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Biodegradable coatings can improve fruit storage, but physical and chemical interactions might 
impair performance. This work coated strawberries with a blend based on cassava starch (native, 
oxidized, or acetylated), gelatin, sorbitol, and two antimicrobial agents (calcium propionate and 
potassium permanganate) to evaluate potential downsides of exposure to an acidic environment. 
The coatings varied in thickness (0.124-0.160 nm), opacity (1.37-4.61), solubility (29-55%), and 
color. Mass loss analysis indicated limited efficiency (the 10% threshold was reached within 48 h) 
in strawberries due to potential hydrolysis reaction. Soluble solids, titratable acidity, harvest index, 
and vitamin C concentration confirmed that hydrolysis under acidic conditions strongly impaired 
acetylated starch coating performance, performing worse than the control group. Further studies 
are needed to evaluate coating behavior in non-acidic fruits and under different pH conditions.

Keywords: antimicrobial agent, biodegradable film, cassava starch, hydrolysis reaction, 
addition-elimination reaction

Introduction

Biodegradable films and coatings are intended to extend 
the shelf life of food products, providing a barrier against 
damage by forming layers of edible material on the surface 
of the food or placed between its components.1 They can 
slow down the migration of moisture, the loss of volatile 
compounds, the rate of respiration, and changes in the 
texture of the product, improving the condition of the food 
without undesirable effects, and can also be used for the 
incorporation and/or controlled release of antioxidants, 
vitamins, nutraceuticals, and antimicrobial agents.2-4

Starch is one of the main reserve compounds of all 
higher plants, occurring mainly in seeds, tubers, rhizomes, 
and bulbs. It is made up of a mixture of two polysaccharides 
called amylose and amylopectin, the proportions of which 
vary according to their origin.5 Amylose is the main 
part of starch responsible for its film-forming capacity.6 
Biodegradable films produced from cassava starch as the 

main raw material are an excellent option since this material 
is easy to find, low cost, and also due to its properties,7 
which are mainly biodegradable. Despite these advantages, 
films and coatings based only on starch often display 
impaired mechanical performances due to the strong 
hydrogen interactions formed between starch chains.7,8 
The film-forming properties of starch can be improved by 
blending it with proteins and plasticizers.9

Gelatine is an abundant and low-cost film-former 
widely blended with starch for film production and coating 
purposes due to its capacity to create a barrier capable of 
decreasing the migration of oxygen, moisture, and oil.10,11 
Its most outstanding characteristics are its solubility in 
water and its ability to form heat-resistant gels.

The plasticizer is a small, low-volatile molecule with 
a chemical nature similar to that of the polymer used to 
make the film. It often increases the free volume between 
starch chains,7,12 creates a barrier to gases and vapors,13 
and increases flexibility,14 extensibility, and distensibility 
besides decreasing mechanical resistance.15 

Besides, decreasing the respiratory process that convert 
a premature fruit into a rotten one, films and coatings 
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also aim at preventing microbial growth.16 Antimicrobial 
agents are also incorporated to the blends to provide 
additional protection against biological threats.17 Potassium 
permanganate is a caustic alkali (KMnO4) that oxidizes 
organic matter, so it is not a medicine, but a broad-spectrum 
oxidizing and disinfecting agent. Its use in food packaging 
goes back at least 50 years.18 Despite the outstanding 
properties, KMnO4 is toxic to humans upon ingestion.19 
Hence, the addition of such a compound to food packaging-
intended purposes must be done carefully. Propionic acid 
and its salts such as calcium propionate (Ca(C2H5COO))2, 
in their undissociated form, are effective against the 
development of molds, but not very effective against 
bacteria and yeasts. They act by altering the permeability of 
the cell membrane of the microorganisms and the activity 
of intracellular enzymes in various ways.20 

The formation of biodegradable films based on starch, 
gelatine and plasticizers could be an excellent option for 
packaging minimally processed fruit and vegetables that 
have a short shelf life. The addition of antimicrobial agents 
may be a good option as a way of reducing microbiological 
growth, verifying their effect on the characteristics of 
the films formed and on the preservation of minimally 
processed post-harvest fruits. Nevertheless, most published 
articles overlook the fruit-coating interaction either because 
the coating cannot be chemically altered by the fruit or 
because the fruit does not lead to pH values that suits the 
occurrence of chemical reactions. For acidic fruits like 
strawberries, on the other hand, the acidic pH might have 
direct effect on the performance of the coating. 

This way, this work assessed how suitable for fruit 
coating the different types of starch would be. The produced 
films and coatings were based on three types of cassava 
starches: native, which is not very prone to hydrolysis, 
oxidized, not easily hydrolysable, and acetylated, easily 
hydrolysable. The starches were blended with gelatin 
and sorbitol for improved mechanical performance, 
and combined with calcium propionate and potassium 
permanganate for additional antimicrobial protection. 
Strawberries were chosen as the model fruit as they 
establish an acidic environment by losing fresh mass. 
Establishing if the loss of fresh mass would impair the 
performance of the coatings was the main goal of this work. 

Experimental

Materials

Nat ive  (weigh t -average  molecu la r  weigh t 
(Mw)  =  1.43  ×  106 Da; number-average molecular 
weight  (Mn) = 225,883 Da, Mw/Mn  =  6.32), acetylated 

(acetylation degree = 87%; Mw = 1.51 × 106 Da; 
Mn = 191,798 Da, Mw/Mn = 7.86), and oxidized (oxidation 
degree = 0.07%; Mw = 1.37 × 106 Da; Mn = 163,770 Da,  
Mw/Mn = 8.37) cassava starches were supplied by AVEBE 
Guairá Amidos LTDA. Bovine gelatin (bloom gel strength 
of 150-220 g) was acquired from Biotec Reagentes 
Analíticos. Sorbitol was acquired from QEEL - Química 
Especializada Erich LTDA. Potassium permanganate 
(KMnO4) was acquired from Labsynth. Calcium propionate 
(Ca(C2H5COO)2) was purchased from Fluka Analytical. All 
the reactants were used as received. 

Preparation of the polymeric solution

The experiment started by preparing two separate 
dispersions. The starch dispersions (native (NSt), 
oxidized  (OxSt), or acetylated (AcSt)) were prepared by 
dispersing 3.0 g of starch in 100 mL of distilled water. The 
dispersion was heated in a water bath (85 ºC) until completely 
gelatinized. Sorbitol (10% m m-1 of the starch mass) was 
added to the dispersion immediately after gelatinization, 
and the dispersion was manually stirred for homogenization. 

The second dispersion was prepared by 10.0 g of 
gelatin in 100 mL of distilled water for 1 h,21 followed 
by heating in a water bath at approximately 85 ºC until 
completely solubilized. Sorbitol (5% m m-1 of the gelatin 
mass) was also added to this dispersion immediately after 
gelatinization, and the dispersion was also manually stirred 
for homogenization. The dispersions were combined in a 
single beaker to produce the polymeric solution. 

Some of the experiments involved films containing 
antimicrobial agents. In these cases, after being combined 
in the same beaker, potassium permanganate, and calcium 
propionate were added to the polymeric solution (both in 
the amount of 0.018% m m-1 of the starch mass).22 

The physical-chemical characterization was performed 
using the polymeric solution in the form of a film, 
produced using the casting technique. Aliquots of 10 mL 
of the polymeric solutions were transferred into Teflon 
plates (diameter of 7 cm) and dried in an oven at 40 °C 
for 48  h. Once dried, the films were removed from the 
Teflon plates and stored in a dissector (temperature (T) 
ca. 25 °C). Meanwhile, for the in vivo performance assays, 
the polymeric solution was cooled to room temperature; 
the fruit was directly immersed in the solution (for 30 s) 
and hung to dry and form a coating. 

The samples (regardless of being used as coatings 
or films) were named xStGelAy, in which St, Gel, and A 
stand for starch, gelatin, and antimicrobial agents (KMnO4 
and Ca(C2H5COO)2), respectively; “x” specifies the type 
of starch in question (N = native, Ac = acetylated, or  
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Ox = oxidized), while y specifies the amount of antimicrobial 
agent added to the blend (y = 0 or 3%). 

Characterization of the films

Thickness
The thickness of the films was measured using a Mitutoyo 

micrometer. The thickness determined was the average of five 
random measurements (n = 5) on different parts of the film.23 
The results are expressed by mean ± standard deviation (SD). 

 
Water solubility (WS)

The water solubility of the films was determined in 
triplicate (n = 3) using an adapted method.24 Samples 
of the films were cut into 2 cm2 pieces and the initial 
percentage of dry matter of each sample was determined in 
an oven at 105 ºC for 24 h (DM0). After the first weighing, 
the samples were immersed in beakers containing 25 mL 
of distilled water, and shaken slowly and periodically 
for 24 h. After this period, the samples were removed 
and dried (105 ºC for 24 h) to determine the mass of 
the remaining non-dissolved film (DM24).9,25 The water 
solubility was determined using equation 1, and the results 
are expressed by (mean ± SD).

( ) 0 24

0

DM   DM
WS % 100

DM
 −

= × 
 

	 (1)

Opacity
The opacity of the films was determined by analysis in 

a FEMTO 700 Plus spectrophotometer in triplicate (n = 3) 
of the absorbance at a wavelength of 450 nm (Aλ) and 
calculated according to the equation 2, in which “z” refers 
to the thickness of the film.23 The results are expressed by 
(mean ± SD).

A
Opacity

z
λ= 	 (2)

Colorimetry
The transparency of the films was determined using a 

colorimeter (model CR 400 Konica Minolta). The analytical 
data produced from this measure (L*) refers to the shift 
from completely light (100) to completely dark (0).26

Characterization of the coating
Strawberries (Dover cultivar) were purchased in 

commercial plantations directly from farms in the city of 
Umuarama, Paraná, Brazil. They were harvested in the 
morning and produced according to the usual cultural 
practices in the region. These include drip irrigation and 

planting beds protected by plastic to prevent the soil from 
drying out, weed invasion, and fruit damage. 

Fruit selection took into account color, regular surface, 
and homogeneous size, as well as the absence of rot and 
physical damage. Also, the strawberries were picked at the 
stage of commercial ripeness.

Coating stage
The strawberries were immersed in a solution of water 

and sodium hypochlorite (0.01%) for 30 min. This step was 
performed before the fruit coating. After these 30 min, the 
fruit was removed from the solution and hung to dry at room 
temperature (T ca. 25 °C). The coating step was performed 
by dipping the fruit into the filmogenic solution prepared 
as described in “Preparation of the polymeric solution” 
sub-section. After one minute, they were removed from the 
solution and hung for 24 h to dry completely. The control 
group was immersed in distilled water1 for the same period.2 

Mass loss
The fruits were initially separated and identified so 

that the analysis could always be carried out on the same 
individuals. The statistical design was entirely casualized 
in a 3 × 5 factorial design (treatment × storage time) with 
15 treatments, and the fruits were stored under room 
temperature (T ca. 25 °C) and relative humidity conditions 
(R.H. ca. 70%).

The analyses were carried out with 1 measurement per 
fruit and 6 fruits per treatment. The fruits were weighed 
individually using a Mark 210A Class I model 6K analytical 
balance. The mass loss was calculated using equation 325 
and expressed as a percentage loss compared to the initial 
mass. In the equation 3, m1 and mt refer to the mass at the 
first day and at a day t. 

( ) ( )1 t

1

m m  1 00
ML %

m
− ×

= 	 (3)

Juice extraction
All the destructive analyses but firmness, which 

employed the whole fruit for the perforations, were evaluated 
using strawberry juice extracted by grinding using a Walita 
Billy model RI 1340 hand-held fruit processor (mixer).

The statistical design was entirely casualized in a 
3  ×  5 factorial schema (treatment × storage time) with 
15 treatments, 3 replicates and 3 fruits per plot.

Soluble solids (SS)
The determination of the grade of soluble solids in the 

strawberries used in the experiments was performed using 
a Quimis Iso 9002 refractometer (model Q-109B Optech). 
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The measure was performed in triplicate (n = 3) for 
each treatment. For that, 0.05 mL of strawberry juice was 
placed in the equipment prism. The results are expressed 
by (mean ± SD), in degrees of Brix (°B). 

Titratable acidity (TA)
The titratable acidity was determined in triplicate 

(n = 3), by titrating the strawberry juice (samples of 1 mL) 
with a 0.01 mol L-1 sodium hydroxide (NaOH) solution 
until reaching pH 8.1.27 The analysis was standardized by 
using a pH meter (Tecnal TEC-2). 

The results were expressed as the percentage (%) of 
citric acid per 100 g of fruit by neutralizing the solution,28 
and they were calculated using equation 4, in which 
the terms V and c refer to the volume (mL) and the 
concentration, respectively, of the NaOH solution required 
to reach pH 8.1; P is the volume, in mL, of strawberry 
juice utilized; MM is the molar mass of citric acid  
(MM = 192 g mol-1), and n is the number of ionizable 
hydrogens from citric acid (n = 3).

V  c  MMTA
10  P  n
× ×

=
× ×

	 (4)

Harvest index
The SS and TA results were used to determine the 

harvest index of each fruit. This determination was 
performed by dividing the SS by the TA values.25 The results 
are expressed by (mean ± SD).

Vitamin C
For vitamin C analysis, 5 mL of strawberry juice were 

diluted in a mixture of 50 mL of distilled water, 10 mL of 
20% sulfuric acid solution, 1 mL of 10% potassium iodide 
solution and 1 mL of 1% soluble starch solution. This 
solution was then titrated with 0.002 mol L-1 potassium 
iodate solution until it turned blue.29 The titration was 
performed in triplicate (n = 3).

The vitamin C concentration was calculated using 
equation 5. In it, V and P respectively refer to the volume 
of iodide used in the titration and the volume of strawberry 
juice; F refers to correction factor (F = 0.8806 for KIO3 
0.002 M), 

V  FVitamin C (%)= 100
P
× × 

 
	 (5)

Firmness 
Fruit firmness was assessed using an Instrutherm model 

PTR-100 penetrometer with a 7.9 mm diameter pressure 
device. The strawberry was pierced on the side of the medial 

region of its expanded receptacle, always so that the tip 
of the pressure device was perpendicular to the fruit, thus 
exerting a uniform force until its outer surface was ruptured. 
The analyses were carried out in triplicate (n = 3) using one 
perforation per fruit, with three fruits per treatment group. 

The firmness was obtained in kgf and multiplied by the 
constant 9.80 to obtain the data in Newton (N), as described 
by Tzoumaki et al.30 with some modifications.

Statistical analysis

Data were analyzed using Minitab19 (Minitab Inc., 
State College, PA, USA, 2019) through analysis of 
variance (ANOVA) followed by Tukey’s test (LSD) to 
compare means at a 95% confidence level (p < 0.05). 
The experimental design was completely randomized in 
a 3 × 5 factorial scheme (treatment × storage time), with 
results expressed as mean ± standard deviation. Groupings 
were indicated by letters, where means not sharing the same 
letter were considered statistically different. 

Results and Discussion

Physical-chemical characterization

Thickness, solubility, and opacity are some examples 
of parameters that affect the efficiency of biodegradable 
films used for minimally processed fruit and vegetables. 
Therefore, the effectiveness of the starch-based blends 
evaluated in this work was assessed in terms of these 
parameters. Table 1 portrays the obtained results and the 
respective statistical comparison results. 

Thickness 
The thickness determines how effective a film is in 

preserving the fruit from external damage,31 particularly 
transportation and the numerous handling steps prior to 
their consumption.32 In this study, the thickness varied 
from (0.124 ± 0.012) nm (AcStGelA0) to (0.160 ± 0.003) nm  
(AcStGelA3). Alone, these results confirm that the type 
of starch influences the thickness of a film, as acetylated 
starch led to the thinner films while oxidized starch formed 
thicker ones. It also suggests that the antimicrobial agent 
contributed to increased thickness. The physical interactions 
formed between the polymers and the antimicrobial agents 
would inevitably increase the distance between adjacent 
polymer chains. It, therefore, justifies the higher thickness 
observed for the antimicrobial agent-containing films.

Most matrices were statistically equal at some point 
(Table 1), suggesting similar behaviors for native and 
acetylated starch. Even though the experimental conditions 



5 of 11

The Suitability of Chemically Modified Starch-Based Antimicrobial Coatings for Post-Harvest Strawberry Preservation Martins et al.

J. Braz. Chem. Soc. 2026, 37, e-20260059

were not adequate for chemical reactions, the incorporation 
of Ca(C2H5COO)2 inevitably introduced reactive species 
capable of reacting with functional groups from AcSt 
and OxSt. As a negatively charged compound with a mild 
basicity, Ca(C2H5COO)2 could not react with NSt, but 
may interact with carbonyl-containing starches due to the 
electrophilic character of the carbon atom from the carbonyl 
group.33 Figure S1 (Supplementary Information (SI) 
section) presents a mechanistic suggestion for this reaction. 

For AcSt (Figure S1b), the addition-elimination reaction 
with Ca(C2H5COO)2 would lead to the initial formation 
of an unstable tetrahedral intermediate, followed by the 
collapse of this intermediate as the double bond with 
oxygen is restored. This restoration of the C=O bond 
would force the elimination of one of the groups bonded 
to the tetrahedral intermediate. In this case, the elimination 
reaction could either restore AcSt to its original structure 
(product A) or eliminate the acetyl group, forming a new 
non-modified starch unit (product B). 

For OxSt, the addition-elimination reaction depicted in 
Figure S1c would either restore OxSt to its original structure 
(product D) or lead to the opening of the glucose unit that 
composes this modified starch (product E). In the latter, 
the extent of the reaction could improve or impair the 
chain packing. The results from Table 1 suggest that, in 
this work, if occurred, the reaction had very little effect on 
the thickness of the OxStGelAy films, especially because 
the films containing or not the antimicrobial agents were 
statistically equal at 95%. As per the AcStGelAy films, the 
same cannot be said. 

The other antimicrobial agent, KMnO4, probably did 
not react with the starches used in this work because 
this oxidizing agent requires the addition of catalysts 
like hydroxide anions (OH−) to force the precipitation of 
MnO2.33

Solubility
Solubility is another factor that guides the application 

of biofilm as packaging for food products.25 Although 

complete solubilization in water can be advantageous in 
some cases, highly soluble films are not suitable for foods 
that release water. Therefore, for fruit such as strawberries, 
films with low solubility are often the best option because 
the water loss during the ripening stage should not 
compromise the barrier properties of the film. 

For the films analyzed in this work, this parameter 
ranged from (29.39 ± 0.68) (NStGelA3) to (55.33 ± 0.86)% 
(NStGelA0), being the antimicrobial agent-containing 
films the loss soluble ones (Table 1). Two aspects must be 
considered to explain these results. First, blending starch 
with gelatin weakens the strong intermolecular hydrogen 
bonds, replacing long-range interactions with shorter ones 
and increasing solubility in aqueous environments. Second, 
the addition of salt like calcium propionate can counteract 
this effect. Upon dissociation or hydrolysis, propionic 
acid forms hydrogen bonds with starch chains, reducing 
their affinity for water and therefore decreasing solubility. 
As per KMnO4, a previous research34 indicated that it does 
not affect the solubility of starch-based films.

The solubility values achieved in this work for the 
native starch-based films varied similarly to the ones 
reported by Pellá et al.,35 who achieved values ranging 
from (27.50 ± 0.01) to (45.12 ± 0.01)% depending on the 
starch:casein:gelatin ratio. Considering the acetylated-
based films, the solubility values achieved in this work 
were considerably smaller than the values reported 
by Francisco  et al.,36 where blends with hydroxyethyl 
cellulose (HEC) depicted solubility values ranging from 
(51.50 ± 0.21) to (61.24 ± 0.05)%.

Considering the solubility results achieved in this work, 
the films AcStGelAy and NStGelA3 would probably be the 
most suitable ones for fruit that continue advancing on the 
ripening process after harvest. 

Opacity
The opacity values ranged from 1.37 (OxStGelA0) to 

4.61 (OxStGelA3), with the films lacking antimicrobial 
agents displaying the lowest opacity values (Table 1). It 

Table 1. The mean thickness, water solubility, opacity, and colorimetry (L) for the xStGelPy samples

Sample Thickness / nm Water solubility / % Opacity / %  Colorimetry
NStGelA0 0.136 ± 0.005bc 55.33 ± 0.86a 1.83 ± 0.07a 95.60 ± 0.16a

NStGelA3 0.150 ± 0.005ab 29.39 ± 0.68e 4.33 ± 0.07b 94.42 ± 1.10a

AcStGelA0 0.124 ± 0.012c 36.54 ± 0.71c 2.92 ± 0.05c 94.80 ± 0.88a

AcStGelA3 0.160 ± 0.003a 30.26 ± 0.70e 3.58 ± 0.20d 95.71 ± 0.28a

OxStGelA0 0.154 ± 0.010a 44.32 ± 1.09c 1.37 ± 0.04e 95.95 ± 0.17a

OxStGelA3 0.158 ± 0.005a 33.35 ± 0.50d 4.61 ± 0.07f 95.31 ± 0.58a

In the same column, (mean ± standard deviation (SD)) values that do not share the same letter are statistically different at 95% of significance. NSt: native; 
OxSt: oxidized; AcSt: acetylated; N: native, Ac: acetylated; Ox: oxidized; St: starch; Gel: gelatin; A: antimicrobial agents.
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suggests that the antimicrobial agents-free films were more 
transparent likely due to structure changes. Film opacity 
also increases due to the loss of the granular structure of 
starch and crystallinity during gelatinization.37 Statistical 
comparisons indicated significant differences at 95% for 
all samples, confirming that both starch modification and 
antimicrobial agent addition significantly affect opacity.

The values obtained in this work were lower than the 
ones reported by Davanço et al.,10 whose gelatin-based films 
with surfactants (sodium dodecyl sulfate surfactant (SDS) 
and Tween 80) displayed opacities ranging between 6.45 
and 9.77.

Colorimetry
After being coated with the biodegradable film, the 

color of the fruit might change. Colorimetry is the science 
used to analyze human perception of color.38 Therefore, 
measurements of this parameter were used to evaluate the 
color of the films. Regardless of the experimental condition 
or the thickness of the film, the L* values were close to 95, 
being statistically equal at 95% significance. 

The obtained results suggest that, despite having 
different opacity values, the overall tonality of the films 
was very similar. It is a positive result especially because 
the fruits should still be packaged in a way that allows 
consumers to see through the package, maintaining the 
visual appeal of the fruits.

Efficiency of the coating on strawberries
Besides being used as films for the physical-chemical 

evaluations, the efficiency of the polymeric blend in 
preserving strawberries was determined using the blends 
as coatings. In this case, as mentioned in the Experimental 
section (“Coating stage” sub-section), instead of exposing 
the polymeric dispersion to an oven-drying period, the fruits 
were submersed in the solution and hung to dry at room 
conditions, forming a thin layer on the surface of the fruit. 

The following sections will present the results 
obtained for the blends while acting as coatings in terms 
of mass loss, texture, total titratable acidity (TA), soluble 
solids  (SS), ripening index (H), vitamin C, and color 
variation (colorimetry measures). 

Mass loss
Even though strawberries are non-climacteric fruit, 

they are highly perishable due to mechanical stress and 
moisture loss.39,40 The literature estimates that strawberries 
are still suitable for consumption after losing 10% of their 
fresh mass.41 Therefore, the coatings produced in this work 
were evaluated in terms of efficiency in preserving the fresh 
mass of the coated strawberries. Figure 1 depicts the mass 

loss behavior throughout four days of storage under room 
temperature and humidity, highlighting the mark of 10% 
of mass loss (dotted line in the graph). 

Mass loss followed the same tendency for all treatments, 
with the control fruits consistently losing more mass then 
coated fruits (Figure 1). Nevertheless, all fruits had lost 
more than the 10% threshold within 48 h. Table 2 provides 
the quantitative comparison between the blends throughout 
the storage period, showing that the coatings with 
antimicrobial agents generally retained more mass than 
the antimicrobial agents-containing ones. The OxStGelA3 
coating was statistically similar to the control, indicating 
limited effectiveness.

Two hypothesis provide possible explanations for the 
observed behaviors. First, the water molecules released 

Table 2. The mean mass loss displayed by the coated and non-coated 
strawberry throughout 4 days of storage under room temperature and 
humidity

Sample
Storage period

Day 1 Day 2 Day 4

Control 8.16 ± 0.70aAC 23.15 ± 1.43aBE 33.98 ± 2.85aDF

NStGelA0 4.17 ± 0.36dAC 11.69 ± 1.00dBE 17.88 ± 1.41cDF

NStGelA3 6.43 ± 0.85bcAC 18.19 ± 2.38bcBE 28.03 ± 3.61abDF

AcStGelA0 4.26 ± 0.66dAC 13.36 ± 1.12dBE 20.96 ± 1.83cDF

AcStGelA3 5.34 ± 0.48cdAC 14.97 ± 1.30cdBE 22.67 ± 2.02bcDF

OxStGelA0 4.31 ± 0.33dAC 11.31 ± 0.50dBE 18.31 ± 1.41cDF

OxStGelA3 7.15 ± 0.56abAC 20.04 ± 1.57abBE 30.55 ± 2.22aDF

(mean ± standard deviation (SD))aA values that do not share the same 
letter are statistically different at 95% of significance. The lower-case 
letters refer to the comparison between the different samples on a same 
day of the experiment. The upper-case letters refer to the comparison of 
all samples in different days of the experiment. 

Figure 1. The percentage of mass loss of strawberries, coated and non-
coated with the xStGelAy blends, throughout four days of storage under 
room temperature and room humidity. The dotted line in the graph 
highlights the 10 %-mass loss mark that indicates that strawberries are 
no longer suitable for consumption.



7 of 11

The Suitability of Chemically Modified Starch-Based Antimicrobial Coatings for Post-Harvest Strawberry Preservation Martins et al.

J. Braz. Chem. Soc. 2026, 37, e-20260059

from the fruit can escape through the polymeric structure, 
acting as a plasticizing agent by reducing starch-starch 
interactions. It could also inflict conformational changes 
to the polymeric chains. It justifies the behaviors observed 
from day 1 to day 2. Nevertheless, by the fourth day, 
the fruits had already lost more than 20% of their fresh 
mass (Table 3), and the water-driven plasticizing effect 
diminished, leading to a more brittle coating. 

The second hypothesis acknowledges the fact that, 
by “wetting” the coating as water escapes through the 
polymeric network, the coatings were probably exposed to 
an acidic environment. Considering that (i) the strawberry 
pulp has a pH of ca. 3.5,42 (ii) ester bonds hydrolyze at 
pH < 4.0,33,43,44 and (iii) the addition of the antimicrobial 
agents led to the formation of additional ester bonds 
(as discussed in “Physical-chemical characterization” 
sub-section), the modified starch chains were probably 
hydrolyzed, yielding native starch as the outcome product. 

Even though the fruits coated with AcStGelA3 lost 
more fresh mass than those coated with AcStGelA0, it is 
still not possible to attribute the difference to one factor 
alone. Nevertheless, since mass loss affects sugar content, 
acidity, texture, and nutritional quality, it remains a 
critical measure of coating performance. Based on these 
results, the blend based on acetylated starch was chosen 
for further evaluation. This choice was made because 
this modified starch contained the highest number of 
potentially hydrolysable bonds, which would make it a 
good candidate for evaluating the hydrolysis hypothesis. 
Furthermore, acetylated starch led to less bubbly films, 
which is appealing for the casting method, and tends to 
form more homogeneous coatings/films.

Firmness
Fruit firmness often decreases during storage as 

starch degrades into sugars,45 and mass is lost through 
respiration.46 Table 3 portrays the firmness variation 
results, determined by texture analysis, along with the 
statistical comparisons. The control group softened as 
the storage period increased, as expected for plant tissue. 
The AcStGelAy-coated fruit, on the other hand, displayed a 
more prominent texture variation within the first two days 
compared to the control group.

As mentioned before, water released during ripening can 
change the structure of the coating as well as compromise 
its integrity.47 The fruits coated with AcStGel0 displayed a 
firmness 30.9% lower on day 2 compared to day 1. As per 
the fruits coated with AcStGel3, the firmness was 21.0% 
lower within the same period. Meanwhile, the firmness 
of the control group was very similar to day 1, being 
even statistically equal at 95%. The overall performance 

of the modified starch-based coatings was very similar 
to the NStGelAy ones. It strongly suggests the synergistic 
effect between conformation and functional group 
changes. However, from the fourth day on, all coatings 
displayed firmness increases while the control group kept 
experiencing firmness decreases. It was probably a result 
of the acidic pH of the medium combined with potential 
chemical reactions, as mentioned before. 

The statistical comparisons indicated some significant 
differences (at 95%) between the treatments within a same 
storage day, like on day 2 (lower-case letters). Nonetheless, 
the overall firmness variation was only statistically different 
(upper-case letters) when comparting the results for days 2, 
4, and 6. 

Titratable acidity (TA)
Acidity strongly influences the taste and aroma of fruit, 

and pH also affects oxidative browning of plant tissues by 
modulating polyphenoloxidase activity, which decreases 
by over 50% at lower pH.48 During ripening, organic acids 
usually decline due to their metabolization for respiration 
or conversion to sugars,49 causing TA to decrease.35,50 
Titratable acidity analyses, therefore, determine the acidity 
variation as the fruit undergoes ripening. 

The results from Table 3 suggest some deviation of the 
expected behavior, described in the paragraph above, for 
the coated fruit. It applies for the coatings AcStGelAy and 
OxStGelA0. Figure S2 (SI section) provides a visual aid for 
the data comparison. Besides the water-plasticizing effect 
and the potential hydrolysis reactions, these observed 
TA variations throughout storage may be related to the 
biochemical processes of respiratory metabolism, which 
both synthesizes and consumes acid from the carbon 
skeleton.50 Furthermore, the coatings must likely affect the 
metabolic dynamics as well, adding yet another variable 
to this equation. 

The results also suggest that the coating OxStGelA3 

led to the expected behavior in terms of TA. Although the 
antimicrobial agent might have, somehow, affected the 
properties of the coating in a positive way, the positive 
effect was not very extent, as this sample was statistically 
equal to the control group, and it they remained statistically 
equal throughout the entire experiment. 

The statistical comparisons once again suggested 
overall lack of significant differences (at 95%) among 
the different treatments on different days (upper-case 
letters). However, the coated fruit were almost statistically 
equal throughout the entire assessed period. It suggests 
that neither one of the coatings would be really effective 
in slowing down the ripening process in terms of TA 
(Table 2).
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The TA variations from this work are similar to the 
ones reported by Saleem et al.51 Their chitosan/ascorbic 
acid-based coating slowed down the ripening process. 
The authors did not report any TA increases, suggesting 
that their fruit did not reach senescence within the 15-day 
experiment. Nonetheless, their fruit were placed inside 

clamshell clear polyethylene terephthalate (PET) boxes, 
and stored at (4 ± 1) °C. Meanwhile, the results from 
the present work refer to the data acquired under room 
temperature, explaining why the fruit reached senescence 
within two days. 

Table 3. The mean variation of firmness, titratable acidity, soluble solids, harvest index, and vitamin C displayed by the coated and non-coated strawberry 
throughout 6 days of storage under room temperature and humidity

Parameter Sample
Storage period

Day 1 Day 2 Day 4 Day 6

Firmness / N

control 0.833 ± 0.208aABC 0.833 ± 0.231aADF 0.700 ± 0.100aBEH 0.633 ± 0.058aCGH

NStGelA0 0.567 ± 0.058aABC 0.433 ± 0.058bADF 0.567 ± 0.351aBEH 0.600 ± 0.000aCGH

NStGelA3 0.633 ± 0.473aABC 0.500 ± 0.173bADF 0.833 ± 0.153aBEH 0.700 ± 0.100aCGH

AcStGelA0 0.767 ± 0.056aABC 0.533 ± 0.058abADF 0.567 ± 0.289aBEH 0.767 ± 0.158aCGH

AcStGelA3 0.633 ± 0.252aABC 0.500 ± 0.000bADF 0.533 ± 0.058aBEH 0.600 ± 0.200aCGH

OxStGelA0 0.467 ± 0.115aABC 0.433 ± 0.058bADF 0.767 ± 0.231aBEH 0.700 ± 0.173aCGH

OxStGelA3 0.567 ± 0.153aABC 0.467 ± 0.058bADF 0.667 ± 0.153aBEH 0.567 ± 0.351aCGH

Titratable acidity / 
(% of citric acid per 100 g)

control 0.963 ± 0.088aABC 0.829 ± 0.053abADE 0.956 ± 0.131aBDG  0.834 ± 0.096aCFH

NStGelA0 0785 ± 0.181cABC 0.729 ± 0.069abADE 0.805 ± 0.129aBDG 0.747 ± 0.063abCFH

NStGelA3 0.951 ± 0.037abABC 0.800 ± 0.133abADE 0.962 ± 0.072aBDG 0.850 ± 0.111aCFH

AcStGelA0 0.831 ± 0.073bcABC 0.909 ± 0.081aADE 0.933 ± 0.202aBDG 0.771 ± 0.029abCFH

AcStGelA3 0.863 ± 0.077abcABC 0.925 ± 0.064aADE 0.881 ± 0.133aBDG 0.688 ± 0.070bCFH

OxStGelA0 0.759 ± 0.043cABC 0.840 ± 0.142abADE 0.916 ± 0.064aBDG 0.750 ± 0.072abCFH

OxStGelA3 0.978 ± 0.060aABC 0.846 ± 0.117abADE 0.861 ± 0.173aBG 0.711 ± 0.107bCFH

Soluble solids / °B

control 7.667 ± 0.553abAC 7.972 ± 1.752abBFH 7.056 ± 0.429aDG 6.833 ± 1.269abEI

NStGelA0 6.278 ± 0.861bAC 9.111 ± 1.659aBFH 6.139 ± 1.126abDGJ 7.278 ± 0.195abEIK

NStGelA3 8.056 ± 0.778abACE 7.500 ± 0.354abBFH 6.139 ± 1.126abDGJ 7.472 ± 0.988aEIK

AcStGelA0 6.389 ± 2.236bACE 7.083 ± 1.728bBFH 5.333 ± 0.500bDGJ 6.306 ± 0.950abEIK

AcStGelA3 7.222 ± 1.986abACE 8.472 ± 0.384abBFH 5.611 ± 1.908abDGJ 5.833 ± 1.192bEIK

OxStGelA0 6.250 ± 1.192bACE 7.361 ± 0.356bBFH 6.111 ± 0.920abDGJ 7.667 ± 1.305abEIK

OxStGelA3 8.556 ± 1.158abACE 6.917 ± 0.673bBFH 5.333 ± 1.046abDGJ 6.306 ± 0.942abEIK

Harvest index / 
(°B per (% of citric acid per 100 g))

control 8.050 ± 1.235aACE 9.736 ± 2.649bBGI 7.467 ± 0.802aDHJ 8.406 ± 2.270aFIK

NStGelA0 8.148 ± 0.860aACE 12.412 ± 1.304aBGI 7.734 ± 1.628aDHJ 9.782 ± 0.609aFIK

NStGelA3 8.492 ± 1.037aACE 9.698 ± 2.032bBGI 6.368 ± 1.052aDHJ 8.943 ± 1.858aFIK

AcStGelA0 7.792 ± 2.931aACE 7.991 ± 2.684bBGI 6.076 ± 1.962aDHJ 8.213 ± 1.460aFIK

AcStGelA3 8.456 ± 2.486aACE 9.215 ± 0.969bBGI 6.713 ± 2.847aDHJ 8.409 ± 0.957aFIK

OxStGelA0 8.223 ± 1.359aACE 8.949 ± 1.308bBGI 6.650 ± 0.659aDHJ 10.238 ± 1.645aFIK

OxStGelA3 8.719 ± 0.816aACE 8.036 ± 0.341bBGI 6.298 ± 1.324aDHJ 9.257 ± 2.958aFIK

Vitamin C / %

control 3.100 ± 0.529aACE 3.600 ± 0.520aBGH 3.867 ± 0.874aDGI 3.733 ± 0.709aFHI

NStGelA0 3.100 ± 0.173aACE 3.600 ± 0.529aBGH 3.433 ± 0.115aDGI 3.733 ± 0.208aFHI

NStGelA3 2.600 ± 0.346aACE 3.333 ± 0.208aBGH 3.433 ± 0.115aDGI 3.733 ± 0.551aFHI

AcStGelA0 3.433 ± 1.012aACE 3.333 ± 0.666aBGH 3.333 ± 0.723aDGI 3.700 ± 0.781aFHI

AcStGelA3 2.600 ± 0.458aACE 3.433 ± 0.252aBGH 3.333 ± 0.404aDGI 3.667 ± 0.551aFHI

OxStGelA0 2.967 ± 0.493aACE 3.133 ± 0.231aBGH 3.767 ± 0.321aDGI 3.533 ± 0.252aFHI

OxStGelA3 2.667 ± 0.231aACE 3.467 ± 0.252aBGH 3.767 ± 0.252aDGI 3.600 ± 1.039aFHI

(mean ± standard deviation (SD))aA values that do not share the same letter are statistically different at 95% of significance. The lower-case letters refer to 
the comparison between the different samples in a same day of the experiment. The upper-case letters refer to the comparison of all samples in different 
days of the experiment.
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Soluble solids (SS)
Strawberries, like most fruit, continue respiration 

after harvest, consuming soluble sugars and promoting 
a decrease in SS over time.52 The results from Table 3 
(graphically depicted in Figure S2c) suggest that all 
treatments but OxStGelA3 reached senescence on day two, 
as SS decreased from this day onwards. 

The samples coated with OxStGelA3 only presented SS 
increases on day 6, suggesting this was the senescence day. 
Such an intriguing behavior suggests that, even though 
OxStGelA3 was not very effective in preventing mass losses 
and acidity increases, it still slowed down the conversion 
of sugars into acids due to the metabolic process. 

Pinzon et al.53 also observed higher SS values for 
the control group compared to the fruit coated with a 
coating based on banana starch and chitosan, produced 
using different percentages of aloe vera gel. Their results 
indicated that the higher the aloe vera gel content, the 
higher the crosslinking degree. It consequently decreased 
the permeability to water vapor, leading to a more 
homogeneous ripening of the fruit. Such a behavior was not 
achieved in the present work, suggesting that the structural 
changes caused by the release of moisture content impaired 
the ability of the coating to slow down the ripening process. 

Harvest index (HI)
The ratio of total soluble solids to total titratable acidity 

yields the harvest index (HI), which is considered a criterion 
for evaluating fruit flavor, as well as being indicative 
of the level of ripeness.32 All treatments underwent an 
increase in this parameter from the fourth to the sixth 
day, corroborating the SS and TA results. Overall, all fruit 
would be equally appropriate for consumption, displaying 
overlookable flavor variations. However, the fruit coated 
with NStGelA0 would probably be the most suitable ones 
for consumption in terms of sugar content/acidity balance 
while the AcStGelA0 would be less sweet and sourer. 

Vitamin C
The nutritional importance of fruit and vegetables is 

attributed to their vitamin and mineral content,54 being 
vitamin C particularly important to humans. This reducing 
substance is easily oxidized when exposed to heat, light 
and oxygen, and can also be lost during the handling of 
products, being relatively stable in an acidic environment.55 

The results suggest that the vitamin C content of 
the control group reached its maximum on day 4 while 
the coated fruits reached their maximum only on day 6 
(Table 3 and Figure S2d). This increase is mainly related 
to water loss and enhanced ascorbate peroxidase activity 
during the ripening process.56 Statistical analyses showed 

no significant differences in overall vitamin C content 
among the treatments, suggesting that, under the employed 
conditions, the coatings did not markedly slowed ripening. 
Nonetheless, they still managed to preserve some nutrients 
for a longer period.

Piechowiak et al.56 produced a biodegradable coating 
that was capable of preventing the decrease of the vitamin C 
content. The authors attributed this ability to the presence of 
cinnamon oil in the coatings, which decreases the oxidative 
stress caused by the ripening process. 

The results presented in “Efficiency of the coating 
on strawberries” sub-section confirm that the use of the 
acetylated starch-based blend as a coating for strawberries 
leads to a poor performance that is aggravated by the 
potentially occurrence of hydrolysis reactions besides the 
conformation changes caused by the loss of moisture during 
the ripening process. Although the oxidized starch avoids 
hydrolysis reactions, its performance was not very different 
from the acetylated starch either. Hence, it is safe to say 
that these particular blends are not suitable for strawberries 
or any other fruit that yields an acidic environment. 
Nevertheless, they were still capable of preserving some of 
the nutrients from the fruit, like vitamin C, and decreasing 
mass loss. Hence, they slightly improved the quality of 
the fruit.

Given the toxicity of KMnO4, its addition to food 
packages must be done with caution. Literature reports 
state that intoxication occurs when the concentration is as 
high as 142.9 mg kg−1,57 which would be the equivalent 
of a 70 kg person intaking 10 g of KMnO4.58 The films 
produced in this work had 0.54 mg of KMnO4 per 3 g 
of starch. Hence, 1 kg of coating would have 180 mg of 
KMnO4. Even though this concentration falls above the 
toxic concentration mentioned before, it is unlikely that 
one person would consume such a high amount of coating, 
especially because the blend would still have gelatin and 
sorbitol in its composition, considerably increasing the 
amount of coating. Such high amount would allow the 
coating of a considerable number of fruits. Therefore, we 
are inclined to believe that the coatings would be harmless 
to human beings. Nevertheless, only further analyses in 
this regard would be able to confirm this hypothesis. Such 
analyses are prospects of this work.

Conclusions

This study evaluated starch-based coatings-native, 
oxidized, and acetylated-blended with gelatin, sorbitol, and 
antimicrobial agents (calcium propionate and potassium 
permanganate) as biodegradable films for strawberries. 
The films differed in thickness (0.124-0.160 nm), opacity 
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(1.37-4.61), solubility (29-55%), and color, yet all 
appeared initially suitable for coating, prompting mass-
loss experiments.

Mass loss results showed that non-coated strawberries 
lost more fresh mass than the other ones, but all coatings 
were only partially effective, with fruits exceeding the 
10% threshold within 48 h. Acetylated starch coatings 
were most susceptible to hydrolysis, as reflected in 
firmness, titratable acidity, soluble solids, harvest index, 
and vitamin  C analyses, indicating impaired ripening. 
Oxidized starch coatings avoided hydrolysis but offered 
only marginal improvement. All antimicrobial-containing 
coatings were thicker, making them more prone to water-
plasticizing effects, which influenced texture and barrier 
properties.

These findings highlight that starch-based coatings 
are not universally suitable. Poor performance can arise 
from hydrolysis, water-plasticizing, and surface reactions, 
particularly in acidic fruits like strawberries. Although the 
coatings slightly reduced mass loss and preserved some 
nutrients, their overall effectiveness was limited. Future 
work should explore the fruit-coating interface in detail, test 
these blends on non-acidic fruits, and optimize formulations 
to improve hydrolytic stability and barrier performance. 
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