Average values ± standard deviation of physiological quality of uncoated (CTL) and coated ‘Junko’ acerolas stored for 18 days at 12 °C. 
*Averages followed by the same letter are statistically equal according to Tukey test (5%)
Coat Mass loss* (%) Skin color Respiration rate (mol of CO2 /kg h) Force (N) Vit. C (mg/100 g) Brix (o)

L C oh
CTL − 12.3 ± 1.9a 38 ± 4a 21 ± 4a 45 ± 10a 0.99 10− 2±3.36 10− 4b 42.7 ± 0.4b 1232 ± 80a 7.60 ± 0.14a

GLM − 11.0 ± 4.3a 38 ± 3a 22 ± 0.3a 51 ± 3a 1.01 10− 2±3.73 10− 4b 42.9 ± 0.5ab 1261 ± 22a 7.34 ± 0.11b

QGLM − -10.5 ± 3.0a 40 ± 3a 23 ± 3a 62 ± 9a 1.06 10− 2±1.38 10− 4ab 43.2 ± 0.5ab 1275 ± 21a 7.14 ± 0.07c

CHI − 9.8 ± 6.3a 38 ± 2a 22 ± 2a 50 ± 14a 1.02 10− 2±6.92 10− 4b 42.6 ± 0.5b 1247 ± 17a 7.35 ± 0.07b

QCHI − 7.8 ± 4.2a 40 ± 3a 23 ± 3a 60 ± 14a 1.10 10− 2±1.96 10− 4a 43.7 ± 0.3a 1258 ± 48a 7.20 ± 0.06bc

CV (%) 32.50 6.56 10.44 16.46 3.38 0.87 6.49 1.04
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Conclusion

It was possible to obtain films from chemically modified 
GLM and CHI by quaternization reaction with GTMAC, 
which was confirmed by spectroscopy analyses. The new 
material has good thermal, mechanical, morphological and 
hydrophilic characteristics, allowing its use as edible fruit 
coatings. The shifting in the post-climacteric peak pattern 
for respiration rate indicated clearly that the coated acerola 
fruit with quaternary modified materials restrained the rip-
ening and senescence compared to uncoated and non-modi-
fied GLM or chitosan coated fruit. Modified polysaccharide 
has potential to reduce postharvest losses and even reduce 
the fungal contamination; an issue to be explored in future 
studies.
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