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Abstract

According to the Food and Agriculture Organization (FAO), roughly one-third of the total food produced is lost
globally. The major cause of this wastage is the perishability of fruits and vegetables. Therefore, researchers have
endeavored to develop an effective preservation technique. Our study explored the potential application of spider
silk as an odourless and edible preservative coating for fruits. The spider silk was collected from spiders reared in
the laboratory, following by degumming and dissolution to formulate the silk solution. For this study, apricots were
selected as the model fruit. The apricots were dip coated with the formulated silk solution and allowed to dry. In order
to enhance the beta sheet content of the silk coating, the fruits were exposed to water annealing for varying intervals of
time under vacuum condition. The effect of silk coating and water annealing time period on preservation of fruits was
then evaluated morphologically and gravimetrically. The results showed that the fruits, which were used as control,
exhibited a greater degree of water loss and suffered from fungal attack. In contrast, the silk coated fruits showed less
water loss and were protected from fungal attack. Therefore, the study provides compelling evidence regarding the
application of spider silk as a preservative coating.
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A cobertura escamada de seda de aranha aumentou a preservacio e a vida
util do damasco

Resumo

Segundo a Organizagdo para Alimentagdo e Agricultura (FAO), cerca de um tergo do total de alimentos produzidos
¢ perdido globalmente. A principal causa deste desperdicio ¢ a perecibilidade das frutas e legumes. Portanto, os
pesquisadores tém se esfor¢ado para desenvolver uma técnica de preservagao eficaz. Nosso estudo explorou a potencial
aplicacao de seda de aranha como um revestimento conservante inodoro e comestivel para frutas. A seda da aranha foi
coletada de aranhas criadas em laboratdrio, seguindo-se a degomagem e dissolucdo para formular a solugdo de seda.
Para este estudo, os damascos foram selecionados como fruto modelo. Os damascos foram revestidos por imersao
com a solugdo de seda formulada e deixados secar. A fim de aumentar o teor de folhas beta do revestimento de seda, os
frutos foram expostos a recozimento de agua durante varios intervalos de tempo sob condigdes de vacuo. O efeito do
tempo de recobrimento de seda e recozimento de agua na preservagao de frutos foi entdo avaliado morfologicamente
¢ gravimetricamente. Os resultados mostraram que os frutos, utilizados como controle, apresentaram maior grau de
perda de agua e sofreram ataque fungico. Em contraste, os frutos revestidos de seda mostraram menos perda de agua
e foram protegidos contra ataques fungicos. Portanto, o estudo fornece evidéncias convincentes sobre a aplicacdo de
seda de aranha como um revestimento conservante.

Palavras-chave: seda de aranha, frutos, cobertura comestivel, frutos pereciveis, recozimento de agua.

1. Introduction

Fruits are an excellent source of energy and provide  task all over the world. Almost one-third of the fruits and
important nutrients, vitamins and minerals to the body.  vegetables are lost annually (FAO, 2011). Therefore, food
Their nutritional value is highest when they are fresh ~ wastage is a major hindrance in the economic development
(Liu, 2003). Most fruits have very short shelf life (Barrett  of a country (Droby, 2005; Zhu, 2006). Most of the fruit
and Lloyd, 2012) and their preservation is a challenging  spoilage is due to microbial growth which secretes cell
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wall degrading enzymes (Al-Hindi et al., 2011). Thus,
keeping in mind all these problems and the increasing
market demand of fruits, an appropriate method of fruit
preservation is a need of the hour.

To date, various methods have been used for the preservation
of fruits such as heating, drying, cryopreservation, exposure
to synthetic chemical fungicides and the use of additives
like salt and sugar (Ahmed et al., 2016; Marelli et al., 2016).
However, these preservation methods fail to ensure the
freshness and natural taste of the fruits. Moreover, they can
also lead to the overall loss of original nutrient contents
(Barrett and Lloyd, 2012). Currently, a novel and more
advanced technique is being explored, which involves
coating fruits in an odorless and edible silk fibroin. This
can keep fruits fresh for more than a week at ordinary
conditions (Marelli et al., 2016; Vargas et al., 2008).

Silk protein coating actually reduces the fruit’s cell
respiration rate by balancing the natural flow of oxygen
and carbon dioxide and by reducing the rate of water
transpiration in fruit, thus intrinsically slowing the
decomposition process (Marelli et al., 2016). Spiders store
their extra food in their silk which is preserved for months
and even years without being attacked by fungus or bacteria
(Eberhard et al., 2006). This preservation property of spider
silk is due to the presence of antimicrobial compounds that
resides within the spider silk (Roozbahani et al., 2014).
Spider silk contains a protein known as “spidroin” which
consists of amino acids like glycine, alanine and serine
abundantly which protect it from drying out (Altman et al.,
2003; Saravanan, 2006).

Furthermore, phospholipids hydrate and potassium nitrate
present in spider silk prevent the growth of fungi and bacteria
on the silk (Chakraborty and Das, 2009; Tahir et al., 2015).
Silk fibroin is exclusive in the sense that it is environment
friendly and it makes substances sustainable, stable and
protected (Harris et al., 2016). When the silk is in solution
form it allows delicate food to last longer which is because
of'the formation of beta-sheets (Huemmerich et al., 2004).
In particular, increased beta-sheet content corresponds to
a reduction in oxygen diffusion through the thin coating
of silk fibroin (Marelli et al., 2016). The silk fibroin has
all the properties which can overcome such problems.
In addition, the coating is ultra-thin, durable and odorless
which will have no effect on the texture and natural taste
of the fruit (Marelli et al., 2016).

The present study was designed to evaluate the potential
of silk harvested from Argiope trifasciata (Araneae,
Araneidae) spider as a preservative coating for perishable
fruits. This species is a common orb-weaving spider
found in agro-ecosystems of Punjab, Pakistan. Apricots
were used as a model fruit in the study. Our hypothesis
was that by coating the fruits with spider silk solution,
the shelf life of fruits could be enhanced, up to 15 days
at room temperature. Thereby allowing them to be safely
transported to distant markets, especially foreign countries.
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2. Materials and Methods

2.1. Spider collection methods

Spiders, Argiope trifasciata (Araneae, Araneidae),
were collected from different areas of Punjab such as
Changa Manga (31.20008N/73.95008E), Gajjumatta,
main Ferozpur road, Lahore (31.37398N/74.36758E) and
agricultural fields of University of the Punjab, Lahore
(31.4790N/74.2662E). It is an orb-weaving spider which
is abundantly present in the study area.

The following methods were employed to collect spiders:

2.1.1. Visual search

Collection of most of the spiders was done by direct
hand picking. But for those spiders which were out of
approach, a metallic wire was modified to form a loop in
the anterior side and a long handle extending backward.
A plastic disposable cup was fixed in the anterior loop of
the metallic wire. Using this modified instrument, spiders
were easily captured by forwarding the cup towards the
spider and gently picking it up.

2.1.2. Hand Net method

An insect net was used to collect the spiders from
vegetation. The net was extended to the area where the
species were seen and after picking it was gently dragged.
Spiders were stuck in the mesh net, from where they were
collected and transferred to the falcon tubes. Openings of
the tubes were covered with mesh cloth tight with rubber
bands for ventilation.

2.2. Rearing and feeding

For rearing the spiders, special wooden boxes were
designed, which were open from two sides to enable the
entrance of light. The opened sides were covered with
thick polythene sheet to prevent the escape of spiders.
Moreover, to save the spiders from dying of suffocation, a
small hole was cut in the sheet and covered with a porous
piece of cloth. Sixteen hooks (four on each side) were
fixed inside the box and connected with a fine thread to
provide the spider with anchoring points so that it may
form the web with ease.

Common house flies, Musca domestica, were fed to
spiders twice a week. An insect net was used to capture
the flies from a butcher’s shop. Before feeding, the flies
were kept in freezer for 2 minutes to stun for a short time
in order to easily shift them to the falcon tubes.

2.3. Silk collection

For the collection of silk, a sterilized glass rod was
used. One day after the release of spiders into the box,
the web was wrapped around the rod and spiders were
shifted to the falcon tube. The rod along the silk was kept
in an air tight jar. The jar was then placed under UV light
in a safety cabinet for 15 minutes to kill any microbial
contaminants. The frequency of silk collection varied
depending upon the feeding pattern and availability of
rearing boxes. Egg sacs were also obtained from some
spiders. The eggs were removed and the egg silk was
stored in a separate airtight jar.
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2.4. Degumming of silk

The collected silk was very sticky in nature. Therefore,
before dissolution, the silk was degummed according to
the process outlined by Kim et al. (2003). Although freshly
collected, the silk was washed twice with distilled water
to ensure that it was free of contamination. The silk was
then degummed twice by treating it with 0.5% solution of
sodium bicarbonate (NaHCO,) at 100 °C for 30 minutes.
The degummed silk was then air dried and kept for
dissolution.

2.5. Dissolving Degummed silk

For dissolving spider silk, two solutions were prepared.
The first solution was of Calcium chloride ethanol
and water (CaCl,: C,H.OH: H,0) in the ratio of 1:2:8
(Ajisawa, 1998). The other solution was of urea which
was prepared by dissolving 48g of urea in 100ml water.
Then the two solutions were mixed and 50ml of the final
solution was taken in a beaker. 0.08g silk was dissolved
in 50ml of dissolving solution with constant stirring at
70 °C for 2 hours.

After dissolution, the silk solution was dialyzed for
three days with distilled water using dialysis membrane to
remove the chemical residues. The removal of chemicals
was confirmed by the neutral pH of the solution. To enhance
the concentration of silk solution, centrifugation was done
at speed of 5000rpm for 20 minutes. The final volume of
solution left after all the processing was 15ml, which was
used for coating the fruits.

2.6. Fruits dip coating

Freshly picked apricots were taken and weighed by
using a digital balance. A steel tray was covered with
Aluminum foil and fruits were arranged on it. Then their
weight was labeled under each apricot and photographs
were taken. The other apricots were dipped well in the silk
solution and dried properly. One group was considered
as control and apricots of this group were not treated
with the silk solution. The silk coated apricots were
then treated with water annealing post-processing for
different time intervals.

2.7. Coating crystallization

Water annealing was used as post-process to modulate
the relative content of beta sheets in silk protein. The longer
is the exposure to water vapors, the higher is the beta-sheet
content of protein (Marelli et al., 2016). Exposure time
was set to Os, 1 hour, 2 hours, 4 hours and 5 hours.
Silk coated fruits were exposed to water vapors under
vacuum condition at 34 °C temperature. The set-up was
self-designed in which a plastic tank was used. The tank
was well sealed and a vacuum pump was attached at one
side. At the center of the tank a mesh net was fixed, on
which the fruits were adjusted. The tank was filled with
1000ml distill water and kept in water bath at adjusted
temperature. A thermometer was inserted at one end to
check the temperature. Then the fruits were kept for water
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annealing post treatment. One group was not treated with
water annealing post-process in order to check the effect
of silk coating without water annealing. The others groups
were treated water annealing process and were taken out
after 1 hour, 2 hours, 4 hours and 5 hours respectively.
Then the treated fruits along with the control were kept in
laboratory at 26 °C temperature. The fruits were observed
on regular basis and photographs were taken and weight
was measured.

2.8. Evaluation of freshness of fruits

The effect of silk coating and water annealing time
on freshness of fruits was evaluated morphologically and
gravimetrically. Changes in the color and shape of fruits
were evaluated through good photography. Gravimetric
analysis of fruits as received and after treatment at days
1, 3, 7 and 10 were evaluated with a standard weighing
balance. The results of silk coated fruits were compared
with the non-coated fruit i.e. control.

2.9. Statistical analysis

Normality of the data was assessed using Kolmogorov—
Smirnov test. One-way analysis of variance followed
by Tukey’s test was used to compare the control and
experimental groups. Results were considered significant
if p-values were less than 0.05.

3. Results
3.1. Morphological analysis

The apricots which were treated with spider silk solution
were comparatively fresher than untreated control apricots
even on the 10" day of treatment. On 1% and 2™ day, the
apricots were fresh (Figure 1 and 2) but at day 3™ a slight
change was observed in the control group (Figure 3).
At 4™ day, it was observed that the control fruit was
perishing and it was very soft as compared to the silk
treated fruits (Figure 4). At 7" day, the control group was
totally perished and massive fungal growth was observed
(Figure 5). At 10" day, the apricot without annealing was
also perished (Figure 6). It was clearly observed that the
longer the exposer time of water annealing the fresher
was the fruit. In addition, the control group was totally
perished and the fruits without water annealing were also
perishing slowly.

3.2. Gravimetric analysis

The greatest weight loss (17.39 + 0.34) was recorded
in the control group at 10" day (17.39 + 0.34) as compare
to the experimental groups. In contrast, the minimum
weight lost (12.46 + 0.10) was observed in the apricot
which was exposed to water annealing for one hour.
A considerable loss of weight was also observed in
the group which was not treated with water annealing.
There was statistically significant difference in the
weight loss between control and experimental groups.
The details of weight lost in all the groups in different
days are provided in (Table 1).
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Figure 3. Morphological representation of Apricots at Day-3 after silk coating.
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Figure 4. Morphological representation of Apricots at Day-4 after silk coating.

Figure 6. Morphological representation of Apricots at Day-10 after silk coating.
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Table 1. Loss of weight in control and experimental fruits at different days.

Water annealing time

Weight lost at different days (mg)

(hours) 3rd day 7" day 10* day
0 5.59+0.32% 11.85+0.25¢ 14.23+0.30°
lhr 5.16+0.17* 10.02+0.7* 12.46+0.10*
2hrs 5.25+0.29% 10.78+0.19° 13.09+0.12°
4hrs 5.89+0.20" 11.8940.16¢ 15.01+0.11¢
Shrs 7.86+0.29¢ 13.88+0.20¢ 17.22+0.22¢
Control 5.68+0.29¢ 12.80+0.52¢ 17.39+0.34¢
D.F 5,12 5,12 5,12
F value 40.49 76.80 254.78
P-value <0.001 <0.001 <0.001

Note: The values in the column with different superscripts are statistically different. Superscripts are based on One-Way ANOVA

followed by Tukey’s test.

4. Discussion

The present study reports the potential application
of spider silk as an edible coating for the preservation of
fruits. It was hypothesized that the silk coating would allow
the fruits to be preserved by protecting them from fungal
attack and preventing water loss. Moreover, the study also
investigated the effect of water annealing post-process on
the preservation potential of the silk coating. The results
obtained from the study indicate that the water loss was
minimum in the silk coated fruits, while in contrast, the
control group showed a significant degree of water loss
(Table 1). The study focused on reducing the water loss
from fruits because it is an essential indicator of their
freshness. Furthermore, it was observed that the control
group suffered from major fungal attack, whereas the
silk treated group remained protected up to 10 days of
observation (Figure 1-6). Thus, it provides compelling
evidence regarding the antimicrobial potential of spider
silk. The effect of water annealing was also evident from
the obtained results. Due to an increase in beta-sheet
content, the water annealed group exhibited less water
loss when compared to the control and non-water annealed
counterparts.

Marelli et al. (2016) used silk of Bombyx mori cocoons
as an edible, preservative coating for fruit preservation.
Extraction of silk fibroin was done by degumming
process which involved boiling of silk cocoons in 0.02M
sodium carbonate solution for 30 minutes. Silk fibroin
was solubilized in 9.3M Lithium bromide for 4 hours in
a 60 °C oven (Sah and Pramanik, 2010). The chaotropic
salt was removed through dialysis against Milli-Q water
for 72 hours. In our study, we used silk acquired from
spider webs and egg sacs. For dissolution of spider silk we
used a specially formulated solvent, which was cheaper,
non-toxic and easily available. The solution was then
dialyzed against distilled water for 72 hours in order to
remove the processing chemicals to negate their effect.

The fruits used in our experiment were apricots which
were preserved using spider silk. Water annealing was
used as post-process to modulate the relative content
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of beat-sheets in silk fibroin coating. The longer the
exposure period the greater is the beta-sheet content of silk
protein (Hu et al., 2011; Marelli et al., 2016). In previous
studies, silk coated fruits were exposed to water vapours
under vacuum condition at 22 °C according to protocol
developed by Hu et al. (2011). The exposure time was set
to Os (No exposure), 1 hour, 6 hours and 12 hours. In our
study, water annealing was done at 34 °C and exposure
time was set to 0s (No exposure), 1 hour, 2 hours, 4 hours
and 5 hours.

After water annealing post-processing the apricots
were kept at room temperature of 26 °C. In the daily
based observation, it was noticed that on fourth day the
control group which was not coated with spider silk
began to spoil. On seventh day, it was totally destroyed
by a massive fungal attack. Hence, it was proved that in
normal conditions apricot gets spoiled within four days and
becomes unpalatable. However, spider silk enhanced the
shelf life of apricots up to 14 days under normal conditions
without refrigeration. Since the silk coating is odourless,
tasteless and edible, the fruits can be eaten after preservation
(Marelli et al., 2016). Therefore, it is concluded from the
study that the silk coating, followed by water annealing,
is an effective method to enhance the shelflife of apricots.
However, effectiveness of this technique on other fruits
and vegetables need to be evaluated.
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