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Vitamin C is an essential micronutrient with important antioxidant and
physiological roles. However, it is highly unstable during processing due to
its sensitivity to heat, oxygen, and light. This scoping review mapped
evidence on drying-based encapsulation techniques: freeze drying, spray
drying, and foam-mat drying. It examines their effect on the vitamin C level
in fruit powder. A systematic search was conducted in PubMed,
ScienceDirect, Springer, MDPI, and Google Scholar for studies published
between 2015 and 2025. The search followed the PRISMA-ScR framework.
Seven studies met the criteria and covered acerola, camu-camu, banana,
acai, papaya, satsuma mandarin, orange peel, and mulberry. The findings
show that freeze-drying was consistently the most effective technique for
retaining vitamin C levels. Some studies even reported an increase in
vitamin C levels, possibly due to the breakdown of the fruit matrix, which
made the nutrient more available. During Spray drying, low retention
values (11%) were obtained in banana paste, and almost total retention
(99%) was achieved in camu-camu pulp. The retention of mulberry juice
during optimized foam-mat drying amounted to a maximum level of 90%.
Coating materials, such as gum Arabic (GA) and carboxymethyl cellulose
(CMC), provided better stability in vitamin C levels. However, there are
some gaps regarding encapsulation efficiency, degradation kinetics, and
particular mechanisms of the matrix that could clarify retention rates
beyond 100%. Thus, future studies should focus on these parameters for
the refinement of scalable yet low-cost drying strategies of functional fruit
powders.
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Key Messages:

*  Freeze-drying most effectively maintains vitamin C levels, and
optimized spray and foam-mat drying can also provide high retention
under specific conditions.

*  The use of coating materials is also significant in maintaining vitamin
C level, where gum Arabic and carboxymethyl cellulose are effective
encapsulants.



https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://issn.brin.go.id/terbit/detail/20220527001670840

Durotul Baruroh, Yuliana Heri Suselo, Ratna Kusumawati, Dono Indarto, (2025).

GRAPHICAL ABSTRACT

Freeze Drying

Vitamln C = Highest vitamin C retention, but laborious
and expensive
An essential micronutrient for

health but highly vulnerable to Foam-mat Drying
degradation when exposed to S w
heat, light, and oxygen It provides good preservation and represents

a promising low-cost alternative

— .
G Spray Dryin
Encapsulation  _ g cpayPning
O Ecomomical but shows variable vitamin C
° o retention, depending on factors such as
o 0 o drying conditions and coating materials
ﬂ u 0 L "

Best coating: Carboxymethyl Cellulose (CMC) & Gum Arabic (GA)

INTRODUCTION

Vitamin C, also known as L-ascorbic acid, is one of the most important and beneficial nutrients for
health. Vitamin C has numerous benefits, including its high antioxidant levels, which can help protect the
body's cells from damage caused by free radicals. Additionally, it serves as an important cofactor in many
enzymes involved in tissue formation and hormone synthesis (1). Rich sources of vitamin C include fruits
(such as oranges, strawberries, guava, and tomatoes) as well as green and cruciferous vegetables like
broccoli, cabbage, and peppers (1). Vitamin C breaks down easily when exposed to heat, light, and oxygen,
which also makes it difficult to maintain stability and limits the shelflife of products high in vitamin C (2,3).

Processing fruit into a powder form is one option for extending shelf life and making it easier for
consumers to use. The transformation of liquids into powder can be achieved through various drying
techniques, such as freeze drying, spray drying, and foam-mat drying (4-7). These drying techniques are
considered drying-based encapsulation techniques when coating materials are used. Encapsulation is a
process of coating a material with another material to protect a substance that is sensitive to the
environment and others (8). By sublimating water in its solid state, freeze-drying effectively halts
processes that cause things to break down and microbial activity, as there is no liquid water (9). Each
technique has its own unique approach and yields distinct results when it comes to preserving sensitive
nutrients during the drying process.

Vitamin C degrades at high temperatures, causing nutrient loss (10). Drying encapsulation
processes also result in some degradation, emphasizing the need for better protection (11,12). Previous
studies have shown that freeze-drying is more effective in preserving vitamin C than other traditional
methods. However, concerns remain regarding its feasibility and cost (13). In spray drying, it was reported
that increasing the inlet air temperature improved vitamin retention, whereas reducing the feed rate
decreased encapsulation efficiency and affected product quality parameters (14). These differences
underscore the need for further research to optimize drying techniques for preserving nutrients.

Despite these findings, comparative data regarding the efficiency of drying-based encapsulation
techniques are limited. While freeze-drying can be better in some research, spray-drying could be less

1037
https://doi.org/10.56303 /jhnresearch.v4i3.586



Durotul Baruroh, Yuliana Heri Suselo, Ratna Kusumawati, Dono Indarto, (2025).

expensive (15,16). Foam-mat drying is a new technique that combines drying and encapsulation,
potentially leading to enhanced preservation of bioactive compounds (17,18). The process involves
whipping liquid with foam agents to form a stable foam, which is then dried in warm air (19). The foam
structure improves surface area, increasing moisture removal and potentially reducing drying time,
temperature, and cost (20). Results on the effectiveness of every technique for vitamin C preservation are
conflicting. The current review specifically evaluates which drying-based encapsulation process best
retains vitamin C in powders and fruits.

This review critically examines which drying-based encapsulation technique—freeze-drying,
spray-drying, or foam-mat drying—most effectively preserves vitamin C levels in fruit powders. By
focusing on comparative performance and stability factors, this analysis aims to provide clear guidance for
improving fruit processing techniques and addressing gaps in current research. Maximizing vitamin C
retention is crucial for enhancing the nutritional value and shelflife of dried fruits, thereby supporting food
quality and public health. This review delivers targeted insights to guide the food industry in selecting
optimal preservation strategies.

METHODS
Study Design
This study synthesizes previous research to provide a comprehensive overview of how various
techniques influence vitamin C levels, identify key factors affecting nutrient stability, and highlight areas
that require further investigation. This study followed a modified scoping review procedure, as outlined in
Arksey and O'Malley (Figure 1), and the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses extension for Scoping Reviews (PRISMA-ScR) checklist (21,22).
The main question this review looks at is: "How do freeze drying, spray drying, and foam-mat
drying affect vitamin C levels in fruits? . This question was guided by the PCC framework:
e Population: Fruit-based materials (pulp, peel, juice, and paste)
e Concept: Drying-based encapsulation using freeze, spray, and foam-mat drying
e (Context: Application of these techniques for vitamin C preservation in fruits under different
processing conditions

Stage 1: Specify the research question ]

Stage 2: Identify relevant literature ]

Stage 3: Select studies ]

Stage 4: Extract, map, and chart the data

Stage 5: Summarize, synthesize, and report
the results

Stage 6: Integrate expert consultation ]

Figure 1. Arksey & O’Malley Framework Stage with Recommended Enhancement (21)
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Records removes before
screening:
Duplicate records (n=2178)

Records identified from |
database (n=3014)

l

Records screened

»  Records excluded: (n=742)

(n=836)
Reports assessed for | Full text articles excluded:
eligibility (n=94) 7| (n=87)

- Not mention the vitamin C
levels before and after
drying (n=39)

- Articles published more
than 10 years ago (n=11)

v - Not fruit-based materials
in powder form (n=23)
Articles included (n=7) - Did not examine at least
one of the three
encapsulation techniques
(n=7)

Figure 2. PRISMA flow diagram for study selection

Search Strategy and Eligibility Criteria

A comprehensive literature search was conducted across various databases, including PubMed,
ScienceDirect, Springer, MDP]I, Frontiers, and Google Scholar, focusing on articles published within the last
10 years (2015-2025). Keywords included are (“vitamin C” OR “ascorbic acid”) AND (“encapsulation” OR
“drying techniques”) AND (“freeze drying” OR “spray drying” OR “foam-mat drying”) AND (“fruit” OR “fruit-
based materials” OR “fruit powder”). Articles were managed in Mendeley Desktop v.1.19.8, with duplicates
removed. Inclusion criteria were: a) articles published in the last 10 years; b) written in English or
Indonesian; c) full-text availability; d) examining the effect of drying-based encapsulation techniques
(freeze, spray, and foam-mat-drying) on vitamin C level in fruits; and e) investigating at least one of the
three techniques of interest (freeze, spray, or foam-mat drying). Exclusion criteria were: a) studies without
vitamin C analysis (before and after drying); b) studies unrelated to fruit-based materials in powder form;
c) studies that combine two techniques (e.g., foam-mat-drying followed by freeze-drying), which can
confound interpretation of isolated technique effects.
Data Extraction and Analysis

Data were extracted using a standardized charting form that included information on drying-
based encapsulation techniques, fruit types, drying conditions, coating materials, and vitamin C levels
before and after drying, and retention rate. Results were synthesized narratively and in tables to show key
findings. A PRISMA-ScR flow diagram (Figure 2) illustrates the study selection process. Full texts of eligible
studies will be reviewed for drying techniques, fruit types, vitamin C levels, and factors like drying time
and temperature. Data will be summarized and synthesized qualitatively.
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RESULTS

A total of 3014 articles were initially identified through database searches. After removing duplicates and screening titles and abstracts, 94 articles were
selected for full-text review. Following the inclusion and exclusion criteria, 7 articles were included in the final analysis. The selected studies were published between

2015 and 2025 and investigated various fruit matrices.

Table 1. Summary of Studies on Drying-Based Encapsulation Techniques and Vitamin C Levels

Drying-Based Drying conditions Fruits Type Coating Materials Vitamin C Levels Retention References
Encapsulation Before drying After drying
Techniques
Spray drying Pulp and maltodextrin were Acerola pulp Maltodextrin (MD) 2,063.8 1,593.2 mg/100g 77.20% (23)
homogenized for 30 minutes. mg/100g (dry
Following this, drying was basis)
carried out using a 2.0 mm
diameter injector nozzle, with a
peristaltic pump, an inlet
temperature of 120 °C, an exit
temperature of 80 °C, and a fixed
flow rate of 20 mL per minute.
Camu-camu pulp Maltodextrin 6,754.7 6,690.4 mg/100 g 99% (23)
mg/100g (dry
basis)
Spray drying Subsequently, a different drying Ripe acai pulp Maltodextrin 32 mg/100g 244.4mg/100g 96.35% (24)
setup used an inlet air
temperature of 170 ° C, with a
constant feed flow rate of 25%
(7.5 mL/min). The inlet air flow
was 40 m3/h, the compressor
air pressure was 0.06 MPa, and
the injector nozzle had a 0.7 mm
inner diameter. The suction air
flow was 100%.
Spray drying The SJ-MD liquid mixes were Satsuma Maltodextrin 5.45mg/g =545 Satsuma juice powder Vitamin C (25)
spray-dried using a pilot-scale Mandarin (Citrus mg/100g (wb) (SJP) after the spray retention in
spray drier at input unshiu) Juice drying process ranges SJP, with up to
temperatures of 160 °C and 180 from 2.88 mg/g to 4.01 ~45%
°C. Feed flow rates of 1.4-1.8 L/h mg/g (288-401 retention
were adjusted to maintain an mg/100g). SJP produced achieved at
exit temperature of 95 + 3°C. using the CC spray lower inlet
drying configuration temperatures
exhibited a higher and optimized
1040

https://doi.org/10.56303/jhnresearch.v4i3.586



Durotul Baruroh, Yuliana Heri Suselo, Ratna Kusumawati, Dono Indarto, (2025).

Drying-Based Drying conditions Fruits Type Coating Materials Vitamin C Levels Retention References
Encapsulation Before drying After drying
Techniques
vitamin C content (3.56-  configurations
4.01 mg/g) such as CC at
160 °C.
Spray drying Banana paste (180 + 10 g) with Ripe Nendran Maltodextrin Ripe banana: Banana powder: 1.66 AR (%): 11% (26)
maltodextrin (22.5 g/100 g) and banana paste 9.08 mg/100g mg/100g (wb) with moisture
water (45.2 g/100 g) was spray- (wb) content ripe
dried at 130 °C (outlet 90 °C, banana (56.6
feed flow 0.75 L/h) using a g/100g),
pressure nozzle atomizer, (moisture
yielding 14.37 g of dried powder. content banana
powder (27.7
g8/100g)
Freeze drying After being frozen at -60°C for Papaya puree Maltodextrin and 1.51 mg AAE/g 3.13 mg/gdry matter= AR (%): 207 % 27
10 hours, the samples were corn starch dry matter = 313 mg/100g
immediately packaged in a 151 mg/100g
freeze dryer and dehydrated at
-50°C under vacuum pressure
(typically 10 Pa or less) for 36
hours.
Freeze drying Drying at -45°C 248h; drying at Orange juice  Gum Arabic (GA) CoP (not CoP (not formulated): All (28)
50°C, -50°C condenser, 0.05 waste/cop (peel and Octenyl formulated): 86 526 mg/100g formulations
mbar for 18h. & pulp) succinic acid (0SA) mg/100g showed VC
retention
values  above
100%,
indicating an
O0SA25: 82.1 0SA25:449 mg/100g apparent
mg/100g increase after
freeze-drying:
CoP (+2%),
0SA45: 82.3 0SA45:374 mg/100g with OSA
mg/100g (+13%), and
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Drying-Based Drying conditions Fruits Type Coating Materials Vitamin C Levels
Encapsulation Before drying After drying
Techniques
GA45: 80 GA45:411mg/100g
mg/100g

Foam-mat drying

Foam-mat drying

Mulberry fruit juice treated with
foaming agents was poured into
petri dishes and dried in a hot-air
oven at 60 °C until it reached
equilibrium moisture content
(¥4 g/100 ml). It was then
scraped, finely ground, and
stored in laminated plastic
pouches at -4 °C.

Mulberry fruit juice treated with
foaming agents was poured into
petri dishes and dried in a hot-air
oven at 60 °C until it reached
equilibrium moisture content
(¥4 g/100 ml). It was then
scraped, finely ground, and
stored in laminated plastic
pouches at -4 °C.

Black mulberry

juice

Black mulberry

juice

Maltodextrin

Carboxymethyl
cellulose (cmc)

Glycerol
monostearates
(GMS)

38.77 mg/100g
(mulberry juice)

38.77 mg/100g
(mulberry juice)

38.77 mg/100g
(mulberry juice)

25.52 (mulberry juice
with 10 g/100 ml of md)

26.65 mg/100g
(mulberry juice with 5
g/100 ml of cmc)

25.01 (mulberry juice
with 4 g/100 mL of GMS)

Retention
with GA
(+24%)

The best

treatment is
mulberry juice
CMC

(5g/100mL)
with 90%
retained

ascorbic acid

The best
treatment is
mulberry juice

+ cmce
(5g/100ml)
with 90%
retained

ascorbic acid

References

(29)

(29)

If the weights of food before and after cooking are unavailable, the retention factor can be calculated on a moisture-free basis, the Apparent Retention Method (%AR):
%AR = [Nc (dry wet basis)] / [Nr (dry wet basis)] * 100
Nc = nutrient content per g of cooked food, Nr = nutrient content per g of raw food (30)
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Characteristics of Included Articles

The articles reviewed investigated different fruit materials subjected to spray drying, freeze
drying, and foam-mat drying. The fruits included acerola, camu-camu, ripe a¢ai, satsuma mandarin, banana,
papaya, orange peel and pulp, and black mulberry juice. Each article employed varying drying conditions
and formulations to assess the stability of vitamin C. The studies originated from diverse research groups,
highlighting global interest in preserving bioactive compounds during the production of fruit powders.
Most of the works compared pre-drying and post-drying vitamin C concentrations, allowing for calculation
of retention values. Collectively, these articles provide an overview of how fruit type and processing
strategy influence vitamin C preservation.
Vitamin C Levels Based on Drying Techniques

Vitamin C levels before and after drying varied considerably depending on the drying techniques
applied. Spray drying produced moderate to high retention rates, ranging from 11% in banana paste to
99% in camu-camu pulp (23,26). Surprisingly, freeze drying often led to vitamin C increases of over 100%,
for example, in orange peel and pulp products, as well as in papaya puree, perhaps due to matrix changes
or improved extractability (27,28). Foam-mat drying provided variable results, with mulberry juice
retaining as much as 90% vitamin C under optimal conditions (29). In some cases, vitamin C levels after
drying were higher than before, suggesting complex interactions between heat, matrix, and measurement
conditions. Freeze drying was the most favorable for maintaining or enhancing vitamin C levels, based on
this article, while spray drying produced more variable outcomes.
Coating Materials Used

Different coating materials were incorporated to improve the stability of vitamin C during drying.
Maltodextrin was the most frequently used coating material, applied across acerola, camu-camu, banana,
acai, satsuma mandarin, and mulberry juice. Other protective coating materials included OSA starch, gum
Arabic (GA), carboxymethyl cellulose (CMC), and glycerol monostearates (GMS). Orange peel formulations
with OSA and GA showed enhanced stability, with retention levels exceeding 100%. These findings
highlight the crucial role of coating materials in reducing nutrient loss during drying processes.
Influence of Drying Conditions on Vitamin C

Reviewed studies indicate that drying temperature and duration have a significant effect on
vitamin C retention. Spray drying, which is carried out at high inlet temperatures (120-190 °C) for a short
period, often causes significant degradation of vitamin C. However, encapsulation coating materials, such
as maltodextrin, can improve the results (23,24,26). Freeze drying, performed at much lower temperatures
(45 to -60 °C) over a longer period (18-48 hours), consistently maintains higher levels of vitamin C,
sometimes showing a clear increase due to improved extractability (27,28). Foam mat drying at moderate
temperatures (~60 °C) produces intermediate retention (29). The overall trend indicates that lower
temperatures, combined with longer drying times, minimize vitamin C degradation, while higher
temperatures accelerate losses unless counteracted by stabilizers.

DISCUSSION

The findings of this review confirm that drying techniques have a significant influence on vitamin
Cretention in fruit powders. Spray drying produced highly variable results, ranging from very low retention
in banana paste (11%) to excellent preservation in camu-camu pulp (99%) (21,22). In contrast, freeze
drying often resulted in apparent increases in vitamin C level, as observed in orange peel and pulp (from
86 to 526 mg/100 g) (23), which aligns with evidence that low-temperature drying minimizes thermal
degradation and enhances extractability of bioactive compounds due to matrix structural changes (24).
Likewise, freeze drying was more efficient in retaining vitamin C compared to spray drying or oven drying
for grapefruit powder and Kakadu plum powder (31,32). Freeze drying uses water that is transformed into
water vapor under low pressure. This helps to insulate against damage from heat and oxidation. Nutrients
like vitamin C remain better intact when using this technique (6,28,33).

Nonetheless, spray drying has been shown to be effective under optimized conditions, where
acerola and camu-camu powders retained high vitamin C concentrations (1,593.2 and 6,690.4 mg/100 g,
respectively) with good stability during storage (23). Foam mat-drying, though less studied, has shown
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potential, with optimized conditions in black mulberry juice retaining up to 90% of ascorbic acid (29).
Similarly, mulberry extract foam-mat drying studies showed that optimal conditions, using egg albumin
(7.6%), CMC (0.4%), and digestion-resistant maltodextrin (2%), with a 14.5-minute whipping time,
produced stable foams suitable for drying at 65°C (34). The foam structure's larger surface area accelerates
moisture removal while maintaining nutritional quality at lower temperatures compared to conventional
drying techniques (35). Beyond the drying technique itself, coating materials are another critical factor
influencing vitamin C stability.

Maltodextrin, the most widely used coating material, provided moderate protection but was clearly
less effective compared to formulations containing additional stabilizers such as carboxymethyl cellulose
(CMCQ) or gum Arabic (GA). Studied reported mulberry juice with CMC retained up to 90% of its ascorbic
acid (29), while GA and octenyl succinic acid (OSA)-enhanced freeze drying of orange peel showed
retention values above 100% (28). GA was more effective than OSA, as it improved the encapsulation of
vitamin C and other bioactive compounds, yielded finer and more homogeneous powders, and enhanced
rehydration properties. The emulsifying and foaming capacity was improved by OSA, but it did not
significantly impact the retention of bioactive compounds. These findings align with reports showing GA
outperforms other coating materials, showing superior microencapsulation efficiency and vitamin C
retention compared to maltodextrin (MD) alone or whey protein isolates (36). Moreover, combinations of
GA with bamboo fiber or maltodextrin at higher coating material-to-active ratios (e.g., 7:1) were shown to
improve stability and antioxidant activity (37,38).

The stability of vitamin C is also influenced by drying conditions, including inlet temperature, time,
and coating material. Using lower inlet temperatures, such as 170 °C in spray drying, in combination with
10-15% maltodextrin, maximizes vitamin C retention (over 90%)(24,39). A higher temperature and longer
drying time typically result in increased loss of vitamin C from various fruits and vegetables (40). When
there is insufficient addition of coating materials, they become poorly encapsulated and lose their
nutrients. Similarly, when more coating materials were present, they diluted the fruit matrix, thus
hampering the product's quality. Research indicates that the vitamin C content in lemon juice powder can
decrease with maltodextrin concentrations of 15-25% (41). Despite these promising findings, several
methodological limitations remain that restrict cross-study comparisons and mechanistic understanding.

Due to factors such as the lack of encapsulation efficiency (EE) or inadequate drying kinetics for
vitamin C degradation in most studies, comparing results was more challenging. Only one study has
quantified EE, which ranged from 17.92% to 98.90%, depending on the type of coating material and inlet
temperature used. Higher inlet temperature unexpectedly favoured greater retention in this study (24).
Furthermore, methodological differences in vitamin C analysis may bias comparisons across studies.
Another gap lies in the limited understanding of matrix-specific behaviors, where unusually high retention
(>100%) is observed in fruits such as ripe acai and orange peel, suggesting phenolic-ascorbic interactions
or natural fiber encapsulation (23,24). Foundational drying studies indicate that freeze-drying maintains
the nutritional quality of materials because it sublimates water under low-temperature, solid-state
conditions that minimize enzymatic and oxidative degradation (9). These findings emphasize the need for
mechanistic studies to clarify such anomalies.

From an industrial perspective, these results suggest that selecting the right drying-based
encapsulation techniques cannot be generalized for all fruit matrices. Due to the high energy consumption
and cost of freeze drying, it is not suitable for large-scale applications (6,42). While spray drying is a more
economical and scalable option, optimizing the inlet temperature, drying time, and coating material
composition for vitamins is essential to minimize losses (43). Regarding the less studied, foam-mat drying
also shows promise as a low-cost alternative, with the potential to retain vitamin C under optimized
formulations (32,44). Importantly, the choice of coating material—particularly gum Arabic, maltodextrin
blends, or carboxymethyl cellulose—directly influences not only vitamin C retention but also powder
quality and shelf stability.

Integrating these insights, future studies should not only refine process parameters but also
consider matrix-specific interactions and post-processing stability during storage. This helps keep the
benefits achieved on a laboratory scale being translated to the industrial sphere and aids the development
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of functional fruit products containing stable vitamin C.

CONCLUSION

This review confirms that drying-based encapsulation techniques greatly affect vitamin C levels in
fruit powder products. Freeze drying is the best technique for preserving vitamin C. Optimized spray drying
and foam drying are also promising alternatives. Coating materials like GA and CMC perform better than
maltodextrin. They improve encapsulation efficiency, rehydration, and stability. However, unusual matrix
behavior, such as vitamin C retention above 100% shows that mechanistic studies are needed. Although
data on encapsulation efficiency and degradation kinetics are still limited, available evidence suggests that
careful optimization of drying parameters and coating material formulations minimizes vitamin C losses.
Applying these insights enables industry stakeholders to achieve stable, nutrient-rich fruit powders,
providing a critical advantage in meeting consumer demands for functional foods and nutraceuticals.
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