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Deficiencies in essential minerals such as iron and 
zinc represent a major challenge in developing and 
underdeveloped countries (Blanco-Rojo and Vaquero, 
2019). Iron deficiency is the leading cause of anaemia, 
driven by low iron intake, the presence of antinutrients 
that inhibit absorption, and deficiencies in vitamins 
A, E, B12, and folate (Kumar et al., 2024; Qiu et al., 
2025). According to WHO (2021), anaemia affects ap-
proximately 29.9% of all women of reproductive age 
(15–49 years) globally, with higher prevalence among 

pregnant women in the same age group (36.5%) and 
children under five (39.8%) (Gupta et al., 2023). Zinc 
deficiency affects approximately 17% of the global 
population, equivalent to around 1.1 billion people, 
and can impair the nervous, digestive, immune and 
skeletal systems, while also reducing immunity and 
stunting growth (Zhang et al., 2022).

Fortification is a safe, cost-effective, and sustain-
able strategy for preventing micronutrient deficiencies 
through the addition of vitamins and minerals to food 
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ABSTRACT

Background. Iron and zinc are essential micronutrients frequently deficient in the human diet; however, their 
direct incorporation into food systems can cause instability, oxidation, and reduced bioavailability. This study 
examined the effects of wall material composition and fortificant ratio on the microencapsulation, release 
behaviour, and bioavailability of iron and zinc, with a view to application in milk powder fortification.
Material and methods. Microparticles were produced by spray drying across varying ratios of whey protein 
isolate (WPI) to maltodextrin (7:0, 5:2, 1:1, 2:5, 0:7) and iron to zinc (1:1, 2:1, 1:2).
Results. The highest encapsulation efficiencies were achieved at a 1:1 ratio of both WPI:maltodextrin and 
iron:zinc, reaching 84.31% for iron and 90.79% for zinc. Zinc demonstrated higher bioavailability than iron, 
attributable to differences in release behaviour and solubility. Release kinetics confirmed this distinction, with 
zinc following a first-order model and iron following a Weibull model. When incorporated into milk powder, 
the microparticles conferred improved mineral bioavailability to the fortified product.
Conclusion. This study highlights the potential of WPI and maltodextrin as wall materials for improving mi-
cronutrient delivery in fortified dairy products, providing a basis for subsequent investigations into functional 
food matrix strategies aimed at enhancing iron and zinc bioavailability.
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(Olson et al., 2021). However, fortification of iron and 
zinc in particular faces considerable obstacles, includ-
ing chemical reactions such as redox reactions and the 
formation of iron-polyphenol complexes. These reac-
tions can alter the sensory properties, including taste, 
texture and colour, thereby reducing consumer accept-
ance (Pratap-Singh and Leiva, 2021). Microencap-
sulation offers an effective approach to address these 
challenges by encapsulating iron and zinc to protect 
them from external influences, improving stability, 
minimising nutrient loss, masking undesirable tastes 
and odours, enabling controlled release, and prevent-
ing adverse interactions within food systems (Baldelli 
et al., 2022; Li et al., 2022; Kaul et al., 2022).

The selection of appropriate wall materials is criti-
cal for storage stability, encapsulation efficiency, and 
resistance to gastric and intestinal conditions (Calde-
rón-Oliver and Ponce-Alquicira, 2022). Maltodextrin 
is a polysaccharide widely used in the food industry 
for its capacity to function as a matrix-forming and 
water-binding agent; however, its low surface activ-
ity limits the formation of a strong protective layer 
on droplet surfaces. Proteins, by contrast, serve as ef-
fective emulsifiers owing to their amphiphilic nature, 
ability to reduce interfacial tension, and capacity to 
form stable protective films around droplets (Leksh-
mi et al., 2021). Recent studies have explored whey 
protein isolate (WPI) in microencapsulation systems; 
WPI readily interacts with carbohydrates to form sta-
ble microcapsule structures and functions as a protein 
with physicochemical properties that support the for-
mation of biopolymer molecular networks (Poopan et 
al., 2024). Spray drying is a widely used microencap-
sulation technique suitable for protecting a wide range 
of materials, including minerals, across diverse wall 
material systems. It is extensively employed in the 
food industry for its cost-effectiveness, rapid process-
ing, operational flexibility, and suitability for continu-
ous, large-scale production (Busto et al., 2022).

Although numerous studies have investigated iron 
and zinc fortification in food systems, research em-
ploying microencapsulation with varied ingredient 
combinations to simultaneously fortify both minerals 
remains limited. In this study, iron and zinc were mi-
croencapsulated by spray drying with varying ratios 
of WPI and maltodextrin as wall materials and vary-
ing ratios of iron to zinc, with a view to application in 

fortified milk powder. The microcapsules were char-
acterised for encapsulation efficiency and physico-
chemical properties, while release behaviour, release 
kinetics, and in vitro bioavailability of iron and zinc 
under simulated gastric and intestinal conditions were 
evaluated to elucidate mineral release from the WPI–
maltodextrin matrix. These evaluations were conduct-
ed to support the development of fortified milk powder 
products with acceptable physicochemical properties.

MATERIALS AND METHODS

Materials
Iron (FeSO₄·7H₂O), zinc (ZnSO₄·7H₂O), hydrochloric 
acid (37%), 1,10-phenanthroline monohydrate (GR, 
ACS grade), and buffer solution were obtained from 
Merck KGaA (Darmstadt, Germany). Maltodextrin 
was supplied by Lihua (China), and WPI was sourced 
from Puro Pure Nutrition (Sukoharjo, Indonesia). 
Nitric acid (70%) and hydroxylamine hydrochloride 
were purchased from Loba Chemie (Mumbai, India). 
Acetic acid was supplied by CV Indrasari (Semarang, 
Indonesia). All chemicals were of analytical grade.

Preparation of microparticles
A feed solution was prepared by dissolving WPI, malto-
dextrin, FeSO₄·7H₂O, and ZnSO₄·7H₂O in distilled 
water to a total volume of 300 mL and stirring with 
a magnetic stirrer until fully hydrated. For the wall ma-
terial variation, iron and zinc were added at a fixed ra-
tio of 1:1, each at a concentration of 1.5% (w/v), while 
the WPI:maltodextrin ratio was varied at 7:0, 5:2, 1:1, 
2:5, and 0:7 (w/v). For the fortificant ratio variation, the 
WPI:maltodextrin ratio was fixed at 1:1, each at 3.5% 
(w/v), and the Fe:Zn ratio was adjusted to 1:1, 2:1, and 
1:2. The total solid content in each formulation was 10% 
(w/v). The suspensions were homogenised at 1,200 rpm 
for 7 min and spray dried at an inlet temperature of 
160°C and an outlet temperature of 80°C (Mini Buchi 
B-290), with an inlet temperature of 160°C and an outlet 
temperature of 80°C (Mini Buchi B-290), a feed flow 
rate of 5 mL/min, and a vacuum pressure of 90%.

Determination of encapsulation efficiency (EE) 
and mineral loading
For iron, 20 mg of microparticles were dissolved in 
25 mL of 2.5% (v/v) acetic acid and 0.5 mL of 37% 
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HCl, following a modified procedure described by 
Handayani et al. (2023). The solution was heated to 
80°C and stirred at 250 rpm for 2 h, then cooled and 
filtered through Whatman No. 1 filter paper. Subse-
quently, 2 mL of the filtrate was combined with 0.6 mL 
of hydroxylamine hydrochloride and left in the dark 
for 5 min. Thereafter, 1 mL of acetate buffer, 0.6 mL 
of 1,10-phenanthroline, and 0.8 mL of distilled water 
were added. Absorbance was measured at 510 nm us-
ing a UV-Vis spectrophotometer. A calibration curve 
was prepared using standard iron solutions at concen-
trations of 0.5–5 mg/L following the same procedure.

For zinc, 20 mg of microparticles were added to 10 
ml of 70% HNO₃ and digested in an incubator shaker 
for 24 h at 50°C and 200 rpm, following a modified 
method of Pratap-Singh and Leiva (2021). An aliquot 
of 1 mL was then diluted with distilled water to 25 mL, 
and zinc content was determined by atomic absorption 
spectrophotometry (AAS). Encapsulation efficiency 
and mineral loading were calculated using the follow-
ing equations.

%EE =

Total weight of iron/zinc 
in the microparticles x 100% (1)Total weight  

of iron/zinc used

Iron Loading =

Total weight of iron 
in the microparticles (2)100 mg 

microparticles

Zinc Loading =

Total weight of zinc  
in the microparticles (3)100 mg  

microparticles

SEM and FTIR analysis
The surface morphology and structural features of the 
microparticles were examined by scanning electron 
microscopy (SEM). Fourier transform infrared (FTIR) 
spectroscopy was employed to identify functional 
groups and assess potential molecular interactions 
between iron, zinc, and the wall materials within the 
microencapsulated system.

Particle size analysis
The surface morphology of the microparticles was ex-
amined using a scanning electron microscope (SEM), 
and representative micrographs were used to illustrate 
the results. Average particle size was determined by 
measuring 30 individual microparticles per sample, 
restricted to particles within the same focal plane to 
minimise perspective errors and ensure measurement 
consistency. Particle size was subsequently analysed 
using ImageJ and OriginLab software.

Colour analysis
Iron and zinc microparticles were photographed 
against a white background. Colour was assessed us-
ing the Hunter colour system (L*, a*, and b*), and 
ΔE values for selected samples were calculated using 
a colourimeter.

In vitro iron and zinc release kinetics
A modified method based on Handayani et al. (2023) 
was used. Iron/zinc microparticles (20 mg) were 
placed in a micromesh tea bag and immersed in 100 
mL of simulated gastric fluid (SGF, pH 1.2) for 2 h 
at 37°C. Subsequently, 100 mL of simulated intestinal 
fluid (SIF, pH 6.8) was added and digestion continued 
for a further 4 h. Aliquots of 10 mL were collected at 
30, 60, 120, 180, 240, 360, and 480 min, with an equal 
volume of fresh SGF or SIF replaced after each col-
lection. Released iron was analysed by UV–Vis spec-
trophotometry at 510 nm, while zinc was determined 
by AAS. The release profiles were subsequently fit-
ted to five commonly applied mathematical models – 
zero-order, first-order, Hixson–Crowell, Weibull, and 
Higuchi – using regression analysis. The model yield-
ing a coefficient of determination (R2) closest to unity 
(1.0) was considered the best fit.

In vitro iron and zinc bioavailability
Iron/zinc microparticles (20 mg) were placed in a tea 
bag and immersed in 25 mL of SGF, then incubated in 
a shaker incubator at 37°C for 1 h. Subsequently, 25 
mL of SIF was added, and incubation continued for 
a further 3 h. Released iron was quantified by UV–Vis 
spectrophotometry at 510 nm, and zinc was quantified 
by AAS. Bioavailability was calculated using the fol-
lowing equations.
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Iron bioavailability =

Iron content in the 
digestive fluid (4)Total iron content in 

the microparticles

Zinc bioavailability =

Zinc content in the 
digestive fluid (5)Total zinc content in 

the microparticles

Iron and zinc fortification of milk powder
Fortification of powdered cow’s milk was carried out 
by dry blending, incorporating 200 mg of iron and 
zinc microparticles into a single serving of milk pow-
der (30 g). The bioavailability of iron and zinc was 
assessed alongside a qualitative assessment of mac-
roscopic physical attributes – such as colour, texture, 
and odour – to evaluate the overall visual and sensory 
consistency of the fortified product.

Statistical analysis
Data were analysed using one-way ANOVA followed 
by Tukey’s HSD post-hoc test at a significance level of 
p ≤ 0.05. All analyses were performed in triplicate, and 
results are expressed as mean ± standard deviation.

RESULTS AND DISCUSSION

Encapsulation efficiency and mineral loading 
of iron and zinc microparticles
In formulations prepared with varying WPI:maltodextrin 
ratios, the encapsulation efficiency of iron ranged 
from 80.43–84.31%, while zinc exhibited slightly 

higher efficiencies of 89.89–90.79%, as shown in Fig-
ure 1(a). Figure 1(b) shows that the loading of iron 
and zinc within the microparticles was 2.573–2.698 
mg and 2.876–2.905 mg per 100 mg of microparticles, 
respectively. These results indicate a slightly lower en-
capsulation efficiency for iron but a markedly higher 
value for zinc compared with those reported in previ-
ous studies (Singh and Prasad, 2023). Both minerals 
nevertheless exhibited greater loading values, which 
may be attributable to the formation of a more com-
pact encapsulation matrix that improved mineral re-
tention during spray drying. The combination of WPI 
and maltodextrin demonstrated superior encapsulation 
performance and mineral loading relative to the use of 
either individual wall material alone, and appeared to 
promote the formation of a more stable and uniform 
encapsulation matrix (Poopan et al., 2024).

The encapsulation efficiency of the microparti-
cles varied with the iron:zinc ratio, as shown in Fig-
ure  2(a), ranging from 68.13–91.28% for iron and 
66.98–90.79% for zinc. At the balanced ratio (1:1), 
both minerals showed relatively stable efficiencies, 
whereas under iron-rich (2:1) and zinc-rich (1:2) con-
ditions, the dominant mineral tended to show lower ef-
ficiency, potentially attributable to the mineral content 
exceeding the encapsulation capacity of the matrix. 
As presented in Figure 2(b), iron content ranged from 
1.988–2.848 mg and zinc content from 1.620–2.905 
mg per 100 mg of microparticles. The highest iron 
loading was observed at the 2:1 ratio, while the highest 
zinc loading was found at the 1:2 ratio. A similar trend 
was reported by Kaul et al. (2022), in which increased 
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Fig. 1. Encapsulation efficiency (a) and mineral loading (b) of iron and zinc microparticles at varying 
WPI:maltodextrin ratios
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iron or zinc content resulted in higher mineral reten-
tion within the encapsulated matrix.

Morphological characterisation
SEM analysis of the iron and zinc microparticles re-
vealed distinct morphological characteristics across 
samples of varying compositions. As shown in Fig-
ure  3(a), microparticles produced with WPI alone 
exhibited irregular shapes and wrinkled surfaces 
with central voids, whereas those produced with 
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Fig. 2. Encapsulation efficiency (a) and mineral loading (b) of iron and zinc microparticles at varying 
iron:zinc ratios

maltodextrin alone, Figure 3(b), displayed smoother 
surface structures but also presented central cavities. 
Such surface irregularities and cavities can render bio-
active components more susceptible to oxidation due 
to reduced protection, thereby decreasing encapsula-
tion efficiency (Sirichokworrakit et al., 2025). The 
combination of WPI and maltodextrin, Figure 3(c), 
produced microparticles with a more spherical mor-
phology, smoother surfaces, and fewer surface irregu-
larities compared with those formed using either wall 

Fig. 3. Surface morphology of iron and zinc microparticles produced with varying WPI:maltodextrin ratios [(a) 7:0, (b) 0:7, 
and (c) 1:1] and iron:zinc ratios [(d) 2:1 and (e) 1:2]
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alone. The incorporation of maltodextrin contributed 
to improved film formation during drying, resulting 
in a more uniform and stable microparticle structure 
(Kaul et al., 2022), while WPI produced a more cohe-
sive wall matrix through protein denaturation, leading 
to the formation of a tightly interconnected molecular 
network (Sirichokworrakit et al., 2025).

Variations in the iron:zinc ratio also influenced mi-
croparticle morphology. At the 1:1 ratio, Figure 3(c), 
particles appeared spherical with slightly wrinkled 
surfaces. At the 2:1 ratio, Figure 3(d), the particles ex-
hibited rougher surfaces, whereas at the 1:2 ratio in 
Figure 3(e), they appeared more porous and irregular 
in shape. The surface wrinkles and indentations ob-
served across samples may also be attributed to the 
rapid evaporation of water during spray drying, which 
promotes the formation of a crust layer on the drop-
let surface at the early stage of drying (Ledari et al., 
2024).

Functional group characterisation
The FTIR spectra of WPI, maltodextrin, and iron and 
zinc microparticles prepared at a 1:1 WPI:maltodextrin 

ratio and 1:1 iron:zinc ratio were recorded across the 
range of 4,000–500 cm⁻1, as shown in Figure 4. Strong 
absorption bands at 3,273 and 2,932 cm⁻¹ correspond 
to the stretching vibrations of hydroxyl (–OH) and 
methyl (–CH) groups, characteristic of maltodex-
trin (Kaul et al., 2022). An absorption band at 1025 
cm⁻¹, associated with the ether (C–O–C) linkage com-
monly found in polysaccharides, is also attributable to 
maltodextrin. The characteristic peaks of WPI appear 
at 1,636 cm⁻¹ corresponding to C=O bond stretching 
of amide I; 1,537 cm⁻¹ arising from a combination of 
C–N bond stretching and N–H bending of amide II; 
and 1,443 cm⁻¹ attributed to N–H in-plane deforma-
tion of amide III (Lekshmi et al., 2021). An absorption 
peak at 1,078 cm⁻¹ indicates the presence of sulphate 
groups, while C–C vibrations and C–S stretching are 
observed at 1,025 cm⁻¹ and 604 cm⁻¹, respectively 
(Kaul et al., 2022). The retention of functional groups 
characteristic of both the core and wall materials in 
the FTIR spectra indicates that these components were 
preserved within the system following encapsulation, 
and that the process did not cause significant altera-
tions to the chemical structure of either material.

Fig. 4. FTIR spectra of WPI, maltodextrin, and iron and zinc microparticles prepared at 
a 1:1 WPI:maltodextrin ratio and a 1:1 Fe:Zn ratio
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Particle size distribution
Microparticles prepared with a WPI:maltodextrin ra-
tio of 7:0 exhibited the largest average particle size, 
whereas the smallest was observed at a ratio of 0:7. 
Microparticles prepared at the 1:1 WPI:maltodextrin 
ratio produced consistent intermediate sizes across all 
iron:zinc ratios. This may be attributed to the tendency 
of whey proteins to undergo denaturation and aggrega-
tion during spray drying, which increases the viscosity 
of the feed solution, promoting the formation of larger 
droplets and consequently larger microparticles (Siri-
chokworrakit et al., 2025).

Table 1. Particle size distribution of iron and zinc micropar-
ticles at varying wall material and fortificant ratios

WPI:Maltodextrin Iron:Zinc Particle size, µm

7:0 1:1 1.645 ±0.06305a

1:1 1:1 1.577 ±0.08893b

0:7 1:1 1.357 ±0.08893c

1:1 2:1 1.533 ±0.08509b

1:1 1:2 1.524 ±0.08893b

Colour
As shown in Table 2, samples with higher maltodex-
trin proportions appeared lighter and closer to the 
control, while higher WPI content produced darker 
microparticles with more pronounced colour differ-
ences. Regarding the iron:zinc ratio, the 1:2 formu-
lation appeared brighter than the 2:1 formulation, 

Table 2. Colour parameters of iron and zinc microparticles at varying wall material and fortificant ratios

WPI:Maltodextrin Iron:Zinc L* a* b* ΔL* ΔE*

7:0 1:1 69.33 ±13.42 5.33 ±3.21 39 ±7.93 –29.67 47.08

5:2 1:1 77.67 ±9.6 1.67 ±1.15 35.67 ±2.51 –21.33 39.11

1:1 1:1 79.33 ±11.23 1.33 ±2.31 23.00 ±2.64 –19.67 28.15

2:5 1:1 79.67 ±6.65 1.33 ±2.08 30.67 ±2.51 –19.33 33.83

0:7 1:1 94.00 ±7.81 –1.67 ±0.5 3.67 ±1.15 –5.00 5.09

1:1 2:1 75.33 ±10.26 3.67 ±1.53 32.67 ±1.53 –23.67 38.24

1:1 1:2 85.00 ±4.58 2.67 ±1.15 31 ±1 –14.00 31.52

indicating that a higher proportion of zinc contributed 
to lighter microparticles, whereas iron tended to pro-
duce a darker appearance.

In vitro release profile and kinetic modelling 
of iron and zinc microparticles
The release profile of iron and zinc microparticles 
prepared at a 1:1 WPI:maltodextrin ratio is presented 
in Figure 5. Both minerals exhibited relatively rapid 
release during the first two hours in simulated gastric 
fluid (SGF), with release rates of 71% for iron and 
47% for zinc. The binary WPI-maltodextrin matrix 
slowed the release of both minerals compared with 
earlier studies, indicating that wall material composi-
tion influences release behaviour. Release continued 
to increase during the subsequent four hours in simu-
lated intestinal fluid (SIF), reaching 82% for iron and 
92% for zinc. This gradual release pattern indicates 
that the majority of mineral content was released pro-
gressively under simulated gastrointestinal conditions. 
Under physiological conditions, the released iron and 
zinc would remain in a bioavailable form available for 
intestinal absorption (Pratap-Singh and Leiva, 2021).

The release profiles of iron and zinc from WPI–
maltodextrin microparticles exhibited distinct release 
mechanisms, as evidenced by the kinetic model fitting 
presented in Figure 6. Iron release was best described 
by the Weibull model, which returned the highest coef-
ficient of determination (R²) among all models tested. 
The Weibull model is an empirical approach widely 
used to characterise release kinetics from heterogene-
ous matrix systems, owing to its flexibility in repre-
senting diverse release patterns. Zinc release was best 
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described by the first-order kinetic model, in which the 
release rate is proportional to the amount of zinc re-
maining within the microparticles. This suggests that 
zinc release is governed by the concentration gradi-
ent between the WPI-maltodextrin matrix and the re-
lease medium, resulting in a progressively decreasing 
release rate as mineral content within the particles is 
depleted (Heredia et al., 2022).

In vitro iron and zinc bioavailability
The bioavailability of iron in the iron and zinc micro-
particles ranged from 8.50–8.91%, while zinc ranged 
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from 15.14–16.23%, as shown in Figure 7(a). The 
highest bioavailability values for both minerals were 
achieved with the combination of WPI–maltodextrin 
wall material compared with either material alone. 
The binary system formed by combining both mate-
rials enhances microparticle stability and protects the 
minerals during digestion, resulting in more controlled 
release in the intestine (Figueiredo et al., 2025).

For the fortificant ratio variation, iron bioavailabil-
ity ranged from 8.23–10.04%, and zinc from 15.14–
21.60%, as shown in Figure 7(b). These values are 
consistent with physiological absorption capabilities: 
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zinc absorption from food typically ranges from 
16–50% (Ośko et al., 2023), whereas non-haem iron 
absorption is considerably lower, at approximately 
2–20%, and is highly influenced by other dietary com-
ponents consumed simultaneously (Qin et al., 2025). 
Although variations in WPI:maltodextrin and iron:zinc 
ratio produced different bioavailability values, zinc 
consistently showed approximately twice the bioavail-
ability of iron across all formulations. This difference 
is attributable to their distinct release mechanisms dur-
ing digestion: zinc, following first-order kinetics, was 
released more rapidly, allowing greater intestinal ab-
sorption, whereas iron, following the Weibull model, 
exhibited a slower and more complex release pattern. 
The higher bioavailability of zinc may also be related 
to its capacity to form soluble complexes with amino 
acids such as methionine and histidine, while iron 
tends to oxidise and form insoluble complexes that 
limit absorption (Ohanenye et al., 2021).

Bioavailability and physical characteristics 
of iron and zinc-fortified milk powder
The 1:1 WPI:maltodextrin and iron:zinc ratio was se-
lected as the optimal formulation, as it provided the 
highest mineral loading for both minerals. Based on the 
mineral content, the addition of 200 mg of the micro-
particles to 30 g of milk powder is estimated to supply 
approximately 67% of the daily iron requirement and 
73% of the daily zinc requirement for children aged 
9–13 years. However, the actual contribution would 
depend on bioavailability under physiological condi-
tions. Figure 8 presents the bioavailability of iron and 
zinc in the microparticles and fortified milk powder. 
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The fortified milk powder exhibited higher bioavail-
ability values, reaching 14% for iron and 21.13% for 
zinc. The improved bioavailability in the food matrix 
may be attributed to interactions between mineral 
ions and milk proteins, particularly casein and whey 
proteins, which are naturally present in milk powder 
(Subroto et al., 2023). In addition, peptides gener-
ated during protein hydrolysis, together with sulfur-
containing amino acids such as cysteine, contribute 
to enhanced mineral bioaccessibility by converting 
ferric iron to the more readily absorbed ferrous form 
(Shilpashree et al., 2020).

Qualitative assessment showed that the fortified 
milk powder exhibited no perceptible differences 
in texture or odour compared with the control. As 
shown in Figure 9, both samples displayed a uniform 
macroscopic appearance and maintained the typical 
characteristics of milk powder, with no noticeable 
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metallic odour. Colour analysis, presented in Table 3, 
demonstrated that lightness (L*) and redness (a*) re-
mained stable across both the powder and reconsti-
tuted forms, with high L* values and a constant  a* 
value of −5.00. Although fortification caused a slight 
decrease in yellowness (b*) in the powder form and 
a minor increase upon reconstitution, these differ-
ences were visually imperceptible, preserving the 
uniform appearance of the product. These findings 
suggest that the microencapsulation process effec-
tively masked the inherent metallic characteristics 
of the iron and zinc fortificants, and the incorpora-
tion of the microparticles successfully maintained the 
macroscopic appearance and aroma profile of the for-
tified milk powder.

CONCLUSION

This study developed WPI–maltodextrin micropar-
ticles containing iron and zinc via spray drying and 
evaluated their application in milk powder fortifica-
tion. The 1:1 WPI:maltodextrin formulation produced 
stable, spherical microparticles with the highest en-
capsulation efficiency and controlled mineral release. 

Fig. 9. Visual appearance of control milk powder (a1: powder form; a2: reconstituted form) and iron-zinc fortified milk 
powder (b1: powder form; b2: reconstituted form)

Table 3. Colour parameters of control and fortified milk powder in powder and reconstituted forms.

Sample L* a* b*

Milk powder (control) 86.67 ±1.15 –5.00 ±0.00 23.67 ±4.04

Fortified milk powder 90.00 ±0.00 –5.00 ±0.00 16.33 ±1.52

Reconstituted milk (control) 85.00 ±1.00 –7.33 ±0.00 24.00 ±0.00

Reconstituted fortified milk 85.00 ±1.73 –8.00 ±1.15 27.00 ±0.00

Iron release followed the Weibull model, whereas 
zinc followed first-order kinetics; zinc consistently 
demonstrated higher bioavailability than iron across 
all formulations. The fortified milk powder exhibited 
no perceptible differences in colour, texture, or odour 
compared with the control, indicating that micro-
encapsulation effectively preserved product quality. 
These findings confirm that WPI–maltodextrin micro-
encapsulation represents a viable strategy for improv-
ing mineral stability and bioavailability in milk-based 
fortification systems.
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