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Abstract

This research developed and evaluated whey protein concentrate (WPC)-based edible coatings at three
concentrations (5%, 10%, and 10% with glycerol plasticizer) for extending the shelf life of fresh
strawberries (Fragaria x ananassa cv. Hongyan) stored at 4 °C for 21 days. Coating solutions were
applied by dipping, and quality parameters weight loss, firmness, total soluble solids (TSS), titratable
acidity (TA), ascorbic acid content, and microbial load were monitored at 3-day intervals. The WPC
10% + glycerol formulation reduced weight loss by 77% relative to uncoated controls (6.8% vs 29.8%
at day 21), maintained firmness retention at 60% versus 10% for controls, and preserved 78% of initial
ascorbic acid compared to 31% in controls. Total aerobic plate counts remained below 4 log CFU/g for
coated fruit through day 18 versus day 9 for controls. Water vapour permeability of the optimized film
was 2.14 x 1072 g'm '*s"-Pa’!. These results demonstrate that WPC-based edible coatings are an
effective, food-grade strategy for reducing postharvest losses in strawberries.
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Introduction

Fresh strawberries are among the most perishable fruits in global commerce, with a
postharvest shelf life of only 5-7 days at 4 °C due to their high respiration rate, soft texture,
and susceptibility to fungal infection by Botrytis cinerea and Rhizopus stolonifer M. In
China, where strawberry production exceeded 3.8 million tonnes in 2022, postharvest losses
between farm gate and consumer are estimated at 25-35%, representing both economic waste
and nutritional loss [

Edible coatings offer a complementary approach to refrigeration by creating a semi-
permeable barrier on the fruit surface that retards moisture loss, modifies the internal
atmosphere (reduced O: and elevated CO:), and can serve as a carrier for antimicrobial or
antioxidant agents 1. Among available biopolymers, whey protein has attracted attention
because it forms transparent, glossy, flexible films with moderate oxygen barrier properties
and is a byproduct of cheese manufacture aligning with circular economy principles for dairy
waste valorization [4,

Whey protein films derive their barrier function from the heat-denatured B-lactoglobulin
network that forms when WPC solutions are heated above 70 °C. The exposed sulfhydryl
groups undergo intermolecular disulfide bonding, creating a cohesive protein matrix [,
Glycerol is commonly added as a plasticizer to reduce film brittleness and improve adhesion
to the irregular fruit surface, though it increases water vapour permeability by disrupting
hydrogen bonds within the protein network 1,

Previous research on whey protein coatings has focused primarily on apples, pears, and citrus
fruits, with limited data on strawberries, which present unique challenges due to their
achene-studded surface and absence of a protective peel 1. This research systematically
evaluates three WPC coating formulations on a Chinese strawberry cultivar during 21 days
of cold storage, measuring both physicochemical quality parameters and microbial safety
indicators to establish a complete shelf-life profile.
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Material

Fresh strawberries (Fragaria x ananassa cv. Hongyan,
commercially mature, uniform size 25-30 g) were harvested
from a greenhouse farm in Wuhan and transported to the
laboratory within 2 h. Whey protein concentrate (WPC-80,
80% protein, Hilmar Ingredients, USA), food-grade glycerol
(99.5%, Sinopharm), Tween 80 (Sigma-Aldrich), and plate
count agar (PCA, Oxoid) were used. Deionized water was
from a Millipore Milli-Q system. All reagents for titration
and HPLC analysis (metaphosphoric acid, 2,6-
dichlorophenolindophenol, oxalic acid) were analytical
grade from Sinopharm Chemical.

Methods

Coating Solution Preparation

Three coating solutions were prepared: (A) 5% WPC, (B)
10% WPC, and (C) 10% WPC + 5% glycerol (w/v, based on
solution volume). WPC powder was dispersed in deionized
water, heated to 90 °C for 30 min with continuous stirring
(400 rpm) to denature the protein, cooled to 25 °C, and
adjusted to pH 7.0 with 1 M NaOH. Tween 80 (0.1% v/v)
was added as a wetting agent. For formulation C, glycerol
was incorporated before heating. Solutions were degassed
under vacuum for 15 min prior to use.
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Coating Application and Storage

Strawberries were sorted for uniformity and absence of
visible damage, sanitized in 100 ppm sodium hypochlorite
for 2 min, rinsed with deionized water, and air-dried at 20
°C for 30 min. Fruits were dipped in the coating solution for
60 s, drained vertically on wire racks for 5 min, and allowed
to dry at 20 °C for 2 h to form a uniform film. Control fruits
were dipped in deionized water. All groups (n = 120 fruits
per treatment, 4 treatments) were placed in ventilated PET
clamshells and stored at 4+1 °C and 85+5% RH for 21 days.
Analyses were performed at days 0, 3, 6, 9, 12, 15, 18, and
21.

Quality Parameters

Weight loss was calculated as the percentage decrease from
initial weight. Firmness was measured using a TA.XT Plus
texture analyser (Stable Micro Systems) with a 2 mm
diameter probe at 1 mm/s penetration speed. TSS was
determined by digital refractometer (Atago PAL-1). TA was
measured by titration with 0.1 N NaOH to pH 8.1 endpoint,
expressed as% citric acid. Ascorbic acid was quantified by
HPLC (Shimadzu LC-20A) with UV detection at 245 nm
after extraction with 3% metaphosphoric acid. Total aerobic
plate counts used PCA incubated at 37 °C for 48 h.

Table 1: Quality parameters of coated and uncoated strawberries at day 0 and day 21 of cold storage (4 °C).

Parameter Day Control WPC 5% WPC 10% |WPC 10% + glycerol
Weight loss (%) 21 29.8+2.4 13.2+1.1 8.9+0.8 6.8+0.6
Firmness (N) 0 4.82+0.31 4.78+0.28 4.81+0.30 4.80+0.29
Firmness (N) 21 0.48+0.12 1.83+0.21 2.50+0.24 2.89+0.22
TSS (°Brix) 21 5.8+0.4 7.1+0.3 7.6+0.3 7.9+0.2
TA (% citric) 21 0.41+0.04 0.56+0.05 0.62+0.04 0.67+0.03
Ascorbic acid (mg/100g) 21 18.2+1.8 34.6+2.4 41.8+2.1 45.7+1.9
APC (log CFU/g) 21 6.2+0.4 4.8+0.3 4.1+0.3 3.840.2

TSS = total soluble solids. TA = titratable acidity. APC =
aerobic plate count. Initial ascorbic acid = 58.4+2.6 mg/100
g. Values mean +SD (n = 10).

Results: Weight loss increased monotonically in all groups
but at wvastly different rates (Figure 1). Uncoated
strawberries lost 29.8% of their initial weight by day 21,

rendering them commercially unacceptable (wrinkled,
desiccated surface) by approximately day 12. WPC 5%
coating reduced weight loss to 13.2%, WPC 10% to 8.9%,
and the glycerol-plasticized WPC 10% formulation to 6.8%.
The dose-dependent improvement confirms that higher
protein concentrations produce denser, less permeable films
on the fruit surface.

Weight Loss of Coated Strawberries During Cold Storage
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Fig 1: Weight loss of strawberries during 21 days of cold storage (4 °C) with different whey protein coatings. Dashed lines represent
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Firmness retention followed a similar pattern (Figure 2).
Control fruits retained only 10% of initial firmness by day
21 (0.48 N from 4.82 N), while the optimized WPC 10% +
glycerol coating maintained 60% firmness (2.89 N). The
coating likely slows cell wall degradation by reducing
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oxygen availability at the fruit surface, thereby decreasing
the activity of pectinolytic enzymes (polygalacturonase,
pectin methylesterase) that are responsible for tissue
softening [,

Firmness Retention of Coated Strawberries (4 °C)
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Fig 2: Firmness retention (% of initial) during cold storage. The WPC 10% + glycerol formulation maintained 60% firmness at day 21 versus
10% for controls.

Ascorbic acid degradation was substantially retarded by
coating. Controls retained only 31% of initial vitamin C
(18.2 from 58.4 mg/100 g), while WPC 10% + glycerol
preserved 78% (45.7 mg/100 g). The coating’s oxygen

barrier reduces oxidative degradation of ascorbic acid to
dehydroascorbic acid, the rate-limiting step in vitamin C
loss during cold storage (€1,

Table 2: Film properties of cast WPC films at three concentrations

Property WPC 5% WPC 10% | WPC 10% + glycerol
Thickness (um) 28.4+2.1 52.61£3.4 61.3+4.2
Tensile strength (MPa) 3.82+0.28 6.41+0.35 4.12+0.31
Elongation (%) 12.4+1.8 8.7£1.2 34.6+3.4
WVP (x107'2 g/m/s/Pa) 3.87£0.24 2.51+0.18 2.14+0.15
O: permeability (cc/m?/day) 284+18 142412 168+14
Transparency (%Tsoo) 88.4 82.1 84.6

WVP = water vapour permeability. Films cast on Teflon
plates, conditioned 50% RH, 25 °C, 48 h. Values mean +SD
(n=5).

Safety Considerations

All coating materials are food-grade and GRAS-listed
(Generally Recognized As Safe). Whey protein is a common
allergen (milk-derived); products coated with WPC must be
labelled accordingly per GB 7718-2011 (China) and
equivalent international food labelling regulations. Sodium
hypochlorite sanitization residues were below detection
limits (<0.1 ppm) after rinsing. No chemical preservatives or
antimicrobial agents were incorporated into the coating
formulations used in this research.

Limitations

This research evaluated only one strawberry cultivar
(Hongyan) under controlled laboratory storage conditions.
Field performance during commercial distribution chains
which involve temperature fluctuations, mechanical
vibration, and variable humidity may differ from the
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controlled 4 °C results. Sensory evaluation was not
performed; consumer acceptance of the glossy appearance
imparted by WPC coatings and any flavour transfer requires
dedicated panel testing. Additionally, the coating was
applied by dipping, which is practical at small scale but may
need adaptation to spray or foam application for commercial
throughput. Cost-benefit analysis comparing WPC coatings
to existing modified atmosphere packaging was not
conducted.

Discussion

The 77% reduction in weight loss achieved by the optimized
WPC 10% + glycerol formulation (6.8% vs 29.8% at day
21) is consistent with the best results reported for protein-
based edible coatings on strawberries. Fernandez-Pan and
colleagues [l reported 65% weight loss reduction using
sodium caseinate coatings on cv. Camarosa, while chitosan-
based coatings typically achieve 50-70% depending on
molecular weight and deacetylation degree ¥, The superior
performance of whey protein may be attributed to its lower
water vapour permeability (2.14 x 1072 g-m'-s™'-Pa™)
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compared to polysaccharide-based films, which are
inherently hydrophilic.

Glycerol addition improved elongation at break from 8.7%
to 34.6% without substantially compromising WVP (from
2.51 to 2.14 x 107'2), an apparent contradiction explained by
the plasticizer’s dual role: it increases chain mobility
(raising permeability) but also improves film-fruit adhesion
by conforming to the irregular achene-studded surface,
eliminating air gaps that otherwise act as moisture conduits
6. The net effect is lower effective permeability on the
actual fruit than predicted by cast-film measurements.

The microbial data are particularly relevant for food safety.
Uncoated strawberries exceeded the 5 log CFU/g threshold
considered the limit of acceptable freshness by Chinese food
safety standards by day 12, while WPC 10% + glycerol-
coated fruit remained below 4 log CFU/g through day 18.
The antimicrobial effect is likely indirect, mediated by
reduced surface moisture activity and modified internal
atmosphere rather than any inherent bactericidal property of
whey protein 1%, Incorporating antimicrobial peptides
(lactoferrin, nisin) into the coating matrix could provide
additional direct antimicrobial activity, an avenue explored
by several groups with promising results on model systems
[11]

From an economic  perspective, WPC-80 costs
approximately ¥35-45 per kg in China, and the coating
solution uses 100 g per litre sufficient to coat approximately
200 strawberries by dipping. The per-fruit coating cost is
therefore less than ¥0.03 (~$0.004 USD), trivial compared
to the wholesale value of the fruit. Given that the coating
extends marketable shelf life from approximately 7 days to
over 18 days, the economic benefit in reduced shrinkage
alone far outweighs the material cost. Integration with
modified atmosphere packaging could further extend shelf
life for long-distance logistics within China’s cold chain
infrastructure.

Conclusion

A WPC-based edible coating containing 10% protein and
5% glycerol extended the shelf life of fresh strawberries
from approximately 7 to over 18 days at 4 °C, reducing
weight loss by 77%, maintaining 60% firmness retention,
preserving 78% of ascorbic acid, and keeping microbial
counts below 4 log CFU/g through day 18. The coating’s
low water vapour permeability, good transparency, and
GRAS status make it a practical, food-grade alternative to
synthetic packaging films for reducing postharvest losses in
soft fruit.
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