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Objectives: This study evaluated color changes in prefabricated zirconia crowns after repeated exposure to commonly used 
pediatric iron supplements with different chemical formulations. 
Materials and Methods: Thirty prefabricated zirconia crowns were randomly assigned to three groups (n = 10) according to 
the iron formulation: ferric polymaltose, ferrous sulfate, and microencapsulated iron. To standardize iron exposure, the 
volume of each supplement was adjusted to deliver an equivalent dose of 40 mg elemental iron per application. Specimens 
were immersed daily for 2 minutes in undiluted iron supplements for 28 days using an immersion cycling protocol simulating 
routine pediatric syrup intake. Color assessments were conducted at baseline, day 7, and day 28 using a digital 
spectrophotometer operating within the CIE L*a*b* color system. Color differences (ΔE*) and lightness changes (ΔL*) were 
calculated. Statistical analysis was performed using non-parametric tests, with a significance level set at α = 0.05. 
Results: All iron formulations induced perceptible color changes, with ΔE* values exceeding established acceptability 
thresholds under the present in vitro conditions. Within-group comparisons showed that ΔE* values increased significantly 
from day 7 to day 28 in all groups (p < 0.05). At day 28, a statistically significant intergroup difference in ΔE* values was 
observed (p = 0.013). Crowns exposed to ferric polymaltose exhibited significantly lower color change values compared with 
those exposed to ferrous sulfate and microencapsulated iron. No significant intergroup differences were detected for ΔL*. 
Conclusions: Repeated exposure to pediatric iron supplements resulted in measurable discoloration of prefabricated 
zirconia crowns in this in vitro model. The extent of staining differed according to iron formulation, with ferric polymaltose 
showing a lower staining tendency than the other supplements tested. Given the experimental design, these findings should 
be interpreted cautiously, and further clinical or in vivo studies are needed to clarify the esthetic implications of pediatric 
iron supplementation under oral conditions.  
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Farklı Pediatrik Demir Preparatlarının Prefabrike Zirkon Kronlarda Renk Değişimleri 
Üzerine Etkisi: In Vitro Çalışma 
 

Araştırma Makalesi ÖZ 
Amaç: Bu çalışmanın amacı, farklı kimyasal formülasyonlara sahip, pediatrik hastalarda yaygın olarak kullanılan demir 
preparatlarına tekrarlayan maruziyetin prefabrike zirkonyum kronlarda oluşturduğu renk değişimlerini değerlendirmektir. 
Gereç ve Yöntemler: Otuz adet prefabrike zirkonyum kron, kullanılan demir preparatının türüne göre (ferrik polimaltoz, 
ferro sülfat ve mikroenkapsüle demir) rastgele üç gruba ayrıldı (n = 10). Demir maruziyetini standartlaştırmak amacıyla, her 
bir uygulamada 40 mg elemental demir sağlayacak şekilde preparat hacimleri ayarlandı. Örnekler, rutin pediatrik şurup 
kullanımını simüle eden bir daldırma döngüsü protokolü kapsamında, 28 gün boyunca her gün 2 dakika süreyle 
sulandırılmamış demir solüsyonlarına daldırıldı. Renk ölçümleri, CIE L*a*b* renk sistemine dayalı dijital bir spektrofotometre 
kullanılarak başlangıçta, 7. günde ve 28. günde gerçekleştirildi. Renk farkları (ΔE*) ve parlaklık değişimleri (ΔL*) hesaplandı. 
Verilerin analizi, non-parametrik istatistiksel yöntemler kullanılarak gerçekleştirildi (α = 0,05). 
Bulgular: Tüm demir preparatları zaman içerisinde algılanabilir renk değişimine neden olmuş ve ΔE* değerleri mevcut in 
vitro koşullar altında belirlenmiş kabul edilebilirlik eşiklerini aşmıştır. Grup içi karşılaştırmalarda, tüm gruplarda ΔE* 
değerlerinin 7. günden 28. güne anlamlı olarak arttığı görüldü (p < 0,05). Yirmi sekizinci günde, gruplar arasında ΔE* değerleri 
yönünden anlamlı bir fark saptandı (p = 0,013). Ferrik polimaltoza maruz bırakılan kronlar, ferro sülfat ve mikroenkapsüle 
demire maruz bırakılan kronlara kıyasla anlamlı derecede daha düşük renk değişimi gösterdi. ΔL* açısından gruplar arasında 
anlamlı bir fark bulunmadı. 
Sonuçlar: Bu in vitro çalışmada, pediatrik demir preparatlarına tekrarlayan maruziyetin prefabrike zirkonyum kronlarda 
ölçülebilir renklenmeye yol açtığı gösterilmiştir. Renklenmenin derecesi kullanılan demir formülasyonuna bağlı olarak 
değişmekte olup, ferrik polimaltoz diğer preparatlara göre daha düşük renklenme potansiyeli sergilemiştir. Deneysel 
tasarımın sınırlılıkları göz önünde bulundurularak, bu bulgular dikkatle yorumlanmalı ve pediatrik demir takviyelerinin estetik 
etkilerini klinik koşullar altında değerlendiren ileri in vivo veya klinik çalışmalara ihtiyaç duyulmaktadır. 
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Introduction 

Iron deficiency anemia (IDA) is one of the leading 
micronutrient deficiencies affecting children worldwide 
and constitutes a major public health issue. The World 
Health Organization (WHO) reports that anemia affects 
nearly 40% of children between 6 and 59 months of age 
globally.1 Oral iron supplementation continues to be the 
primary therapeutic strategy for both the prevention and 
management of iron deficiency anemia. However, despite 
its well-established efficacy, conventional oral iron 
preparations are frequently associated with 
gastrointestinal adverse effects, an unpleasant metallic 
taste, and extrinsic tooth staining.2,3 These adverse effects 
can negatively affect treatment acceptability and 
adherence, ultimately compromising the successful 
management of IDA.4 

Conventional iron supplements are commonly 
administered in ferrous (Fe²⁺) or ferric (Fe³⁺) forms, each 
differing in absorption and tolerability profiles. In recent 
years, microencapsulated iron formulations, such as ferric 
pyrophosphate encapsulated within phospholipid 
vesicles, have been developed to overcome these 
limitations. By enhancing intestinal absorption and 
minimizing direct interaction between iron and the 
gastrointestinal mucosa, this delivery system increases 
bioavailability and decreases gastrointestinal side effects. 
As a result, microencapsulated iron has gained attention 
as a viable option for pediatric patients with limited 
tolerance or compliance to traditional oral iron 
therapies.5–7 

In pediatric practice, iron supplements are frequently 
prescribed in liquid formulations, including syrups and 
drops, to facilitate administration. Despite their 
therapeutic benefits, these formulations have been 
associated with extrinsic tooth discoloration, which is 
believed to result from the precipitation of insoluble ferric 
compounds. This process involves interactions between 
iron ions, salivary proteins, and bacterial metabolites such 
as hydrogen sulfide, leading to visible staining on dental 
surfaces.3 The staining potential of iron-containing 
medications has been previously investigated on natural 
teeth and various restorative materials.3,8 However, 
evidence regarding their effects on prefabricated zirconia 
crowns (PZCs) remains limited. 

In recent decades, increasing esthetic expectations 
among both children and parents have significantly 
influenced restorative decision-making in pediatric 
dentistry. Historically, severely decayed primary anterior 
teeth were often extracted or left untreated. Today, a 
wide range of esthetic restorative options is available, 
such as open-faced stainless steel crowns, preveneered 
crowns, polycarbonate crowns, and resin composite strip 
crowns. Since their introduction in 2008, PZCs have gained 
considerable popularity due to their fully white 
appearance, favorable mechanical properties, and high 
levels of parental satisfaction.9,10 Previous studies have 
demonstrated that zirconia crowns are biocompatible, 
highly durable, and associated with lower gingival index 

scores compared with resin-based alternatives.11,12 
Nevertheless, maintaining their long-term esthetic 
stability remains a critical concern. 

Although zirconia crowns exhibit excellent optical and 
mechanical characteristics, recent studies have shown 
that they are not entirely resistant to extrinsic 
discoloration. Pate et al. reported no clinically significant 
color change in PZCs following sterilization procedures.13 
In contrast, Wiggins et al. observed perceptible 
discoloration and changes in translucency after immersion 
in commonly consumed pediatric beverages.14 These 
findings highlight that zirconia crowns may be susceptible 
to staining under certain conditions, underscoring the 
importance of evaluating their color stability when 
exposed to substances frequently encountered in 
pediatric patients. 

Despite the well-documented staining potential of 
pediatric iron supplements, no study to date has 
compared the effects of different iron formulations and 
valence states, including ferrous, ferric, and 
microencapsulated iron, on the color stability of zirconia 
crowns. Given the widespread use of iron medications 
during childhood and the growing reliance on zirconia 
crowns for esthetic rehabilitation, further investigation in 
this area is warranted. 

Therefore, the aim of this in vitro study was to evaluate 
and compare the color changes in PZCs following exposure 
to ferrous sulfate, ferric polymaltose, and 
microencapsulated iron syrups. The null hypothesis was 
that no significant differences would be observed in the 
extent of color change among zirconia crowns exposed to 
the different iron formulations. 

Materials and Methods 

Sample size calculation was performed using G*Power 
software (version 3.1.9.2) for repeated-measures analysis. 
The expected effect size was estimated from ΔE* values 
reported in a previous in vitro study evaluating the color 
stability of prefabricated zirconia crowns under repeated 
exposure conditions. Based on the reported group means 
and standard deviations, the effect size was calculated as 
f = 0.456. Using an alpha error probability of 0.05, a 
statistical power of 80%, three experimental groups, and 
repeated color measurements at T0, T7, and T28, the 
minimum required total sample size was calculated as 18 
specimens. To increase the robustness of the 
experimental design and account for possible specimen 
variability, 10 specimens per group were included, 
resulting in a total sample size of 30 specimens. 

A total of 30 PZCs (NuSmile ZR, Houston, TX, USA) 
which have been frequently evaluated in previous in vitro 
studies,14,15 were included in the study. All specimens 
consisted of upper right primary central incisor crowns. To 
facilitate standardized and reproducible color 
measurements, the largest available crown size (size 6) 
was selected for all specimens, providing a wider and 
flatter labial surface and minimizing edge-related 
measurement errors. 
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Each crown was mounted in transparent cold-cure 
acrylic resin using a standardized silicone mold measuring 
10 mm × 8 mm × 10 mm to achieve uniform positioning 
for spectrophotometric color assessment. To ensure 
measurement standardization, the labial surface of each 
crown was oriented perpendicular to the mold wall and 

parallel to the horizontal plane (Figure 1). Polymerization 
of the acrylic blocks was completed at room temperature 
over a 15-minute period, after which full exposure of the 
labial surface was confirmed visually. All specimens were 
then maintained at room temperature until baseline color 
measurements were obtained. 

 
 

Figure 1. Prefabricated zirconia crown embedded in acrylic resin for color measurement. 

Before the immersion protocol, the specimens were 
randomly allocated into three groups (n = 10) using 
www.randomizer.org to ensure an unbiased and 
reproducible allocation method. All specimens were 
immersed in the supplements in their undiluted (pure) 
form to simulate direct oral intake conditions. 

The experimental groups were established as follows: 
Group 1: 4 mL of undiluted Ferrum Hausmann (ferric 
polymaltose, Fe³⁺) 
Group 2: 10 mL of undiluted Ferro Sanol B (ferrous sulfate 
/ ferrous glycine sulfate, Fe²⁺) 
Group 3: 10 mL of undiluted Microfer (microencapsulated 
iron) 

In this study, Ferro Sanol B and Ferrum Hausmann 
were chosen as they are among the most commonly 
prescribed pediatric iron syrups in Turkey, based on 
information provided by the Turkish Medicines and 
Medical Devices Agency.16 In contrast, Microfer syrup is 
commercially available as a dietary supplement rather 
than a licensed medicinal product. The literature does not 

provide a definitive recommendation regarding the 
optimal dosage of pediatric iron supplementation; 
however, previous reports indicate that iron syrups or 
drops may contain between 12.5 and 50 mg of elemental 
iron per 5 mL dose.17,18 In routine clinical practice, 
recommended daily pediatric doses vary according to age, 
formulation, and the severity of iron deficiency. According 
to manufacturers’ instructions, Ferro Sanol B is commonly 
prescribed at approximately 5 mL per day in young 
children, whereas Ferrum Hausmann may be 
administered at doses ranging from 5 to 10 mL per day 
depending on clinical need. The maximum therapeutic 
daily dose of Ferro Sanol B is reported as 10 mL syrup, 
corresponding to 40 mg of elemental iron.3 To ensure 
comparability among groups and to minimize dose-
related confounding effects, the volume of each iron 
supplement was therefore adjusted to deliver an 
equivalent amount of 40 mg elemental iron per exposure 
in the present study. The characteristics of the iron 
supplements are summarized in Table 1.

 
Table 1. Iron formulations evaluated in the study 

Product  Composition Manufacturer 

Ferrum Hausmann 
(50 mg / 5 mL, 150 mL) 

Ferric polymaltose 
4 mL syrup containing 40 mg Fe³⁺ 

Vifor Pharma, Switzerland; local license 
holder: Abdi İbrahim, İstanbul, Turkiye 

Ferro Sanol B 
(20 mg / 5 mL, 150 mL) 

Ferrous sulfate 
10 mL syrup containing 40 mg Fe²⁺ 

UCB Pharma, Germany; local license 
holder: Adeka, İstanbul, Turkiye 

Microfer  
(10 mg / 2.5 mL, 250 mL) 

Microencapsulated iron (microencapsulated ferric pyrophosphate) 
10 mL syrup containing 40 mg iron 

Orzax, İstanbul, Turkiye 

 
An immersion cycling protocol was applied to simulate 

daily consumption of pediatric iron supplements, as 
previously described in validated in vitro models.3,8,19–21 
Each specimen was immersed once daily for 2 minutes in 
the assigned undiluted iron supplement at room 
temperature. Following immersion, specimens were 
rinsed with distilled water for 10 seconds to remove 

residual solution and subsequently stored in fresh distilled 
water in an incubator at 37°C (Nüve, Ankara, Türkiye) for 
the remaining 23 hours and 58 minutes of the daily cycle. 
The storage water and iron supplement aliquots were 
renewed daily. This protocol was repeated for 28 
consecutive days. Color measurements were performed 
at baseline (prior to immersion), after 7 cumulative 
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immersion cycles (day 7), and after 28 cumulative 
immersion cycles (day 28). Representative images of 
pediatric iron supplement solutions are shown in Figure 2. 

Color assessments were conducted using a digital 
spectrophotometer (VITA Easyshade Advance V, VITA 
Zahnfabrik, Bad Säckingen, Germany)3,22,23 (Figure 3). Prior 
to each measurement session, the device was calibrated 
in accordance with the manufacturer’s guidelines. 

Before each color assessment, the specimens were 
rinsed with distilled water for 5 seconds and subsequently 
air-dried using gentle airflow. Measurements were 
conducted inside a standardized color-measurement 
chamber with a neutral gray background. To maintain 
consistency across measurements, the probe tip was 
oriented perpendicular to the labial surface of each 
crown. For each specimen and time point, three 
consecutive measurements were obtained from the 
central third of the labial surface by the same operator, 
and the mean L*, a*, and b* values were used for 
statistical analysis. 

Color values were obtained using the CIE L*a*b* color 
system, in which L* denotes lightness (0–100), a* 
corresponds to the green–red axis, and b* represents the 
blue–yellow axis.24 

Color differences (ΔE*) between baseline, day 7, and 
day 28 were calculated using the following equation: 

ΔE ∗= √(Δ𝐿)2 + (Δ𝑎)2 + (Δ𝑏)2 
The obtained ΔE* values were evaluated using 

established perceptibility (PT = 1.2) and acceptability (AT 
= 2.7) thresholds defined for the CIE L*a*b* color 
system.25-27 The PT corresponds to the minimum color 
difference detectable by 50% of observers, whereas the 
AT indicates the highest color difference considered 
clinically acceptable by half of the observers. 

Statistical analyses were carried out using IBM SPSS 
Statistics (version 25.0; Armonk, NY, USA). The normality 
of data distribution was evaluated with the Shapiro–Wilk 
test. Given the small sample size (n = 10 per group) and to 
ensure a conservative analytical approach, non-
parametric statistical methods were applied. Accordingly, 
ΔE* and lightness change (ΔL*) values were reported as 
medians with interquartile ranges (IQR). 

Intergroup differences at days 7 and 28 were assessed 
using the Kruskal–Wallis test. To account for the repeated-
measurement structure of the data, within-group 
comparisons between day 7 and day 28 were performed 
using the Wilcoxon signed-rank test. In cases where a 
significant overall effect was identified in intergroup 
comparisons, post hoc pairwise comparisons were carried 
out with the Mann–Whitney U test applying Bonferroni 
adjustment. All analyses were two-sided, and the 
threshold for statistical significance was set at p < 0.05. 

 

 

Figure 2 Pediatric iron supplement solutions used in the study 

 

Figure 3 Digital spectrophotometer used in the study for color measurements 

Results 

Median ΔE* and ΔL* values at day 7 and day 28 are 
presented in Table 2. At day 7, no statistically significant 
difference in ΔE* values was observed among the groups 
(p = 0.348). At day 28, a statistically significant intergroup 
difference was detected (p = 0.013) (Table 2). 

Post hoc analysis using the Mann–Whitney U test with 
Bonferroni correction demonstrated that PZCs exposed to 
ferric polymaltose (Group 1) showed significantly lower 
ΔE* values than those exposed to ferrous sulfate (Group 
2) and microencapsulated iron (Group 3) (p = 0.014 for 
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both comparisons), whereas no significant difference was 
observed between Groups 2 and 3 (p = 0.473). 

At both evaluation time points, median ΔE* values in 
all groups exceeded the perceptibility (1.2) and 
acceptability (2.7) thresholds (Figure 4). 

Within-group comparisons using the Wilcoxon signed-
rank test showed that ΔE* values increased significantly 
from day 7 to day 28 in all groups (Group 1: p = 0.006; 
Group 2: p = 0.006; Group 3: p = 0.004) (Table 2). For ΔL*, 

a significant decrease from day 7 to day 28 was observed 
only in Group 2 (p = 0.027), whereas the changes in Group 
1 (p = 0.063) and Group 3 (p = 0.078) were not statistically 
significant. 

Negative ΔL* values were observed in all groups at 
both time points, indicating a reduction in lightness over 
time. However, no statistically significant intergroup 
differences were detected for ΔL* at day 7 (p = 0.445) or 
day 28 (p = 0.218). 

 
Table 2. Intergroup and within-group comparison of color difference (ΔE*) and lightness change (ΔL*) 

Group ΔE7–0* ΔE28–0* 
p-value 

(within-group) 
ΔL7–0* ΔL28–0* 

p-value 
(within-group) 

Group 1 
(ferric polymaltose, Fe³⁺) 

2.86 
(2.37–3.67) 

3.44 
(2.86–4.85)b 0.006** 

-2.60 
(-3.40–-2.10) 

-3.00 
(-4.15–-2.33) 

0.063 

Group 2 
(ferrous sulfate, Fe²⁺) 

3.89 
(3.42–5.12) 

5.56 
(5.32–6.39)a 0.006** 

-3.70 
(-4.70–-3.00) 

-5.45 
(-6.25–-4.93) 

0.027** 

Group 3 
(microencapsulated iron) 

3.64 
(2.64–4.55) 

6.34 
(4.53–8.17)a 0.004** 

-3.30 
(-4.30–-1.85) 

-4.65 
(−6.93–-2.05) 

0.078 

p-value 
(intergroup) 

0.348 0.013**  0.445 0.218  

Data are expressed as median with interquartile range (IQR). Intergroup comparisons at each time point were analyzed using the Kruskal–Wallis test. 
Within-group comparisons between day 7 and day 28 were analyzed using the Wilcoxon signed-rank test. Negative ΔL* values reflect a decrease in 
lightness, indicating darkening. Statistically significant intergroup differences are denoted by different superscript letters (a, b) based on post hoc 
Mann–Whitney U tests with Bonferroni adjustment. **p < 0.05 was considered statistically significant. 

 

 

Figure 4. Box-and-whisker plots showing ΔE7-0* (A) and ΔE28-0* (B) values for each study group 
The boxes illustrate the interquartile range, the central line represents the median, the whiskers indicate the 

minimum and maximum values, and dots indicate outliers. Group 1: Ferric polymaltose; Group 2: Ferrous sulfate; 
Group 3: Microencapsulated iron. 

Discussion 

This in vitro investigation assessed the color stability of 
prefabricated zirconia crowns after exposure to three 
commonly used pediatric iron formulations differing in 
chemical structure and valence state. The findings 
demonstrated that all tested iron supplements induced 
perceptible color changes over time, with ΔE* values 
exceeding established acceptability thresholds under the 
present in vitro conditions, leading to rejection of the null 
hypothesis. Notably, the magnitude of discoloration 
varied according to iron formulation, with ferric 

polymaltose exhibiting significantly lower ΔE* values 
compared with ferrous sulfate and microencapsulated 
iron after 28 days of immersion. 

The significant within-group increase in ΔE* values 
from day 7 to day 28 in all groups indicates a cumulative 
discoloration effect over time and is consistent with 
previous in vitro studies investigating the staining 
potential of pediatric iron syrups and dietary supplements 
on dental materials. Akçay et al. reported time-dependent 
extrinsic discoloration of restorative materials following 
exposure to iron-containing syrups, with ΔE* values 
exceeding clinically acceptable thresholds after prolonged 
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immersion.19 In addition, studies evaluating pediatric 
beverages have demonstrated that repeated chemical 
challenges may compromise the optical stability of 
zirconia materials.14,28 Together, these findings support 
the susceptibility of zirconia surfaces to repeated 
chemical exposure. 

The lower discoloration observed in the ferric 
polymaltose group may be attributed to its stable 
macromolecular structure, which limits the release of free 
iron ions under neutral conditions.29 In contrast, ferrous 
sulfate readily dissociates in aqueous environments, 
increasing the availability of reactive iron species that may 
contribute to extrinsic staining.30,31 Supporting this 
mechanism, an in vitro dental study evaluating enamel 
staining of primary teeth reported significantly greater 
discoloration following exposure to ferrous sulfate 
compared with ferric polymaltose.32 Consistent with these 
findings, clinical studies have shown that ferrous sulfate, 
but not ferric polymaltose, results in increased levels of 
non–transferrin-bound iron, reflecting greater exposure 
to unbound and reactive iron species.30,31 Although 
microencapsulated iron formulations are designed to 
reduce gastrointestinal side effects by limiting direct iron–
mucosa contact, the present results suggest that such 
encapsulation does not fully prevent iron-related 
discoloration of zirconia crowns under repeated exposure 
conditions. 

Previous investigations into the color stability of 
prefabricated zirconia crowns have reported variable 
outcomes depending on the nature of the chemical or 
dietary challenge. Pate et al. observed no clinically 
significant color changes following sterilization 
procedures, indicating stability under controlled thermal 
and chemical conditions.13 In contrast, Wiggins et al. 
reported perceptible color changes and alterations in 
translucency after immersion in beverages commonly 
consumed by children; however, these changes remained 
below the acceptability threshold.14 These findings 
suggest that zirconia crowns may exhibit detectable color 
alterations following repeated chemical exposure, even 
when such changes are not considered clinically 
unacceptable. The present findings extend the limited 
body of evidence by suggesting that pediatric iron 
supplements may pose a more pronounced staining 
challenge for zirconia crowns under in vitro conditions. 

In the evaluation of esthetic dental materials, PT and 
AT are commonly used to standardize the interpretation 
of color differences.26,33 In the present study, ΔE* values 
exceeded both thresholds at all evaluation time points, 
indicating that exposure to pediatric iron syrups may 
result in visually perceptible and potentially unacceptable 
color changes under laboratory conditions. Negative ΔL* 
values observed across all groups further suggest a 
generalized reduction in lightness over time, consistent 
with surface darkening caused by extrinsic pigment 
deposition, as previously described in iron-related 
discoloration studies.3,19 

The immersion cycling protocol used in this study was 
adapted from previously validated in vitro models 

designed to simulate the daily intake of pediatric 
syrups.3,8,19 In a cross-sectional study from Türkiye, most 
parents (89.3%) administered iron supplements after 
tooth brushing despite only moderate knowledge 
regarding iron-related tooth discoloration.34  This practice 
may allow direct contact between iron solutions and 
dental surfaces, supporting the relevance of immersion-
based discoloration models. Nevertheless, certain 
limitations should be acknowledged. The absence of 
mechanical brushing and dynamic salivary flow may have 
exaggerated discoloration compared with in vivo 
conditions, where oral hygiene practices could partially 
mitigate surface staining. In addition, only one zirconia 
crown system was evaluated. Although baseline color 
measurements were obtained for all specimens and color 
changes were calculated relative to each specimen’s own 
baseline value, the absence of a separate negative control 
group stored under identical conditions without iron 
exposure remains a limitation of the present study. Such 
a group could have provided additional information 
regarding possible storage-related color changes during 
the experimental period. However, given the high intrinsic 
color stability of zirconia and the short-term 28-day 
protocol, the observed changes are more likely to be 
associated with repeated exposure to iron formulations. 
Another limitation is that color differences were 
calculated using the CIE L*a*b*-based ΔE* formula, 
whereas the CIEDE2000/ΔE00 formula was not applied. 
Future studies may include ΔE00 analysis to provide a 
more comprehensive assessment of perceptual color 
differences.  

The pH values of the products used in the present 
study were not independently measured. The iron 
supplements were used freshly in their commercially 
available undiluted form for each immersion cycle, and no 
additional experimental solutions were prepared. 
However, available manufacturer information indicates 
that Ferrum Hausmann has a pH range of 5.5–7.0.35 In 
addition, reference data for aqueous ferrous sulfate 
solutions report an acidic pH of approximately 3.7, which 
may reflect the acidic nature of ferrous sulfate-containing 
preparations.36 A previous in vitro study also reported an 
acidic pH value (3.87) for Microfer.8 Therefore, acidity may 
have contributed to the observed discoloration pattern, 
particularly in the ferrous sulfate and microencapsulated 
iron groups. Nevertheless, because these pH values were 
obtained from manufacturer information or previous 
literature and were not directly measured in the products 
used in the present study, the observed color changes 
cannot be attributed to acidity alone. Iron formulation, 
valence state, free iron availability, concentration, 
pigment deposition, and interactions with the zirconia 
surface may also have contributed to discoloration.14,21 

Future studies may incorporate pH evaluation, dynamic 
oral environment simulations including salivary flow and 
mechanical brushing, and dietary exposure models to 
better replicate clinical conditions. In addition, future 
investigations may assess whether surface sealants or 
protective coatings, previously suggested to reduce iron-
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related discoloration of restorative materials3, may 
similarly improve the color stability of zirconia crowns. 

Within these limitations, the present study provides 
novel evidence regarding the differential staining 
behavior of zirconia crowns exposed to pediatric iron 
formulations with distinct chemical characteristics. Under 
the present in vitro conditions, ferric polymaltose showed 
comparatively lower discoloration than ferrous sulfate 
and microencapsulated iron. However, this finding should 
not be interpreted as a direct clinical recommendation, as 
intraoral factors such as salivary flow, oral hygiene 
practices, dietary habits, and medication administration 
methods may influence staining behavior. Clinicians 
should therefore inform parents about the possibility of 
esthetic changes and emphasize preventive measures, 
such as rinsing after medication intake and regular 
professional monitoring. 

Conclusions 

Within the limitations of this in vitro study, exposure 
to pediatric iron supplements resulted in detectable color 
changes in PZCs. The magnitude of discoloration differed 
among iron formulations, with ferric polymaltose showing 
lower color change values than ferrous sulfate and 
microencapsulated iron following repeated exposure. 
These results suggest that differences in iron chemistry, 
including formulation and valence state, may play a role in 
the color stability of zirconia crowns. As the findings are 
based on an in vitro experimental model, direct 
extrapolation to clinical conditions should be made with 
caution. Further clinical and in vivo investigations are 
warranted to confirm these observations under real oral 
environments. 
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