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HIGHLIGHTS
e A rapid and simple analytical method was developed and validated for the luteolin (LUT)
determination by chromatography.
e  The nanocomposites were successfully obtained using the proposed method.
e A high incorporation efficiency of LUT was achieved for the LUT-hydroxyapatite nanocomposites.

Abstract: Calcium hydroxyapatite (HAp) is widely used in medical and aesthetic fields for bone repair and
dermal applications. Luteolin (LUT), a flavonoid with anti-inflammatory and antioxidant properties, may
enhance the therapeutic potential of HAp for collagen production into the skin. The main aim of this paper
was to develop and validate a simple and reliable RP-HPLC/DAD method for quantifying LUT in HAp
nanocomposites. The synthesis of hydroxyapatite nanoparticles (n-HAp) was performed via precipitation
method. To obtain the novel nanocomposites, n-HAp was associated with LUT by the wet method using
ethanol into a SpeedMixer®, followed by drying into an oven at 35°C for 48 hours. The RP-HPLC/DAD method
was developed for quantifying the LUT incorporation efficiency. The validation parameters assessed included
selectivity, linearity, limits of quantification (LOQ) and detection (LOD), precision, accuracy, robustness, and
sample stability. The novel nanocomposites n-Hap-LUT were successfully prepared using the proposed
method. The incorporation efficiency demonstrated high values of 82.90% and 95.16% for nHAp-LUT
samples. Thus, the RP-HPLC/DAD method was appropriate for quantifying LUT in novel dermal aesthetic
products for collagen production and may be further used for design and quality control of novel collagen
biostimulation technologies.
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INTRODUCTION

Calcium hydroxyapatite (HAp)(Figure 1A), a biomaterial with the molecular formula Caio(PO4)s(OH)2, is
a synthetic derivative of calcium phosphate and the primary mineral component of human bones and teeth
[1-3]. Recognized for its bioactivity, biocompatibility, and bioresorbability, HAp has been extensively used in
medical and dental fields, including orthopedic prostheses, dental implants, and bone tissue repair. Its
potential for dermal applications was first described when its collagen-stimulating effects were observed in
patients with facial bone loss [4-6]. Approved by the FDA in 2006 for aesthetic use, HAp is currently utilized
for skin biostimulation, wrinkle correction, and dermal volume restoration [7]. These applications control its
capacity to trigger neocollagenesis through a controlled inflammatory response, enhancing skin texture and
elasticity [8-10].

Despite its widespread use, HAp’s efficacy in collagen stimulation has some limitations. The material’s
degradation profile typically extends to 24 months, and its efficacy depends on factors such as particle size,
surface area, and the preparation method [11-13]. Injectable HAp formulations often incorporate
microspheres within a carrier gel to facilitate administration, but this configuration presents challenges related
to sustained release and long-term stability [14,15]. Additionally, while HAp provides immediate volumization,
its gradual resorption limits its ability to maintain prolonged neocollagenesis [16,17]. Enhancing its therapeutic
profile through advanced formulations, such as the inclusion of bioactive agents, could overcome these
constraints and maximize its potential in aesthetic and therapeutic applications [18].

Luteolin (LUT)(Figure 1B), a naturally occurring flavonoid, is widely recognized for its anti-inflammatory,
antioxidant, and anti-carcinogenic properties [19,20]. Found in various plant sources, LUT has demonstrated
potent free radical scavenging activity and the ability to modulate oxidative stress [21,22]. These attributes
are particularly relevant in dermatological applications, where oxidative stress and inflammation contribute to
skin aging and disorders such as psoriasis and atopic dermatitis [23]. LUT also inhibits the activity of matrix
metalloproteinases (MMPs), enzymes responsible for collagen degradation, making it a promising candidate
for applications aiming to preserve or enhance dermal collagen [22-24].

The physicochemical characteristics of LUT, including its poor water solubility and high hygroscopicity,
present challenges for its incorporation into therapeutic formulations [25-27]. However, advances in
extraction and techniques have facilitated its use in both pharmaceutical and cosmetic applications [28, 29].
The LUT ability to suppress pro-inflammatory cytokines, such as tumor necrosis factor (TNF) and interleukins
(ILs), while enhancing anti-inflammatory mediators like IL-10, further underscores its therapeutic potential
[20,30,31]. Moreover, studies have highlighted its neuroprotective, anticancer, and wound-healing properties,
suggesting a broader spectrum of applications beyond dermatology [22,23,32].
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Figure 1. Chemical structure of hydroxyapatite (A) and luteolin (B).
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Some previous papers were devoted to developing and validating analytical methods for the
guantification of LUT and related compounds [33-36]. Wu and coauthors [33] and Shi and coauthors [34]
used HPLC-MS/MS methods and showed high sensitivity and selectivity for pharmacokinetic studies
involving LUT and its metabolites in rat plasma. Zhang and coauthors [35] optimized a gradient HPLC method
for the quality control of herbal suppositories and provided precise quantification of active phenolic
components including LUT. San Martin and coauthors [36] used a gradient HPLC approach to quantify LUT
in peanut shells. Despite these briefly mentioned analytical strategies, the literature lacks in presenting
validated methods for quantifying LUT in novel HAp-based nanocomposites. This study hypothesizes that a
simple reverse-phase high-performance liquid chromatography (RP-HPLC) method with diode-array
detection (DAD) can be developed and validated for this purpose. The null hypothesis assumes that the
proposed method will not meet the rigorous criteria for selectivity, sensitivity, precision, and accuracy required
for analytical validation.

Taking all these into account, the main aim was to develop and validate a simple, reliable RP-HPLC/DAD
method for quantifying LUT in HAp nanocomposites in order to provide further advancements in collagen
biostimulation technologies. This paper can contribute to the development of enhanced HAp dermal
formulations with integrated antioxidant properties for further aesthetic applications.

MATERIAL AND METHODS

Synthesis of Calcium Hydroxyapatite Nanoparticles

The synthesis of hydroxyapatite nanoparticles (n-HAp) was carried out using the precipitation method
based on the stoichiometric Ca/P molar ratio of 1.67, which is essential to produce calcium hydroxyapatite
as previously reported [37]. Phase 1 was prepared containing distilled water (228 mL), ammonium hydroxide
solution (165 mL, p.a., ~25% NH; basis), and phosphoric acid (7 mL, p.a., 85%) at 50°C. A second solution
(Phase 2) containing distilled water (150 mL) and analytical grade calcium nitrate tetrahydrate (39.9 g) was
obtained. Phase 2 was slowly dripped into Phase 1 under vigorous stirring. The reaction was kept in magnetic
stirring and the temperature was gradually increased from 50°C to 100°C for 60 minutes. The synthesized
samples were frozen in an ultrafreezer at —-86°C (Nu9668GC, NuAire) for 48 hours and were then subjected
to freeze-drying (LD 1500, Terroni) for 72 hours to obtain n-HAp.

Moisture Content

The moisture content of the synthesized n-HAp samples was evaluated using an infrared moisture
analyzer (MOC63u, Shimadzu). This method was performed to calculate the sample proportions for LUT
incorporation into the n-HAp.

Preparation of Hap-LUT Nanocomposites

To obtain the nanocomposites, LUT at 1, 10, and 20% (m/m) was added to the previously synthesized
n-HAp. Absolute ethanol (99.5%) was mixed, and the samples were homogenized using a SpeedMixer®
(DAC 150.1 FV-K, Hauschild SpeedMixer®) at 3,500 rpm for 3 hours [37]. After this procedure, the n-HAp-
LUT nanocomposites were dried into an oven at 35°C for 48 hours. For comparative purposes, a hon-loaded
sample with no LUT (LO) was also prepared. Table 1 summarizes the nanocomposite formulations.

Table 1. Composition of n-HAp-LUT nanocomposites.

Formulation HAp (%) LUT (%) LUT (mg)
LO 100 — —

L1 99 1 3.33

L2 90 10 33.3

L3 80 20 66.6

Analytical Quantification

The chromatographic conditions were carefully evaluated and optimized by the authors. This process
involved testing different compositions, pH, and flow rates of the mobile phase to achieve optimal separation
and peak resolution. Additionally, the column temperature and the detection wavelength were examined to
ensure maximum analytical quality. This comprehensive approach allowed for enhanced method
performance and reliable quantification of LUT. The HPLC Nexera-i 2040C LC 3D Plus system (Shimadzu)
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was used for the analytical development and optimization. Pure LUT was firstly dissolved in methanol
(CH; OH, HPLC grade) at a concentration of 1 mg.mL%. A Cis column (Shim-pack CLC-ODS M, Shimadzu)
with a particle size of 5 ym, a length of 150 mm, and an internal diameter of 4.6 mm was used. The
wavelength of the diode array detector was set at 254 nm. The flow rate of 1 mL/min and the injection volume
of 5 yL were chosen. The oven temperature was maintained at 25°C. The mobile phase consisted of water
acidified with 0.1% formic acid (Phase A) and methanol (Phase B) at a 40:60 (v/v) ratio, with a run time of 8
minutes under isocratic conditions.

Analytical Validation

The parameters evaluated for validation included selectivity, linearity, homoscedasticity, limit of
guantification (LQ) and detection (LD), precision, accuracy, robustness, and sample stability. The validation
was performed according to the guidelines provided by the Brazilian health regulatory agency [38].

Selectivity

Selectivity was examined by comparing the chromatograms of LO (n-HAp formulation with no LUT) and
n-HAp-LUT nanocomposite (containing 10% LUT) to confirm that the formulation did not interfere with the
LUT quantification [39].

Linearity

To assess linearity, samples were prepared from a stock solution at a concentration of 1 mg.mL™.
Sample solutions were then prepared at concentrations of 0.2, 0.3, 0.4, 0.5, and 0.6 mg.mL™. The linear
equation and the correlation coefficient (r) were obtained. Linear regression analysis was performed using
the least squares method, and the slope was tested by Analysis of Variance (ANOVA) with a significance
level of 0.05.

Homoscedasticity

To evaluate homoscedasticity, a scatter plot was created to depict the relationship between the predicted
values on the X-axis and the residual values on the Y-axis [40]. The Breusch-Pagan test was used to test
the null hypothesis (H, ) that error variances are equal against the alternative hypothesis (H; or HA) that
variances have at least one differing mean [40].

Limit of Quantification (LOQ) and Limit of Detection (LOD)

The limit of quantification (LOQ) and the limit of detection (LOD) were calculated using the quotient
between the standard deviation (DP) of linear coefficients and the mean of angular coefficients of the curves
(S), using the factors suggested by the International Conference on Harmonisation [41], as described in
Equations 1 and 2.

LOQ = 10x¥ (1)

LOD = 3.3x¥ )

Where DP is the standard deviation, and S is the slope of the analytical curve.

Precision

To determine the repeatability of the analytical method, triplicates at the lowest, medium, and highest
concentrations (n=9) were separately prepared under identical operating conditions, by the same analyst,
using the same equipment, and on the same day. The results were expressed as the coefficient of variation
(CV), calculated according to Equation 3, where SD is the standard deviation of the series of measurements,
and AMC is the average measured concentration.

CV (%) = (%)xwo ®)
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Intermediate precision was evaluated using the same nine replicates, which were also prepared
individually, on two different days, in the same laboratory, and by different operators. The interday CV was
then calculated using Equation 3. Statistical analysis of the results was performed using a t-test with a
significance level of 0.05.

Accuracy

For accuracy, the recovery method was used by the analytical determination of a known amount of
analyte spiked into the n-HAp-LUT nanocomposite (containing 10% LUT). Accuracy was verified using nine
determinations of three replicates at three different levels of the analytical curve: low (0.25 mg.mL™?), medium
(0.45 mg.mL™?) and high (0.55 mg.mL!) concentrations. Accuracy was expressed using Equation 4, where
the expected results should range between 95% to 105% [38].

experimental value

Accuracy(%) = ( )xlOO (4)

theoretical value

Robustness

For robustness, the samples were subjected to different analytical column temperature conditions and
variations in the mobile phase composition. The analytical column temperature was adjusted from 25°C to
22°C and 28°C. The mobile phase composition, initially set at 40:60 (v/v) with 60% Phase B (methanol), was
modified to 41:59 and 39:61. The results for the parameters were analyzed using the CV and analyte
recovery (%) and compared to the values obtained under standard conditions. Statistical significance of the
results was evaluated using ANOVA with Tukey's post hoc test with a significance level of 0.05.

Stability

According to Oliveira and Gaitani [42], stability testing was carried out as part of the robustness by
exposing the sample to room temperature for a minimum of 6 hours. The results were compared to those of
freshly prepared solutions. For this test, the sample was prepared at a concentration of 0.4 mg.mL? and
stored for 24 hours at room temperature with no protection from light.

Incorporation Efficiency of HAp-LUT nanocomposites

The incorporation efficiency (IE%) was directly measured after LUT extraction. A known amount of each
n-HAp-LUT nanocomposite (L1, L2, and L3) was accurately weighed, dissolved in methanol, and centrifuged
at 10,000 rpm for 5 minutes. The sample was then filtered through a 0.22-um-pore PTFE filter and quantified
using the developed and validated method [43,44]. The IE% was obtained using Equation 5.

experimental value

1E(%) = ( )x100 ®)

theoretical value

Statistical Analysis

The results were expressed as mean + standard deviation. Statistical significance between groups was
assessed using one-way analysis of variance (ANOVA) for statistical comparisons with a significance level
of 5% (a = 0.05).

RESULTS

Synthesis of Calcium Hydroxyapatite Nanoparticles and Preparation of Hap-LUT Nanocomposites

The synthesis of n-HAp was successfully performed, and the final product showed a flake powder aspect
with a white color after freeze-drying. The n-HAp-LUT nanocomposites L1, L2, and L3 exhibited a yellowish
color due to the incorporation of LUT.

Analytical Quantification

Figure 2a shows the chromatogram of LUT at a concentration of 0.4 mg.mL?* with a well-defined
chromatographic peak at a retention time of 4.9 minutes.
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Figure 2. Chromatographic data of the developed and validated RP-HPLC/DAD method for LUT. (a) LUT
chromatographic peak at 0.4 mg.mL-1; (b) chromatogram of LO (formulation containing no LUT); (c) analytical curve from
linearity results at concentrations of 0.2, 0.3, 0.4, 0.5, and 0.6 mg.mL; (d) scatter plot demonstrating a random
dispersion.

Selectivity

The elution observed for formulation LO (containing no LUT) showed no absorption peak as indicated in
Figure 2b. This result confirms the selectivity of the analytical method since any substance other than LUT
did not interfere in the chromatogram.

Linearity

The analytical curve was obtained within the concentration range of 0.2 to 0.6 mg.mL™ and resulted in
the equation y = (19,085,817) x + (-922339.6) and the linear correlation coefficient (R) of 0.995 as depicted
in Figure 2c.

Homoscedasticity

The F-test, performed using one-way analysis of variance (ANOVA), resulted in an F-statistic of
0.002072, a p-value of 0.0997, and an R2 value of 0.000345. The scatter plot in Figure 2d shows the points
corresponding to values and residuals randomly dispersed around a horizontal line, indicating the presence
of homoscedasticity. The Breusch-Pagan statistical test showed a result of 0.6183, suggesting that there is
not enough evidence to conclude that there is heteroscedasticity in the residuals of the regression models,
thus not rejecting the null hypothesis (H, ) for the datasets.

Limit of Quantification (LOQ) and Limit of Detection (LOD)

Values of 0.15 and 0.05 mg.mL™ were respectively obtained for LOQ and LOD.

Precision

Table 2 summarizes the results of repeatability and intermediate precision performed at low, medium,
and high concentrations (0.2; 0.4; and 0.6 mg.mL?, respectively). The calculated coefficient of variation (CV)
was lower than 5% for all concentrations and indicated that the method is precise.
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Table 2. Coefficients of variation for repeatability and intermediate precision data at
concentrations of 0.2; 0.4; and 0.6 mg.mL"%.

Concentration (mg.mL1) CV (%)
0.2 2.70
Repeatability 0.4 3.01
0.6 3.13
0.2 0.67
Intermediate precision 0.4 2.05
0.6 4.76

Accuracy

The accuracy results are illustrated in Table 3. Values of CV and recovery were lower than 5% and
ranged between 95% to 105%, respectively. Thus, the developed method was considered accurate.

Table 3. Accuracy values at the three different concentration levels.

Concentration (mg.mL™?) CV (%) Recovery (%)
0.25 0.67 104.47
0.45 2.05 98.86
0.55 4.76 103.17

Robustness

The robustness data are presented in Table 4. As expected, CV values were lower than 5%, and the
recovery percentage was within adequate values between 95% and 105% [35], considering the minimum
changes performed in column temperature and mobile phase composition.

Table 4. Robustness data assessed at 0.4 mg.mL™! at temperatures of 22°C and 28°C
and mobile phase composition of 41:59 and 39:61 (v/v).

CV (%) Recovery (%)

22°C 2.33 99.89
Column temperature

28 °C 2.41 99.94

41:59 2.59 100.36
Mobile Phase (v/v)

39:61 2.09 100.65

Stability

The proposed stability study was carried out at 0.4 mg.mL* and resulted in CV and recovery values of
0.40% and 99.30%, respectively. These data were within the acceptable reference values.
Incorporation Efficiency in HAp-LUT nanocomposites

The incorporation efficiencies observed for L1, L2, and L3 formulations are described in Table 5. The
Incorporation efficiency in HAp-LUT nanocomposites showed high values, ranging from 82.90% (L3) to
95.16% (L2).

Table 5. Incorporation efficiency (IE) for HAp-LUT
nanocomposite formulations.

Formulation (L/E)
L1 94.88
L2 95.16
L3 82.90
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DISCUSSION

The preparation of a novel hydroxyapatite-luteolin (HAp-LUT) nanocomposite was first described in this
paper and may be potentially used for aesthetic applications. HAp, known for its bioactivity and
biocompatibility, combined with LUT, a flavonoid with potent antioxidant and anti-inflammatory properties,
may offer an innovative approach for dermatological treatments [1-3, 19-23]. The nanocomposite may
enhance neocollagenesis and improve skin elasticity concerning the prolonged release of LUT, which can
inhibit collagen-degrading enzymes and reduce pro-inflammatory cytokines [20, 22, 30, 31]. This interaction
could overcome the limitations of pure HAp, such as its degradation profile for the aesthetic effect [11-13, 16-
17]. Thus, HAp-LUT nanocomposite can emerge as a promising alternative for advanced aesthetic
procedures for providing prolonged action, collagen stimulation, and improved skin quality [7-10, 18, 23].

However, the design of this novel dermal aesthetic product containing HAp-LUT nanocomposite requires
an analytical method for its evaluation and quality control. Therefore, this paper reports the development of
a simple RP-HPLC/DAD strategy based on an isocratic elution approach for LUT quantification. Despite of
gradient elution methods, which are commonly applied by other authors to separate LUT from its metabolites
[34] or other co-eluting substances [33,35,36], the isocratic elution is a simplified strategy that makes the
method more suitable for quantifying LUT in these aesthetic products where complex separation is not
mandatory. In addition, this approach differs from the HPLC-MS/MS methods frequently reported in the
literature [33-36], which are usually more complex and expensive. The isocratic elution method developed
here eliminates the need for advanced mass spectrometry systems, using only standard HPLC equipment
with a photodiode array detector. The developed method ensured practicality, cost-effectiveness, and
immediate application in studies focusing on LUT quantification.

The method was carefully validated in accordance with the literature guidelines [41,45]. These
requirements include critical parameters as selectivity, linearity, range, homoscedasticity, limit of
guantification (LOQ), limit of detection (LOD), precision, accuracy, and robustness [38]. These parameters
ensure the reliability of the analytical results and can reduce operational costs by preventing rework and
waste. Moreover, validation is crucial for the development of new dermal aesthetic products and real-time
guality monitoring [39]. The LUT chromatogram showed a well-defined chromatographic peak with an
appropriate retention time for routine analyses. An UPLC-MS/MS method tested chitosan-coated
nanoemulsions containing LUT to enhance its bioavailability in tissues such as brain and lungs presented a
retention time of 2.21 [45]. Another HPLC-MS/MS method was used to separate LUT from other compounds
in red propolis and demonstrated a retention time of 28.40 minutes [46]. A retention time of 26.21 minutes
was observed for LUT in nanoencapsulated extracts based on poly (lactic-co-glycolic acid) (PLGA) [47].

The validation parameters were entirely achieved in this study. The selectivity was proven by its ability
to identify only the pure LUT in the presence of other components of the formulation [42]. Linearity was
evidenced by the correlation coefficient (r) higher than 0.99 [39]. Homoscedasticity was confirmed by the low
F value and the p-value higher than 0.05, indicating the absence of statistically significant differences
between the groups [48,49]. The method presented adequate LOQ and LOD for quantification in the range
between 0.2 and 0.6 mg.mL™ [40]. Precision was demonstrated by coefficients of variation (CV) lower than
5% for repeatability and intermediate precision, while accuracy showed recoveries between 95% and 105%
[39]. Robustness was verified by maintaining the results within these limits [41], even with variations in column
temperature and mobile phase composition. Stability results indicated no change between the results of
fresh solutions and those exposed to ambient temperature for 24 hours, confirming the analyte stability [42].
Therefore, the method can be used for samples available up to 24 hours after their preparation.

The HAp-LUT nanocomposites demonstrated a high incorporation efficiency of LUT. Among the
composites, L3 showed a slightly lower incorporation percentage, probably due to the higher LUT
concentration used during nanocomposite preparation. Interestingly, no previous study in the literature
reported the incorporation of pure LUT into HAp-based formulations, which highlights the innovative nature
of this approach. Thereby, the use of the RP-HPLC/DAD method proved to be a simple, fast, and reliable
strategy for quantifying LUT in these new dermal aesthetic products. Its accessibility, cost-effectiveness, and
operational simplicity make it particularly suitable for routine industrial applications and can reduce the use
of more complex and expensive methods such as UPLC or mass spectrometry.

CONCLUSION

In this study, a simple and effective reverse-phase high-performance liquid chromatography method was
developed and validated for LUT quantification. The analytical method proved to be selective, linear, precise,
accurate, robust, and stable. The HAp-LUT nanocomposites demonstrated high incorporation efficiencies.
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Therefore, the developed method can be successfully used for quantifying LUT in novel dermal aesthetic
products as a practical and rapid approach, and can be used as a quality control strategy for future
formulations.
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