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Abstract: Avicennia officinalis L. is a valuable mangrove species rich in phenolic compounds with antioxidant, anti-
inflammatory, and antimicrobial properties. Despite this, research on extracting these compounds from its fruit is
limited. This study focused on developing and optimizing an ultrasound-assisted extraction (UAE) method to quantify
four specific phenolic acids (gallic, chlorogenic, caffeic, and p-coumaric acids) from A. officinalis fruit collected in
Ca Mau, Vietnam. The optimized UAE conditions by response surface methodology (RSM) involved methanol
concentration of 84.78%, the liquid-to-solid ratio at 21.45 mL/g and extraction time at 24.17 minutes, and three
extraction cycles. The method was validated according to AOAC guidelines, demonstrating excellent linearity,
precision (RSD <11%), and accuracy (recovery rates 82.68-104.51%). This research marks the first successful
quantification of these phenolic acids in 4. officinalis fruit in eight location of Ca Mau province, Vietnam, offering a
highly efficient (>99%) and repeatable (RSD <6%) method for future studies.

Keywords: Avicennia officinalis L. fruit; phenolic acid; ultrasound-assisted extraction; response surface
methodology; HPLC-DAD. © 2025 ACG Publications. All rights reserved.

1. Introduction

The Avicennia officinalis L., (Acanthaceae) is a widely distributed mangrove species, extending
from Europe to Asia (Figure 1). Despite having little commercial value in Vietnam, 4. officinalis is essential
for maintaining coastal areas and promoting the development of mangrove forests. The bioactive
component profile of 4. officinalis fruit is still little characterized, despite its ecological significance. A.
officinalis was known for their antioxidant, anti-inflammatory, and antimicrobial properties, making them
valuable for pharmaceutical and nutraceutical applications [1-4]. Some studies on other species, such as the
fruit of Avicennia marina, have reported the presence of important bioactive compounds. In particular,
these studies identified a new triterpenoid saponin along with 29 known compounds in the fruit, which
possess potential anti-inflammatory and anti-diarrheal activities [5]. Additionally, the fruit was found to
contain higher levels of total phenolics and coumarins compared to the leaves and bark, exhibiting strong
antioxidant activity overall [6].

Phenolic acids found in Avicennia officinalis L. fruit are natural compounds with significant
therapeutic potential due to their antioxidant, anti-inflammatory, and cytoprotective properties [7].
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Phenolic compounds, as plant secondary metabolites, are essential for growth, development, and defense.
They play roles in various specialized physiological processes and can also scavenge free radicals, helping
to retard the aging process [8]. Recent research has proven that ultrasound-assisted extraction (UAE)
maximizes the efficiency of polyphenol extraction from A. officinalis, highlighting the importance of
optimizing extraction conditions to achieve maximum yield [9-11]. Additionally, high-performance liquid
chromatography (HPLC) is now widely applied as a precise and reliable technique for quantifying phenolic
acids, ensuring accurate and reproducible results. Therefore, the research team selected the ultrasound-
assisted extraction method for its suitability in extracting polyphenolic compounds, combined with HPLC-
DAD for analytical determination.

Since there is still limited information about the chemical composition, the specific content of
phenolic compounds, and the biological potential of 4. officinalis fruit, the present study primarily aimed
to develop and optimize an ultrasound-assisted extraction (UAE) method using Response Surface
Methodology (RSM) for the analyze of phenolic acids from 4. officinalis L. fruit. A key objective was to
quantify four specific phenolic acids (gallic, chlorogenic, caffeic, and p-coumaric acids) using a robust and
validated High-Performance Liquid Chromatography with Diode Array Detection (HPLC-DAD) method.
Furthermore, the study sought to validate the optimized extraction and analytical method according to
AOAC guidelines, thereby establishing a highly efficient, accurate, and repeatable procedure that can
significantly contribute to future phytochemical and pharmacological investigations of this important
species.

Figure 1. Fruits of Avicennia officinalis L.

2. Materials and methods

2.1. Materials

Methanol, acetonitrile, n-hexane, formic acid and ammonium acetate (Merck, Germany), and
distilled water were utilized in compliance with HPLC standards. The standards of gallic acid (>98%),
chlorogenic acid (>98%), caffeic acid (>98%), and p-coumaric acid (>98%) used for HPLC analysis were
purchased from Chengdu Desite Biochemical Technology Co., Ltd. (Chengdu, China).

The fruit of A. officinalis was collected from various districts across Ca Mau Province, located in
the Mekong Delta region of Vietnam including Ngoc Hien, Cai Duoc, Dam Doi, Dat Mui, Phu Tan, Thoi
Binh, and U Minh Ha. The sample from Ngoc Hien was used as a representative for process optimization.
The samples were kept at room temperature and kept in opaque glass containers. The Department of
Biology at Can Tho University in Vietnam used polymerase chain reaction (PCR) methods to find the
plants. A sample was stored at Traditional Medicine Faculty, Can Tho University of Medicine and
Pharmacy of this institution with code 1404 (Ngoc Hien), 1405 (Song Doc), 1406 (Cai Duoc), 1407 (Dam
Doi), 1408 (Dat Mui), 1409 (Phu Tan), 1410 (Thoi Binh), and 1411 (U Minh Ha).
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2.2. Optimization of the Extraction Procedure by Response Surface Methodology (RSM)

RSM was used to optimize the phenolic acid extraction parameters from the A. officinalis fruit
extract. Depending on the extraction conditions reported in published studies and the solubility of the
analytes, methanol was selected as the extraction solvent [4]. Three factors were optimized, each with five
levels: methanol concentration (100%, 90%, 80%, 70%, 60%), solid-to-solvent ratio (1:5, 1:10, 1:15, 1:20,
1:25), ultrasonic time (5 min, 10 min, 15 min, 20 min, 25 min). When investigating the effect of each factor,
the extraction conditions for the remaining factors were kept constant. The amount of herbal material used
for each extraction was 1 g. The methanol concentration (A), solid-to-liquid ratio (B), and ultrasonic time
(C) are the independent variables. The levels of independent parameters were set based on early
experimental findings. For 15 runs of the five stages of the variable optimization process, a Custom Design
was used. Table 1 shows the ranges and numbers of the independent variables in their coded forms. The
total phenolic acid content (TPC) (Y) was used as the response variable and was defined as the sum of the
concentrations of the four target phenolic acids (gallic, chlorogenic, caffeic, and p-coumaric acids)
quantified by HPLC-DAD. To describe the relationship between TPC and the independent variables, the
experimental data were fitted to regression models as presented below:

Yo = ag+ XisiaiXi + Xisy apXi + X2 XX (1)

where Yn represents the response variables, ao is a fixed amount, and a;, a;;, and a;; represent the
linear, quadratic, and interaction coefficients, respectively. The independent variables are X; and X;. Three-
dimensional surface response plots were produced by altering the two variables within the experimental
range and maintaining the third constant at the center point. The coefficients of the response surface
equation were calculated using Design Expert 12. A 95% confidence level (p < 0.05) based on the total
error criterion was used to test for statistical significance.

Table 1. Schematic presentation of ultrasonic, dissolution and Soxhlet extraction methods

Independent variable Units Experimental value
Low (-1) High (+1)
A: Methanol concentration viv, % 50 100
B: Liquid: Solid (L/S) mL/g 5 25
C: Ultrasonic time Min 5 25

2.3. Separation and Identification of Phenolic acids in A. officinalis Fruit

The identification of phenolic acids was performed by comparing retention times and absorption
spectra of unknown peaks with reference standards and those reported in the literature as well as co-
chromatography with added standards. The SHIMADZU LC-20AD HPLC system, controlled by
LabSolution software, was employed to identify and quantify gallic acid, chlorogenic acid, caffeic acid,
and p-coumaric acid in the crude methanol extract. The separation of phenolic acids was performed using
a Phenomenex Luna Cig column (4.6 x 250 mm, 5 pm particle size). A full-loop injection system was used
to inject 20-uL samples, with the injection temperature maintained at 30°C.

The column was eluted at a constant flow rate of 1 mL/min using a mobile phase composed of
HPLC-grade acetonitrile (solvent A), HPLC-grade methanol (solvent B), and an aqueous buffer solution
containing 0.2% ammonium acetate and 0.1% formic acid at pH 4.2 (solvent C). The gradient elution
program included: 0.01 min, 0% B and 95% C; 8 min, 5% B and 90% C; 17 minutes, 7% B and 87% C; 32
minutes, 9% B and 84% C; 41 minutes, 10% B and 83% C; 50 minutes, 11% B and 82% C. The UV detector
was set at 280 nm.
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2.4. Analytical Method Validation

Preparation of standard solution: Each phenolic acid standard (gallic acid, chlorogenic acid, caffeic
acid, and p-coumaric acid) was accurately weighed, dissolved with methanol and constant volume, and a
single standard stock solution was prepared.

The method validation determined based on a method described by the International Conference
on Harmonization and Association of Official Analytical Chemists guidelines [12]. The validation of the
quantification method included the following criteria: specificity, linearity and range, limit of detection
(LOD) and limit of quantification (LOQ), precision, and accuracy of the bioactive compounds present in
A. officinalis fruit.

2.5. Applications

A. officinalis fruit samples collected randomly from eight locations (Ngoc Hien, Cai Duoc, Dam
Doi, Dat Mui, Phu Tan, Thoi Binh, and U Minh Ha district) in Ca Mau province, Vietnam were used. The
methanol extracts were analyzed using validated methods for their phenolic acids content to control the
quality of herbal products on the market. Triplicate analyses were conducted for phenolic acids in 4.
officinalis fruit samples.

2.6. Statistical Analyses

Statistical analyses were performed using Microsoft Excel and GraphPad Prism 10. All
measurements were performed in triplicates. Data and figures from the preliminary experiments were
generated using Microsoft Excel. Analysis of variance (ANOVA) of the results of the RSM test and the
correlations of extraction parameters were analyzed using Design Expert 12.

3. Results and Discussion
3.1. Optimization of the Extraction Procedure by RSM

During the extraction of medicinal herbs, the optimization of solvent concentration, liquid-to-solid
ratio, and extraction time is crucial to achieve efficient recovery of bioactive compounds with high quality.
Among these parameters, solvent selection plays a key role, as it is primarily governed by the solubility of
target phenolic acids and their interactions with the plant matrix. Methanol is widely employed for phenolic
acid extraction due to its suitable polarity, which facilitates efficient dissolution and diffusion of these
compounds within the extraction medium [13]. Previous studies have demonstrated that relatively high
methanol concentrations are particularly effective for extracting phenolic acids; therefore, methanol-water
mixtures ranging from 50% to 100% were selected in this study to identify the optimal solvent composition
[14,15].

The liquid-to-solid ratio directly affects mass transfer efficiency during extraction. An insufficient
solvent volume may limit the solubilization of phenolic acids, whereas excessive solvent use can increase
processing costs and reduce extraction selectivity. Earlier investigations, including those by Jain and
Mandache, commonly employed ratios of approximately 10:1 for polyphenol extraction [16,17]. Based on
these findings, a range of 5:1 to 25:1 was evaluated in the present study to ensure effective solute diffusion
while minimizing unnecessary solvent consumption.

Ultrasonic extraction time is another critical factor influencing phenolic acid recovery. Prolonged
ultrasound exposure can enhance cell disruption and solute diffusion but may also lead to degradation of
thermolabile compounds. Consequently, moderate sonication times are generally preferred to balance
extraction efficiency and compound stability. In this study, ultrasonic exposure times between 5 and 25
minutes were investigated to determine the optimal duration for maximizing phenolic acid yield while
minimizing degradation risks.

Overall, the coordinated optimization of solvent concentration, liquid-to-solid ratio, and ultrasonic
extraction time is essential to maximize both extraction efficiency and compound integrity, thereby
enabling effective recovery of phenolic acids and fully exploiting the therapeutic potential of medicinal
herbs [18,19].
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The experimental modeling results showed that TPC varied from 2.929 to 5.918 pg/mL (Table 2).
The software generated two regression equations that demonstrated the empirical relationship between the
response values and extraction parameters of methanol concentration (A), solid-to-liquid ratio (B), and time
(C) of the ultrasound-assisted extraction.
Table 2. Rotatable central composite design setting in the original and coded forms of the independent

variables (A, B, C) and experimental results of TPC (Y)

Run Independent variables Responses
A B C TPC (pg/mL)

1 100 15 15 3.847

2 90 15 15 4.729

3 80 15 15 4.147

4 70 15 15 4.122

5 60 15 15 4.466

6 80 5 15 2.929

7 80 10 15 4.792

8 80 15 15 4.809

9 80 20 15 5.654
10 80 25 15 5.207
11 80 15 5 3.560
12 80 15 10 4.668
13 80 15 15 4.945

14 80 15 20 5918
15 80 15 25 5.564

Regression analysis and ANOVA were used to fit the model and examine the statistical significance
of the terms. The results of the ANOVA are presented in Table 3. The R? value is 0.7754, indicating a
moderate model fit and showing that approximately 77.54% of the process is influenced by the three factors

studied (Table 3).

Table 3. ANOVA for the effect of methanol concentration (A), solid-to-liquid ratio (B), and time (C) of
the ultrasound-assisted extraction on the total acid phenolic content (TPC) using a quadratic
response surface model

Term Df TPC

Mode SS F-ratio P-value

Model 6 7.17 4.60 0.0257
A 1 0.0298 0.1532 0.7057
B 1 2.93 11.30 0.0099
C 1 2.77 10.65 0.0115
AB 0 0.0 - -
AC 0 0.0 - -
BC 0 0.0 - -
A? 1 1.05 4.03 0.0795
B? 1 0.8066 3.11 0.1160
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C? 1 0.1026 0.3951 0.5471
Lack of fit 6 1.71 1.57 0.4392
Pure error 2 0.3642

R? 0.7754

Adj R? 0.6070

The adjusted R? value of 0.6070 was slightly lower than the corresponding R? value, suggesting a
reasonable agreement between predicted and experimental results after accounting for the number of model
terms. However, the lack of fit test yielded a p-value = 0.4392 (not significant), suggesting that the model
adequately fits the experimental data. A limitation of the model is that this moderate fit suggests the
predicted optimum values are only relatively reliable, and there may still be other factors affecting the
extraction process, which the research team will continue to evaluate in the future.

3.1.2. Effect of the Extraction Variables on TPC

The linear effects of Y, as well as the quadratic effects of A, B and C, showed highly significant
effects on TPC. The relationship between TPC and variables is described by the following second-order
polynomial equation (1):

Total phenolic acid content (Y) =+4.94 - 0.1262*A + 1.08*B + 1.05*C - 0.8530*A2 - 0.7486*B2 - 0.2670*C? (1)

The regression coefficients of the quadratic model, together with their corresponding p-values,
clarify the relative importance of methanol concentration (A), solid-to-liquid ratio (B), and extraction time
(C) on total phenolic acid content (TPC). The linear effects of B and C were statistically significant (p =
0.0099 and p = 0.0115, respectively), confirming that increasing the solid-to-liquid ratio and prolonging
ultrasound treatment significantly enhanced phenolic acid extraction through improved mass transfer and
cavitation-induced cell disruption. In contrast, the linear effect of methanol concentration (A) was not
significant (p = 0.7057), indicating that variations in solvent composition within the investigated range did
not exert a strong direct influence on TPC. The quadratic terms exhibited negative coefficients, suggesting
the presence of optimal levels for all variables; among them, A% showed a marginal effect (p = 0.0795),
implying a tendency toward curvature in the response with respect to solvent composition, whereas B? (p
=0.1160) and C? (p = 0.5471) were not statistically significant. Overall, these results demonstrate that B
and C are the dominant factors affecting TPC in a linear manner, while methanol concentration mainly
contributes by defining the optimal extraction window through its quadratic behavior.

Figure 2. 3D response surface curve showing the influences of independent variables on the TPC (A-C)
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The three 3D surface plots provide a comprehensive visual insight into the relationship between
the independent factors and the total phenolic acid content obtained from Avicennia officinalis L. fruits
(Figure 2). The figure 2A combined effect of methanol concentration (ranging from 60% to 100%) and
extraction time (from 5 minutes to 25 minutes) on the total phenolic acid content (ranging from 2.929
pg/mL to 5.918 pg/mL) while the liquid-to-solid ratio was kept constant at 15 mL/g. This plot indicates
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that the total phenolic acid content increased with increasing extraction time, reaching its highest values
when methanol concentration was at an intermediate level, specifically around 75-85%. The figure 2B
shown the influence of methanol concentration and liquid-to-solid ratio on the total phenolic acid content
(from 2.929 pg/mL to 5.918 pg/mL) with the extraction time fixed at 15 minutes. This graph demonstrates
a significant improvement in extraction efficiency as the liquid-to-solid ratio increased, while methanol
concentration still exhibited an optimum point in the middle range, precisely around 75-85%. Finally, the
figure 2C, with methanol concentration fixed at 80%, most clearly illustrates the increase in total phenolic
acid content as both the liquid-to-solid and extraction time were increased. The overall conclusion drawn
from these plots suggests a preliminary optimal point for the ultrasonic extraction process: to achieve the
highest total phenolic acid content, it is recommended to use a methanol concentration in the range of 75-
85%, combined with a liquid-to-solid ratio of approximately 15-20 mL/g, and an ultrasonic extraction time
of around 15-20 minutes.

3.1.3. Optimal Ultrasound-Assisted Extract Conditions

R R

60 100 5 25

A:MeOH concentration = 84.7771 BiRatio of liquid:solid = 214498

el L

5 25 292919 591824

C:Time of extraction = 24.1728 Total acid phenolic content = 598397

Desirability = 1.000
Solution 1 out of 100

Figure 3. Desirability ramp for optimal ultrasound-assisted extract conditions for A.officinalis fruit
extract

Figure 3, identified as a desirability ramp, serves as a crucial output from the optimization module
in Design-Expert. Specifically, an optimal methanol concentration (A) of 84.78% is suggested, aligning
with the observed peak in the 3D surface plots where intermediate methanol levels yielded higher phenolic
content. The ramps for the liquid-to-solid ratio (B) at 21.45 mL/g and extraction time (C) at 24.17 minutes
both show desirability increasing towards the higher end of their respective studied ranges, consistent with
their significant positive linear effects on the total phenolic acid content as indicated by ANOVA.
Collectively, these optimal factor settings are predicted to yield a maximum total phenolic acid content of
5.983 pg/mL. Consequently, these specific parameters (A=84.78%, B=21.45 mL/g, C=24.17 minutes) are
the recommended experimental conditions for further validation studies to confirm the model's predictive
accuracy and to empirically achieve the maximized phenolic acid yield.

The cumulative extraction efficiency improved significantly from the first to the third extraction,
but the fourth extraction contributed marginally (< 1,0%). This suggests that most of the extractable
phenolics were recovered within the first three extraction cycles (extraction efficiency exceeded 99,0%).
Therefore, three extraction cycles were selected to ensure the exhaustive extraction of analytes from the
sample. The Figure 4 was shown the process to extract the phenolic acids in A.officinalis L. fruit.
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Figure 4. The extraction efficiency of ultrasound-assisted extract conditions for A4.officinalis fruit extract

Compared to previous studies, Bui Thao Nguyen also found that methanol provided the highest
extraction efficiency [20]. Similarly, Medina-Torres reported that UAE is highly effective for recovering
phenolic compounds due to acoustic cavitation, which enhances solubility and disrupts plant cell structure
[11]. These findings highlight the significant potential of UAE for quantifying bioactive compounds in A4.
officinalis fruit [21].

* 1gdried fruit A.officinalis
* 21.5 mL methanol 84.7%
* Place into erlenmeyer flask

* Sonicate sample for 24 minutes
e Filter into a 50 mL volumetric flask
* Repeat 3 times, make up to volume with methanol solvent

* Take 5 mL of extract into a centrifuge tube
* Shake with 5 mL n-hexane (repeat 2 times) to remove non-polar impurities
* Vortex for 1 min, centrifuge for 5 min (4000 rpm)

* Remove top (n-hexan) layer
= Filter above layer (methanol)} through 0.45 pm membrane into vial
* Analyze by HPLC-PDA

Figure 5. Diagram of phenolic acids extraction procedure in A.officinalis fruit after optimizing

3.2. Separation and Identification of Phenolic Acids in A. officinalis Fruit
3.2.1. Optimization pH Value of Mobile Phase

The pH of the mobile phase is critical for optimizing the separation of phenolic acids in herbal
samples. In our method, the combination of formic acid and ammonium acetate creates a finely tuned acidic
environment that influences the ionization state of the phenolic compounds. At lower pH levels, the
compounds are predominantly in their protonated form, which can increase hydrophobic interactions and
lead to longer retention times. However, by carefully adjusting the pH with formic acid and stabilizing it
with ammonium acetate, we achieve a controlled deprotonation of the compounds, thus enhancing their
resolution and peak shape [22,23]. This balance is essential to optimize both the qualitative and quantitative
performance of the analysis in complex natural matrices [18].

Figure 6 summarizes the impact of various pH conditions on the separation performance of four
analytes. Based on the differences observed at various pH values (Table 4), pH 4.20 provided the optimal
separation and was therefore selected for all subsequent experiments.



217

Duong et al., J. Chem.Metrol. 19:2 (2025) 209-222

Table 4. Comparison of mobile phase pH conditions for optimal separation of phenolic acids

pH Peak characteristics
All compounds are detected but the gallic acid peak remains partially co-eluted, peak area
reduced
The analytes separate well with retention times ranging from 8.13 to 32.35 minutes and gallic
acid shows better separation, though its peak area does not improve significantly
All peaks well resolved; gallic acid clearly separated with increased area; chlorogenic and
3.519  caffeic peaks close (11.5 and 14.5 minutes), which might impair their individual
quantification
The separation is further enhanced, with gallic acid peak improved; chlorogenic and caffeic
acid peaks separated by a 5 minute-gap
Overall good separation; but gallic acid peak area decreased; chlorogenic and caffeic peaks
very close (2-minute difference)

2.660

3.047

4.204

4.836

Summary{Compound)

PDA
mAU 1 HH 4 chuan 50 ppm-KSPD 1-pH 2.66.lcd - Ch1
2 HH 4 chuan 50 ppm-KSPD 1-pH 3.047.led - Ch1
3 HH 4 chuan 50 ppm-KSPD 1-pH
4 HH 4 chuan 50 ppm-KSPD 1-pH 4.204.lcd -
5 HH 4 chuan 50 ppm-KSPD 1-pH 4.836.lcd -gh1

14.376/ Acid chlorogenic

21.672 / Acid caffeic
38.316 / Acid p-coumal

9483/ Acid gallic

500

-~

|
==

400

—

300 |

200

100 l \ | ‘,‘;, W’ ' y
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min

Figure 6. The result of optimization pH value of mobile phase

3.2.2. Optimization Wavelength Detection

The survey wavelengths of 250, 280, 300, and 330 nm were systematically evaluated to determine
the optimal detection conditions for the four target phenolic acid compounds in herbal extract (Figure 7).
The chromatographic data reveal that at 280 nm, all analytes exhibit a well-balanced combination of robust
signal intensity and minimized baseline noise, leading to clear, well-resolved peaks. In contrast, at 250 nm,
although a high absorbance is observed, the increased background interference compromises the resolution,
while at 300 and 330 nm, the diminished detector response may hinder sensitivity for certain compounds.
Therefore, selecting 280 nm as the primary detection wavelength offers an optimal compromise, ensuring
both precise quantification and reliable identification of these phenolic acids in complex herbal matrices.
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Figure 7. Survey wavelengths: (a: 250 nm; b: 280 nm; ¢: 300 nm; d: 330 nm)

3.3. Analytical Method Validation
3.3.1. Selectivity

Selectivity was validated by comparing the retention times and UV spectra of peaks of the crude
extract and standards of six analytes at retention times corresponding to the beginning, middle, and end of
these peaks. Similar results indicated the selectivity of the method (Figure 8).
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Figure 8. HPLC chromatogram of A. officinalis fruit extract
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3.3.2. Linearity, LOD, LOQ

Table 5. Results of precision, recovery, calibration parameters, LOD and LOQ

Substance Calibration curve Precision Recovery (%) LOD LOQ
Regression R? Intra-Day  Inter-Day Low- Medium- High- (ng/mL) (ng/mL)
equation (RSD%) (RSD%) level level level
Gallic acid y = 11809x 0.9993 4.143 6.433 89.27 96.15 103.54 0.064 0.16
Chlorogenic acid y = 74893x 0.9998 5.532 7.700 91.78 84.74 93.63 0.05 0.136
Caffeic acid y=109015x  0.9996 5.788 10.083 82.68 85.59 92.59 0.03 0.116
p-coumaric acid y =154406x  0.9995 2.638 2.693 88.32 101.13 104.51 0.036 0.092

The linearity was established at 0.5-50 pg/mL for gallic acid and caffeic acid, 1-60 pg/mL for
chlorogenic acid, and 0.5-30 pg/mL for p-coumaric acid. Linearity was evaluated using calibration curves
constructed from triplicate injections (n = 3), with relative standard deviations below 2%. The linear
regression equations for the four analytes demonstrated a strong correlation, with an R? value of 0.9950
within the investigated concentration range (Table 5).

The limits of detection (LOD) and limits of quantification (LOQ) were determined based on signal-
to-noise ratios (S/N) of 3:1 and 10:1, respectively, following AOAC guidelines. These values correspond
to the lowest concentration levels tested and are consistent with the accuracy profiles of the method. The
LOD ranged from 0.03 to 0.064 pg/mL and the LOQ varied between 0.092 and 0.16 pg/mL.

3.3.3. Precision

The precision of the method was thoroughly assessed through intra-day and inter-day studies, using
the relative standard deviation (%RSD) was selected as a measure of precision. Intra-day precision was
evaluated by analyzing six replicates of each analyte within the same day, while inter-day precision was
determined by performing the same analysis across three consecutive days. As shown in Table 4, the intra-
day RSD values were below 6%, and the inter-day values were under 11%, which meets the AOAC
acceptance criteria.

3.3.4. Accuracy

The content of the active ingredient in the test sample was determined using a validated analytical
method. To evaluate the accuracy of the method, spiked samples were prepared by adding standard
solutions at three concentration levels 80%, 100%, and 120% of the original analyte content. Perform
chromatography under established conditions to calculate the recovery rate. The recovery rates of all
analytes fell within the acceptable range of 80 —110%, with RSD % values < 6%, meeting AOAC and ICH
guideline criteria. Based on the recovery test results (Table 4), this method was confirmed to be accurate
and reliable.

3.4. Applications

The optimized extraction process and validated quantification method were used to analyze gallic
acid, chlorogenic acid, caffeic acid, and p-coumaric acid in eight 4. officinalis fruit samples collected from
different locations across Ca Mau province, Vietnam (Table 5).

Table 6. Phenolic acid content (mg/g) in A4. officinalis fruit

Location Content (mg/g) Total
Gallic acid Chlorogenic acid Caffeic acid p-coumaric acid (mg/g)
Ngoc Hien  0.013 = 0.000 0.001 = 0.000 0.002 = 0.000 0.001 £ 0.000 0.017
Song Doc  0.119+0.017 0.118£0.017 0.007 = 0.000 0.005 £+ 0.003 0.297

Cai Duoc  0.027 + 0.006 0.158 + 0.008 0.013 £0.003 0.005 = 0.004 0.256
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Location Content (mg/g) Total
Gallic acid Chlorogenic acid Caffeic acid p-coumaric acid (mg/g)
Dam Doi  0.017 £0.005 0.037 £ 0.009 0.101 = 0.002 0.008 = 0.028 0.238
Dat Mui 0.157+0.077 0.060 = 0.016 0.005 £ 0.002 0.006 + 0.019 0.282
PhuTan  0.023 =0.005 0.153 +£0.012 0.018 + 0.000 0.006 + 0.006 0.255
Thoi Binh  0.104 + 0.034 0.082 +0.013 0.004 £+ 0.001 0.005 £+ 0.004 0.239
U Minh Ha 0.134 +0.007 0.034 £ 0.024 0.003 + 0.000 0.004 + 0.010 0.214

The phenolic acid profiles of A. officinalis fruit showed pronounced variation among sampling
locations, indicating a strong influence of geographical and environmental factors on phenolic
accumulation. Total phenolic acid content ranged from 0.017 mg/g (Ngoc Hien) to 0.297 mg/g (Song Doc),
with Song Doc, Dat Mui, Cai Duoc, and Phu Tan exhibiting the highest levels. Gallic acid and chlorogenic
acid were the predominant phenolic acids across most sites, although their relative contributions varied
considerably. Dat Mui and U Minh Ha were characterized by higher gallic acid contents, whereas
chlorogenic acid predominated in Cai Duoc and Phu Tan. Notably, Dam Doi samples contained an
unusually high level of caffeic acid (0.101 mg/g), while p-coumaric acid consistently occurred at low
concentrations across all locations. These differences are likely associated with variations in soil properties,
salinity, hydrological conditions, and microclimate, which are known to regulate phenolic biosynthesis in
mangrove species.

Although the absolute levels of individual phenolic acids detected in A. officinalis fruit were
relatively low (0.017-0.297 mg/g), they fall within the low-to-moderate range reported for other mangrove
species when individual compounds are quantified by chromatographic methods. Previous studies on
Avicennia marina, Rhizophora mucronata, and Sonneratia caseolaris [24,25] have similarly shown that
individual phenolic acids, such as gallic, chlorogenic, and caffeic acids, typically occur at concentrations
below 1 mg/g, whereas substantially higher values are reported only when total phenolic content is
expressed as gallic acid equivalents using spectrophotometric assays. Furthermore, phenolic accumulation
in mangrove plants is strongly influenced by plant organ, developmental stage, and environmental stressors,
which may account for the observed variability among sampling sites.

Overall, the integrated phenolic acid data indicate that total phenolic acid content is mainly
governed by the relative contributions of gallic and chlorogenic acids, with caffeic acid contributing
substantially only in specific locations. Compared to the previous study, Febriani and colleagues measured
only the total polyphenol content (TPC) of Avicennia marina fruit using the Folin-Ciocalteu method
(49.119 mg GAE/g) but did not identify individual bioactive compounds [26], our research provides a
clearer and more detailed analysis of 4. officinalis. In our study provides a more detailed, compound-
specific characterization of A. officinalis fruit phenolics. In particular, chlorogenic acid was the most
abundant phenolic acid (16.66mg/100g), highlighting its potential relevance to the antioxidant,
neuroprotective, and cardioprotective properties of this species [27]. These findings expand current
knowledge of phenolic composition in Avicennia fruits and provide a solid foundation for future studies
linking environmental conditions to phytochemical profiles and exploring their potential applications in
health-related fields,

4. Conclusions

This study successfully optimized the extraction process and validated an HPLC-DAD method for
analyzing gallic acid, chlorogenic acid, caffeic acid, and p-coumaric acid in 4. officinalis fruit. The best
extraction conditions by RSM were found to be 84.78% methanol concentration, the liquid-to-solid ratio at
21.45 mL/g and extraction time at 24.17 minutes, and three extraction cycles, achieving an efficiency of
over 99%. The validated method proved to be highly reliable for quantifying phenolic acids in samples.
When applied to fruit samples collected from different areas in Ca Mau province, Vietnam, the results
revealed notable regional variations in phenolic acid content, suggesting that environmental factors may
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influence the distribution of these bioactive compounds. Differences in the contents of individual phenolic
acids among regions were observed, indicating that environmental and geographical factors may play a role
in regulating the biosynthesis and accumulation of these bioactive compounds. These findings provide a
basis for future scientific studies on regional variability and the pharmacological potential of A. officinalis
fruit.
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