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Postharvest losses are huge in fruits that can be reduced by exposing them
to a biomolecule hexanal, which is known to alter the physiological changes
resulting in an extension of shelf-life. Hexanal is a highly volatile compound,
it is naturally produced by plants. Its external application extends shelf-life of
fruits during storage by inhibiting phospholipase –D enzyme in the cell wall.
A study was undertaken to examine the kinetics of hexanal release from the
polyvinyl alcohol – β cyclodextrin encapsulated nanofiber composite using a
molecular modeling approach. The present study focussed on the analysis
of the influence of relative humidity and temperature on the nanofiber
composite to release hexanal. The release and retention behavior of hexanal
was investigated with the relative humidity range of 50%- 95% at 27°C and
33°C. The molecular modeling studies have confirmed that the hexanal vapor
release is altered with humidity and temperature regimes. This can be used
for the fabrication of a delivery system for hexanal in extending the shelf-life
of fruits in storage godowns.
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INTRODUCTION
Despite India’s statistics is very attractive
in the production of many of the fruits, the per
capita availability is deficit by 40% due to the
postharvest loss. Postharvest food loss is defined
as measurable qualitative and quantitative food
loss along the supply chain, starting at the time
of harvest until its consumption or other end uses
(Hodges et al., 2011). The biggest problem affecting
the country’s agriculture and the agricultural
market is postharvest losses, and it adversely
affects the Indian economy. These are due to poor
infrastructure and transportation, insufficient or
unavailability of cold storages in immediacy to
farms, etc., which cause price fluctuations resulting
in farmer’s frustrations of not getting remunerative
prices besides rural economic failure (Ali, 2003;
Maheshwar and Chanakwa, 2006; Rolle, 2006).
Hence, minimizing the loss can increase the supply
without bringing additional land under cultivation.
These situations demand strategies to minimize
postharvest losses and maximize the availability
of fruits.
Electrospinning is a versatile technique for
producing multifunctional nanofibers from various
polymers, polymer blends, and composites(Greiner
*Corresponding author’s e-mail: kss@tnau.ac.in

and Wendorff, 2007; Li and Xia, 2004). Polyvinyl
alcohol (PVA) is used in food technology,
pharmaceutical, and biomedical applications for
controlled drug release with an added advantage
of biodegradability and non-toxic properties (Reis
et al., 2006). In the past few years, hexanal based
formulations have been found very effective in fruit
preservation. Hexanal, a naturally occurring volatile
compound, is a potent inhibitor of Phospholipase
D activity on the fruit skin. Hexanal is found in
nearly 300 natural sources including apple, berries,
apricot, banana, guava, sweet and sour cherries,
citrus peel oil and juices, etc. with molecular formula
C6H12O and molecular mass 100.1 a.m.u, present in
a liquid state at Normal Temperature and Pressure
(NTP). But hexanal has very low vapor pressure i.e.
10 mmHg at 20ºC, and thus easily volatilized when
the temperature rises. Exogenous application of
hexanal treatment showed encouraging results
in enhancing shelf-life of several fruits such as
apple, banana, cherry, peach, strawberry as well
as vegetables such as broccoli, tomato, and several
fresh-cut vegetables, and flowers such as carnation
and rose (Paliyath et al., 1999).
Several novel methods have been used to control
postharvest losses. Some of them are viz., use of hot
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water with fungicides to reduce postharvest losses
caused by fungal diseases (Iram and Ahmad, 2013),
dynamic controlled atmosphere (Kader, 2003),
ethylene inhibition technology (Lurie and Paliyath,
2009) and hexanal technology for extended shelflife (Anusuya et al., 2016; Jincy et al., 2017). Many
researchers are interested in β cyclodextrin (β-CD)
nanofiber because it can dramatically improve
desirable properties by an increase of the specific
surface area. A study reported that incorporating
cyclodextrin inclusion complex in electrospun
nanofiber have high thermal stability and durability,
thus finding application in functional food packaging
and preservation (Kayaci et al., 2014).
Up to date, some studies focussed on the
morphology improvement of electrospinning
nanofibers, but very few researchers take into
account the ability of composite nanofibers
for capturing guest molecules. To gain further
knowledge and precisely to predict the release
kinetics, molecular modeling approach was
attempted. In recent times, molecular modeling
methods have found a wide range of applications
in diverse fields and are used to investigate the
structure and behavior properties of many polymeric
and biological systems. It comprises computational
methods and simulations which configures and
studies how all molecules behave, ranging from small
chemical systems to large molecules and material
assemblies. Atomistic modeling is the most common
feature and a powerful tool that helps in studying
the structural properties of polymer composites
(Radosinski and Labus, 2017). Modeling helps in
simulating the behavior of a system and provides
complete structure and intermolecular interactions
(Wu, 2010). Hexanal is entrapped in β cyclodextrin
and PVA and used as a composite to enhance
the shelf-life of fruits. With this view, the present
research focuses on molecular modeling of hexanal
vaporization, where it is entrapped in PVA and
cyclodextrin nanofibers in temperature and relative
humidity (RH) regimes. PVA-β Cyclodextrin serves as
a template to develop nanofiber composite, which
effectively entraps hexanal vapor and regulates
its release for an extended period of fruits. Such a
process enables the extension of shelf-life of mango
fruits under storage conditions.

MATERIAL AND METHODS
Structure generation
Schrodinger materials science suite (v.2017-3)
was used to study the molecular dynamics (MD)
and simulation of the nanofiber composites. A
primary system was built for PVA- β cyclodextrin and
hexanal. The structure of hexanal (PubChem CID:
6184) and β cyclodextrin (PubChem CID: 444041)
were retrieved from the PubChem database
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(https://pubchem.ncbi.nlm.nih.gov/). Polymer
builder panel was used to generate an initial
PVA structure (1750 monomers). The numbers
of molecules were calculated based on mass
percentage. Thirty-four molecules of β cyclodextrin
and 51 molecules of hexanal were packed in 1
PVA polymer chain containing 438 monomers. The
structures were built in a periodic boundary cell of
size - 45× 51× 52 Å3, and the molecular dynamics
studies were carried.
Molecular dynamics and minimization
The molecular dynamics of hexanal release from
the nanofiber composite was carried out simulating
the experimental parameters such as relative
humidity in fruit box i.e., [50 % to 95 %] and tropical
mango harvesting temperatures 27°C (300 Kelvin
(K)) and 33°C (303 Kelvin (K)) corresponds to the offseason and regular season of mango, respectively.
The MD simulation was carried out for 5 ns duration
at 27°C (system I) and extended up to 10 ns period
at 33°C (system II). The recording interval for the
trajectory generation was set as 5 picoseconds (ps).
The approximate number of frames was set to 1000.
The pressure was set to 1.01325 bars, and the time
step was 2.0 femtosecond (fs). The simulations were
run under NPT type, which consists of a constant
number of atoms, constant pressure, and constant
temperature. OPLS3 (Optimized Potentials for Liquid
Simulations) force field was selected for the energy
minimization option. The Energy plot (simulation
quality analysis) and movement of hexanal release
(RMSD) (simulation event analysis) were plotted for
the trajectory data obtained for PVA- β cyclodextrinhexanal complex at 27°C and 33°C that were
recorded through MD simulations.
Simulation analysis
The Energy plot (simulation quality analysis), root
mean square deviation (simulation event analysis)
were plotted for the trajectory data obtained for PVA- β
cyclodextrin- hexanal and water complex at 27°C and
33°C that were recorded through MD simulations.
Modeling the polymer chain backbone
To confirm the conformation of the PolyVinyl
Alcohol chain in the complex, the torsion angle
was calculated for the results obtained from the
trajectory of molecular dynamics simulation after
the 10 nanoseconds (ns) duration. Totally four
atoms were selected sequentially for both chains.
The torsion angle of the main chain is the Methyl
Terminal Torsion (MTT), which is defined by MTTi
containing Hi+2-Ci-1-Ci-Ci+1 and MTTi+1 containing Ci-1-CiCi+1-Ci+2 (Figure 1). The torsion angle of the side chain
is the Hydroxyl Terminal Torsion (HTT), that is defined
by HTTi containing Hi-Oi-Ci-Ci+1 and HTTi+1 containing
Oi-Ci-Ci+1-Ci+2 (Figure 2).
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RESULTS AND DISCUSSION

Figure.3.A multicomponent system of β cyclodextrin and hexanal packed in PVA polymer was built that was
randomly distributed in a simulation box. The green color matrix indicates the PVA polymer chain, in which
the β cyclodextrin- Hexanal complex has been entrapped. It has been magnified in the right side image
where the yellow matrix indicates β cyclodextrin and the red color compound is the entrapped hexanal

Polymer builder and disordered system builder

PVA

Molecular dynamics is the best method when
compared to conventional methods to study and
predict the polymer blends (Moolman et al., 2005).
Initially, one chain of atactic PVA with a 1750 degree
of polymerization was built.
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Figure 1.Mainchain Methyl Torsion Terminal (MTTi
and MTTi+1)
A multicomponent system of hexanal and β
cyclodextrin packed in PVA polymer was built that
was randomly distributed in a simulation box
(Figure.3). The whole system wasVolume
studied
under
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Simulation analysis
The movement of hexanal, their release, and the
potential energy were calculated and plotted using
simulation quality analysis and simulation event
analysis. The movement of hexanal release and
Figure.4.
A disordered
PVA- β-Cyclodextrinhexanal
complex-ps
Green:
energy
of the system
wholeofsystem
was plotted
for 5000
PVA; Blue: β-Cyclodextrin; Red: Hexanal; Red dot: Water molecules
and 10000 ps for the system I and II, respectively.
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Figure 3.A multicomponent system of β
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cyclodextrin and hexanal packed inVolume
PVAxxxpolymer
was built that was randomly distributed in a
simulation box. The green color matrix indicates
the PVA polymer chain, in which the β cyclodextrinHexanal complex has been entrapped. It has been
magnified in the right side image where the yellow
matrix indicates β cyclodextrin and the red color
compound is the entrapped hexanal
cyclodextrin- hexanal complex build for 50 % relative
humidity is presented in (Figure 4).
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Figure 2. Side Chain Hydroxyl Torsion Terminal
(HTTi and HTTi+1)
Figure.3.A multicomponent system of β cyclodextrin and hexanal packed in PVA polymer was built that was
randomly distributed in a simulation box. The green color matrix indicates the PVA polymer chain, in which
Hexanal complex
has been entrapped. It hastime,
been magnified
in the right
side image
the β cyclodextrinTo conserve
computational
which
enables
where the yellow matrix indicates β cyclodextrin and the red color compound is the entrapped hexanal
the simulation to be performed using a relatively
less number of monomers, another
chain of PVA was
PVA
built with 438 monomer units based on the mass
percentage and used for subsequent simulations.
Effect of Temperature and Humidity on the
release of Hexanal using Molecular dynamics
β-Cyclodextrin
–
simulation
Hexanal complex
MD simulation was carried out for the primary
system at 27°C and 33°C for 5 ns and 10 ns,
respectively, with relative humidity ranging from
50 % to 95 %, using Desmond software. The
conformational changes were monitored using
trajectory data obtained during the simulation.
Results were obtained by the MD simulation. The
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trajectory result of 27°C and 33°C was considered
a system I and system II, respectively. A PVA- β

F i g u r e 4 . A d i s o r d e r e d s y s te m o f P VA β-Cyclodextrin- hexanal complex- Green: PVA;
Blue: β-Cyclodextrin;
Hexanal;
Red
dot:ofWater
Figure.5.Effect
of TemperatureRed:
and Humidity
on the
release
Hexanal
molecules
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Figure 5. Effect of Temperature and Humidity on
the release of Hexanal

of volatile compounds (Ayala‐Zavala et al., 2008).
However, a slow release of the compound was
observed at low relative humidity.

Figure.5.Effect of Temperature and Humidity on the release of Hexanal

Potential energy (kJ/mol)

Figure.6. The energy trajectory of the PVA- β cyclodextrin- Hexanal

Time (ps)

Simulation event analysis: Movement of hexanal
release

The movement of hexanal release was
analyzed through the MD simulation trajectory for
systems I and II incorporated with water molecules
corresponding to 50 % relative humidity to 95 %
relative humidity at 27°C and 33°C for 5000 ps and
10000 ps, respectively. The values corresponding
to the movement of hexanal from the nanofiber
composite is given (Table 1).
Table 1. Movement of hexanal release at 27 °C
&33 °C
Relative Humidity
(%)

The movement of hexanal release plot made for
the PVA- β cyclodextrin- hexanal complex at 27°C
shows a little change in the initial position and
revealed that the complex was stable throughout
the simulation time of 5 ns. It is obvious that at
lower or ambient room temperature, the release of
hexanal from the PVA- β cyclodextrin composite is
triggered by the presence of high relative humidity
in the surrounding environment.
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Table 2. Average potential energy Volume
(kJ/mol)

50

22.6

25.5

55

20.3

24.8

Average
Potential
Energy (kJ/
mol) at 27°C
50 14608.9091304

60

19.8

26.3

55 14418.7823556

14787.3044916

65

23.7

24.5

60 14435.5128084

14704.858026

70

23.1

24.6

65 14435.0773812

14776.4020644

75

20.9

25

70 14362.8341472

14541.991506

80

20.7

23

75

85

25.5

90
95

@ 27 °C (Å)

@ 33 °C (Å)

Relative
Humidity
(%)

Average Potential
Energy (kJ/mol) at
33°C
14909.8939956

14364.764262

14608.9091304

25.4

80 14398.0535088

14751.0677376

21.8

25.4

85

14221.889712

14608.9091304

24.4

24.1

90 14222.9657196

14608.9091304

95 14256.2382192

14608.9091304

Among the analysis of the MD simulation carried
out for 5 ns at 27°C, the minimum movement of
hexanal release occurred when the relative humidity
was at 60 % and the maximum movement was
observed when the relative humidity was at 85 %.
The movement of hexanal release values from the
MD trajectory frame with respect to the initial
structure of hexanal lies at around 19.8 (Å) at 60 %
relative humidity and 25.5 (Å) at 85 % relative
humidity. The relative humidity triggers the release
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Figure 6. The energy trajectory of the PVA- β

Volume cyclodextrinxxx | Issue xxxx Hexanal
|8

This may be due to the high retention capacity
of β cyclodextrin that is able to hold on hexanal for
a longer period of time. When there is a prevalence
of lower relative humidity the release of hexanal
from the composite is retarded to some extent.
Similarly, when the humidity level was increased,
the release of volatile l-menthol blended in gum
arabic and modified starch was also increased (Del
Toro-Sánchez et al., 2010).

Figure.7. Torsion angles of main chain atoms of PVA (MTTi and MTTi+1)
a
MTT
MTT

i

i+1

relative humidity at 27°C for 5000 ps and system
II at 33°C for 10000 ps. The Energy plot explains
that the PVA- β cyclodextrin- Hexanal nanofiber
composite with water molecules were stable
throughout every 5 ns and 10 ns simulation run at
both 27°C and 33°C. The average potential energy
was calculated for the data from 50 %- 95 % relative
humidity at
both
Figure.8.
Torsionthe
angles temperatures
of side chain atoms of PVA (HTT(Table
and HTT ) 2).
i

i+1

a
HTT
HTT

i

i+1

b

Figure 7. Torsion angles of main chain atoms of
PVA (MTTi and MTTi+1)
The movement of hexanal release values of
the MD trajectory frame with respect to the initial
structure of hexanal lies at around 23 (Å) at 80
% relative humidity and 26.3 (Å) at 60 % relative
xxx | Issue xxxx | 10
humidity. It reveals the change of theVolume
initial
position
of hexanal. From this result, it shows that when the
temperature is increased, the hexanal release from
the PVA- β cyclodextrin composite is induced when
there is a low relative humidity in the environment.
The water molecules got destructured when there
is a high temperature (Chiessi et al., 2005), and
there are changes in the polymer conformation.
This confirms our data that at a high temperature
of 33°C, water molecules get destructured rapidly,
and due to the polymer chain conformation,
hexanal is released quickly at low relative humidity
level. In the presence of higher temperatures, the
water molecules are released from the composite
rapidly from the complex. PVA nanofibers were
promising materials for the volatile entrapment,
and incorporation of β cyclodextrin helped in the
encapsulation of a higher amount of volatiles (Aytac
et al., 2014). The relevant graph for the movement of
hexanal release from 50 % – 95 % relative humidity
at both 27°C and 33°C are presented in Figure.5.
Simulation quality analysis: Energy of the
nanofiber composite
The energy of the PVA-β cyclodextrin- the
hexanalnano-fiber complex was analyzed (Figure.6).
The energy scheme was plotted for the trajectory
data obtained for the MD simulation result of the
system I incorporated with water molecules
corresponding to 50 % relative humidity to 95 %

b
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Figure 8. Torsion angles of side chain atoms of
PVA (HTTi and HTTi+1)
The energy calculation done in simulation quality
analysis revealed that at 27°C with 60 % relative
humidity, the total energy was 42703.182864 kJ/
mol, potential energy was 14435.5128084 kJ /
mol with 297.170 temperature (K) and the volume
was 116808.775 (Å3), and the total energy was
42636.6839196 kJ /mol, potential energy was
14221.889712 kJ /mol with 297.000 temperature
(K), and the volume was 116881.779 (Å3)with 85 %
relative humidity. For the energy calculation done at
33°C with 60 % relative humidity, the total energy
was 43535.0037276 kJ/mol, potential energy was
14704.858026 kJ/mol with 303.083 temperature
(K), and the volume was 114292.746 (Å3) and the
total energy was 43714.0396692 kJ/mol, potential
energy was 14751.0677376 kJ/mol with 303.127
temperature (K), and the volume was 118121.917
(Å3)with 80 % relative humidity. Cyclodextrin inclusion
complex along with PVA can improve the stability and
durability of vanillin (Kayaci and Uyar, 2012). The
energy plot reveals that the energy of the whole
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PVA- β cyclodextrin- hexanalnano-fiber composite
was relatively stable throughout the simulation in 5
ns and 10 ns simulation run done at 27°C and 33°C
with relative humidity 50 % to 95 %. Nevertheless,
potential energy is the responsible component for
structural stability, which was equilibrated well
during the simulation. When the guest molecules
were introduced, the total energy-reduced enabling
the complexation of volatile organic compound and
cyclodextrin(Celebioglu et al., 2016).
The motion of the PVA backbone chain
The torsional angle conformers of the PVA chain
were studied by the analysis of the main chain
termed as Methyl Terminal Torsion (MTT) (Figure.7
a&b) and side-chain termed as Hydroxyl Terminal
Torsion (HTT) (Figure.8 a&b). It is evident that the
torsion angles of the PVA main chain showed a
preferable transition in the range of +180o and
-180o, +50o to +70o, and -50o to -70o in MTTi. The
MTTi+1 torsion angle of the PVA side chain showed a
preferable transition in the range of +180o, -180o,
and +60o to +70o. The torsion angle of the main
chain of PVA preferred to be in +90o, +180o, -90o,
and -180o (De La Rosa et al., 2002). The HTTitorsion
angles of the PVA side chain showed a preferable
transition in the range of +60o to +120o and -60o to
-120o. The HTTi+1 torsion angle of the PVA side chain
showed a preferable transition in the range of +60o
to +100o, +180o, and -180o. The preferable angles
for side chain to be in +40o, -160o, -180o (De La Rosa
et al., 2002). PVA dihedral angle is to be around 68o,
290o, and 179o. It was proved that in the main chain
torsional angle, conformer was predominant, and
PVA adopted gauche conformation, and the trans
conformation was predominant in the PVA backbone
(Merat et al., 2013).

release of hexanal. At the same time, at high
temperatures, the release of hexanal is triggered
rapidly by the water molecules from the polymer and
β cyclodextrin complex. In particular, the generated
model and the analysis have shown the importance
of the relative humidity and temperature on the
release of the volatile, hexanal from the complex.
Further, these results help in the manipulation
of the hexanal release by controlling the relative
humidity and temperature in the storage condition
for enhancing the shelf-life of perishables. The data
demonstrated that hexanal vapor release from the
nanocomposite of electrospun nanofibers composite
is distinct between two temperature and RH regimes
coincides with the fruit storage in the off-season and
regular season mangoes. The kinetics of hexanal
vapor release matched and well-fit with molecular
modeling tools and techniques. Based on the above
results, it is apparent that molecular dynamics have
a great potential in predicting the complexation of
polymer with the inclusion complex of β cyclodextrin
and hexanal and its release, where it is difficult to
determine through experimental analysis by the
conventional method.
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