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Abstract. This study systematically investigated the mechanisms underlying the effects of UV-C LED
irradiation on the preservation of fresh fruits. High-power 270–280 nm gallium nitride (GaN)-based UV-C
LED chips were employed, with device performance enhanced through optimized heat dissipation structures
and a matrix arrangement design. Experimental results demonstrated that, under ambient conditions (22–27°

C), a 75% duty cycle UV-C irradiation (45 s on/15 s off) achieved the most effective suppression of mold
growth on apple slices and raspberries, completely inhibiting mold proliferation. The 25% duty cycle (15 s
on/45 s off) provided a better balance between antibacterial efficacy and maintaining fruit freshness. In a 4°

C refrigerated environment, the 25% irradiation mode (15 s on/45 s off, 40 cm distance) reduced the
spoilage rate of raspberries from 100% to 20%. For strawberries, while UV-C irradiation completely
suppressed mold growth, it induced significant oxidative damage (44.4% of fruits exhibited water-soaked
spots) and a higher weight loss rate (14% compared to 6% in the control group). These findings confirm that
UV-C irradiation effectively controls postharvest microbial spoilage in fruits, but optimization of irradiation
parameters is necessary to balance antibacterial efficacy with fruit quality preservation.
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1 Introduction
Fresh fruits and vegetables, rich in vitamins,
carbohydrates, and bioactive compounds [1], are
indispensable for a healthy human diet. However, their
short postharvest shelf life makes them highly
susceptible to mold, dehydration, and discoloration.
Spoilage not only leads to economic losses but also
poses significant health risks. Researchers have been
actively exploring more effective low-temperature
preservation technologies to maintain the nutritional
quality of fruits and vegetables, delivering safer,
sensorially appealing, and nutrient-rich food products [2].

Studies have demonstrated that UV-C irradiation
effectively reduces surface pathogens on fruits and
vegetables. By inducing the formation of pyrimidine
dimers in DNA strands, UV-C disrupts microbial
replication, causing nucleic acid damage and ultimately
leading to microbial death [3, 4]. UV-C LEDs, based on
p-n junction semiconductor technology, convert
electrical energy into radiative energy [5]. Depending on
the semiconductor materials used, LEDs emit light at
varying wavelengths [6, 7]. They offer significant
advantages, including long lifespan, short warm-up time,
mercury-free composition, compact size, durability [8, 9],
and a wide range of wavelength options [10].
Additionally, UV-C LEDs exhibit low electromagnetic

interference, allow for rapid modulation of radiation
intensity and pulse duration, provide narrow-band
emission without spurious peaks, require minimal
maintenance [11], and have negligible impacts on
nutritional quality and sensory attributes, with high
consumer acceptance [12, 13].

As a non-toxic and non-invasive method for food
preservation and sterilization, UV-C offers distinct
advantages. However, its limited penetration depth
restricts its antimicrobial efficacy. Research indicates
that UV-C can delay fruit softening and senescence by
inhibiting the degradation of cell wall polysaccharides
[14]. Nonetheless, continuous irradiation may cause
thermal damage and oxidation in fruits. This study
optimizes irradiation cycles, radiation doses, and the
distance between the UV-C LED source and the fruit (set
at 40 cm) to investigate the effects of UV-C on mold
incidence and visual quality during fruit storage. The
findings aim to provide a reference for low-damage
sterilization techniques.

2 Material and method
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Fig. 1. UV-C LED Beads: A. LED Strip with 35 UV-C LED
Beads; B. LED Panel with 14 UV-C LED Beads;C. Two

refrigerators at 4℃, one for control (no UV) and one for UV
treatment

UV-C LED Beads: This study employed high-power
270–280 nm gallium nitride (GaN)-based UV-C LED
chips. The chips were bonded to a ceramic substrate
using a eutectic soldering process, which effectively
minimizes the void ratio at the chip-substrate interface.
To enhance thermal management, an aluminum substrate
and a small fan were incorporated at the back of the UV-
C LED strip (Figure 1A), improving heat dissipation
during operation and thereby extending the lifespan of
the entire system.
The panel depicted in Figure 1B represents an optimized
redesign of the configuration shown in Figure 1A. The
number of LED beads was reduced from 35 to 14, and
their arrangement was modified from a linear alignment
to a matrix configuration. This adjustment expands the
irradiation area while promoting more efficient heat
dissipation. Furthermore, the thickness of the LED panel
was reduced from 2 cm in Figure 1A to 1.5 mm, making
it better suited for constrained upper spaces.
Figure 1C illustrates two 4 ℃ refrigerators used to
simulate cold storage conditions for fruits and vegetables.
One refrigerator served as the control group (no UV
exposure), while the other was designated for the
experimental group (UV-C treated) to assess the impact
of different treatments on fruit quality and condition.

3 Result and discussions

3.1 Preservation Effects of UV-C LED under
Ambient Conditions

This study investigated the inhibitory effects of different
UV-C irradiation patterns on mold spoilage in apple
slices and raspberries. Under open natural environmental
conditions (humidity 55%– 60%, ambient temperature
22– 27℃ , the effects of UV-C LED irradiation with
varying time intervals on fruit mold spoilage were
preliminarily explored. Four UV-C irradiation patterns
were established: 0% (negative control, no UV-C
irradiation), 25% (15 s on/45 s off), 50% (30 s on/30 s
off), and 75% (45 s on/15 s off). The changes in apple
slices and raspberries were photographed and recorded
every 4 hours.

Fig. 2. Testing of UV-C LED Preservation Effects on Apples
and Raspberries under Ambient Conditions: A. Oxidative State

of Apple Slices; B. Preservation State of Raspberries

As shown in Figure 2A, the storage experiment results
for apple slices over a 68-hour period revealed
significant differences in preservation outcomes. The
negative control group (0% UV-C) exhibited pronounced
oxidative reactions, with extensive mold colony
formation, severe dehydration of the cut surface and
surrounding areas, and 50% of the apples showing signs
of rot, indicating extremely poor preservation. The 25%
UV-C group (15 s on/45 s off) showed some suppression
of mold growth, with only a few mold spots observed;
however, dehydration of the cut surface and surrounding
areas remained significant, with evident moisture loss. In
contrast, the 50% UV-C (30 s on/30 s off) and 75% UV-
C (45 s on/15 s off) groups demonstrated markedly
superior preservation compared to the previous groups.
Both groups exhibited no significant mold spots,
maintaining a high level of freshness, indicating that
UV-C treatment within this dosage range effectively
inhibits mold growth. However, all UV-C-treated groups
displayed a common yellowing reaction on the apple cut
surfaces. Notably, the 75% UV-C group showed greater
dehydration at the edges of the cut surfaces compared to
the 50% UV-C group, likely due to prolonged UV-C
exposure elevating the temperature of the apple surface
and surrounding environment, accelerating cellular
moisture transpiration and evaporation, resulting in
increased edge dehydration.
As depicted in Figure 2B, over a 78-hour storage period,
raspberries subjected to different UV-C irradiation
patterns exhibited significant differences in spoilage,
mold proliferation, and moisture retention compared to
the negative control group. The control group (no UV-C
treatment) showed extensive spoilage after 78 hours,
accompanied by substantial mold colony proliferation in
the affected areas. The 25% UV-C and 50% UV-C
( groups displayed no large-scale spoilage, with only
minimal mold spots observed in localized areas and
significantly fewer mold colonies compared to the
control group. Mold spot expansion in these groups was
also notably slower. The 75% UV-C group exhibited
the most pronounced mold suppression, with no mold
spots observed on the raspberry surfaces, indicating
complete inhibition of mold growth. However, high-dose
irradiation led to noticeable moisture loss, with the
raspberry flesh appearing slightly shriveled compared to
the 25% and 50% UV-C groups.
These results demonstrate that apple slices and
raspberries exhibit significant differences in oxidation,
mold growth, dehydration, and spoilage, with
suppression effects positively correlated with UV-C
irradiation duration. The 50% UV-C ( and 75% UV-C
irradiation modes provided the most effective mold
suppression for both apples and raspberries. However,
high-intensity UV-C irradiation increased
photooxidation and compromised moisture retention on
fruit surfaces. The 25% UV-C mode achieved the best
overall performance in terms of antibacterial efficacy
and preservation quality.
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The experimental results showed that, in terms of
raspberry preservation (Figure 2), after 78 hours, the
negative control group exhibited extensive spoilage
accompanied by significant mold colony proliferation.
The 25% and 50% UV-C irradiation groups displayed
only localized mold spots while maintaining relatively
high freshness, whereas the 75% UV-C irradiation group
showed no mold formation but experienced some
dehydration. These findings indicate that UV-C
irradiation has a significant anti-spoilage and
preservation effect on raspberries, with the inhibitory
effect positively correlated with the proportion of
irradiation time. Among the tested modes, the 75% UV-
C irradiation mode demonstrated the best mold
suppression effect on raspberries; however, the high
irradiation intensity of UV-C tended to induce changes
in the fruit. The 25% UV-C irradiation mode achieved
the best overall performance in terms of both
antibacterial efficacy and preservation.

3.2 Preservation Effects of UV-C LED under 4℃
Refrigerated Conditions

This study evaluated the inhibitory effects of intermittent
UV-C LED irradiation on fruit spoilage and mold growth
in a simulated cold storage environment at 4℃. Based on
observations from natural environment tests regarding
fruit surface oxidation and dehydration under four
different irradiation intervals, the experimental setup was
optimized. The number of LED beads was reduced from
35 to 14, and the irradiation pattern was set to 25% UV-
C (15 s on/45 s off) to lower the UV-C irradiation
intensity while enhancing heat dissipation from the LED
beads. Additionally, the distance between the LED beads
and the fruit was increased from 20 cm to 40 cm. This 20
cm increase in height was implemented to reduce the
oxidative effects of UV-C on the fruit surface.

Fig. 3. Testing of UV-C LED Preservation Effects on
Raspberries in a 4℃ Refrigerated Chamber

The experimental results (Figure 3) demonstrate that,
after 92 hours of storage at 4℃, raspberries subjected to
different treatments exhibited significant differences in
mold proliferation, spoilage extent, and moisture

retention. The negative control group showed initial
mold contamination after 68 hours, with extensive mold
proliferation by 92 hours, resulting in a 100% mold
incidence rate. Although severe dehydration was not
observed, the fruit surfaces displayed pronounced
spoilage characteristics. In contrast, the 25% UV-C
intermittent irradiation group exhibited only two
instances of mold spoilage after 92 hours, corresponding
to a 10% mold incidence rate, indicating a potent
antibacterial effect compared to the control group and
confirming the efficacy of this treatment in suppressing
mold growth. However, this group showed noticeable
dehydration and spoilage on the fruit surfaces. It is
hypothesized that low-dose UV-C irradiation may still
compromise the water-retaining structure of raspberry
epidermis, accelerating moisture transpiration and loss,
while inducing localized oxidative tissue damage,
ultimately manifesting as dehydration and spoilage.

Fig. 4. Testing of UV-C LED Preservation Effects on
Strawberries: A. Changes in Strawberry Damage; B. Changes

in Strawberry Fresh Weight

The experimental results (Figure 4A) indicate that
strawberries in the control group exhibited mold
contamination as early as 29 hours, with a significant
increase in surface mechanical damage, characterized by
expanded epidermal lesions and deepened coloration. By
37 hours, all nine samples displayed localized mold
spoilage, resulting in a 100% spoilage rate. At 67 hours,
mold growth became rampant, accompanied by a fresh
weight loss of 16.9 g (6% weight loss rate) (Figure 4B).
In contrast, the 25% UV-C intermittent irradiation group
completely inhibited mold growth within 29 hours,
though surface damage was observed (Figure 4A). By 37
hours, 44.4% of the fruits exhibited water-soaked
oxidative damage, which intensified by 67 hours,
alongside a significant fresh weight reduction of 37.69 g
(14% weight loss rate) (Figure 4B).
The results for raspberries and strawberries demonstrate
that UV-C treatment at 4℃ effectively suppresses mold
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proliferation during the experimental period,
significantly reducing mold incidence and spoilage rates.
This confirms the clear and substantial efficacy of UV-C
technology in controlling postharvest diseases in berries,
providing a viable approach to extending their shelf life.
However, compared to the negative control group, all
UV-C-treated groups exhibited common quality issues,
including oxidative damage and moisture loss. These
findings suggest that while UV-C irradiation is highly
effective in controlling postharvest mold growth in fresh
fruits, the associated oxidative stress and moisture loss
issues require further optimization of irradiation
parameters to mitigate their impact.

4 Conclusions
This study systematically assessed the critical
performance parameters of UV-C LED systems for fruit
preservation and antibacterial efficacy, including the
number of LED beads, irradiation time intervals,
distance between LED beads and fruit, bead arrangement
and optical structure design, and environmental
temperature. These findings provide a crucial foundation
for the development of efficient, low-cost UV-C LED
sterilization systems. Experimental results demonstrated
that the 50% – 75% irradiation modes exhibited the
strongest inhibition of mold growth on apple slices and
raspberries; however, high-dose irradiation led to severe
dehydration and oxidative damage. The 25% irradiation
mode (15 s on/45 s off) achieved the optimal balance
between antibacterial efficacy and preservation quality.
In a 4℃ refrigerated environment, the optimized
parameters— 14 LED beads, 40 cm irradiation height,
and 25% intermittent mode— resulted in a significantly
reduced mold incidence rate of 10% for raspberries after
92 hours and complete suppression of mold growth in
strawberries within 29 hours, markedly outperforming
the control group. Nevertheless, challenges such as
oxidative damage and moisture loss persisted.
Future research should focus on optimizing the
synergistic parameters of UV-C irradiation intensity,
cycle duration, and distance, while developing tailored
protective technologies based on fruit epidermal
characteristics. Additionally, exploring the integrated
application of UV-C with low-temperature storage,
modified atmosphere preservation, and other techniques
could enhance antibacterial efficacy while minimizing
oxidative stress and moisture loss. These advancements
will facilitate the practical implementation of UV-C
technology for the industrial-scale postharvest
preservation of berries.
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