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Featured Application

The integrated FTIR-HPLC strategy developed in this study presents a practical and scal-
able solution for the pharmaceutical, nutraceutical, and cosmeceutical industries in ensur-
ing the quality and consistency of Garcinia mangostana peel extracts. This approach facili-
tates rapid preliminary screening of raw materials through FTIR fingerprinting, followed
by precise quantification of a-mangostin via HPLC as a confirmatory method. It can be
directly implemented for routine quality control, authentication of geographical origin,
and selection of high-potency raw materials in industrial supply chains. Furthermore, this
method supports the standardization of mangosteen-based products with pharmacologi-
cal relevance (e.g., antioxidant, anticancer, and antimicrobial formulations), thereby en-
hancing product efficacy, safety, and regulatory compliance.
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Mangosteen peel (Garcinia mangostana L.) is widely recognized as a rich source of xan-
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of the GMP extract significantly influences its phytochemical composition and a-mangos-
tin content. The combined FTIR-HPLC approach offers a robust and practical framework
for extract differentiation, preliminary estimation of a-mangostin content, and quality as-
surance of mangosteen-derived raw materials intended for 6a-standardized herbal and
nutraceutical products.

Keywords: Garcinia mangostana L.; a-Mangostin; chemical fingerprinting; geographical
variation; HPLC-FTIR analysis

1. Introduction

Mangosteen (Garcinia mangostana L.) is a tropical fruit-bearing plant widely recog-
nized for its nutritional and medicinal values. It is predominantly cultivated in Southeast
Asia, particularly in Indonesia, Thailand, and Malaysia [1,2]. The Garcinia mangostana L.
pericarp has garnered substantial scientific interest due to its abundant concentration of
bioactive secondary metabolites. Among these metabolites, xanthone derivatives repre-
sent the most extensively studied compounds [3,4]. Major xanthones identified in GMP
include a-mangostin, y-mangostin, gartanin, and several related analogs. These com-
pounds are known for their diverse pharmacological activities. Numerous in vitro and in
vivo studies have reported antioxidant properties associated with these xanthones. Addi-
tional investigations have demonstrated antibacterial and anti-inflammatory effects [5,6].
Among these bioactive constituents, a-mangostin is considered the principal marker com-
pound due to its relatively high abundance [7]. The concentration of a-mangostin often
serves as an indicator of extract potency [8]. As a result, GMP extract has gained increasing
interest in traditional medicine systems. It is also widely incorporated into dietary sup-
plements and herbal formulations [9]. The growing commercial demand further empha-
sizes the need for standardized raw materials. Therefore, comprehensive evaluation of its
phytochemical composition is essential for ensuring product quality and efficacy.

Despite extensive research on GMP extracts, transforming them into standardized
herbal products remains challenging. One of the primary obstacles lies in the inherent
variability of phytochemical composition in plant materials [10,11]. Secondary metabolite
production in plants is highly influenced by environmental conditions. Geographical
origin plays a crucial role in determining the chemical profile of medicinal plants [12,13].
Climatic factors such as temperature, rainfall, and humidity can significantly affect me-
tabolite biosynthesis. Soil composition and nutrient availability also contribute to varia-
tions in phytochemical accumulation [14]. Elevation and sunlight exposure may further
modulate the concentration of specific compounds. Agricultural practices, including fer-
tilization and harvesting time, introduce additional variability [15]. Post-harvest handling
and storage conditions can also impact compound stability. These factors collectively lead
to batch-to-batch differences in extract composition [16]. In the context of GMP, such var-
iability may influence a-mangostin levels. Inconsistent concentrations may compromise
therapeutic efficacy. Variability may also affect safety profiles and reproducibility of phar-
macological effects [17,18]. Therefore, establishing reliable quality control strategies is im-
perative. Standardization approaches must account for both qualitative and quantitative
differences among samples.

Standardization of herbal medicines requires analytical methods capable of provid-
ing comprehensive chemical information. Both identification and quantification of active
constituents are necessary for robust quality control [19]. High-performance liquid chro-
matography is widely employed for the quantitative determination of marker com-
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pounds. HPLC offers high sensitivity, selectivity, and reproducibility for compound anal-
ysis [20]. In GMP extract, a-mangostin is commonly quantified using this technique. Chro-
matographic separation allows accurate measurement of retention time and peak area
[21,22]. Calibration curves enable the precise determination of compound concentration.
However, chromatographic analysis primarily focuses on individual target compounds.
It does not fully represent the overall complexity of the herbal matrices. Herbal extracts
contain numerous minor constituents that may also contribute to biological activity. Sole
reliance on a single chromatographic marker may therefore be insufficient [23]. Variations
in other components may remain undetected using targeted quantification alone. Hence,
complementary analytical approaches are often required. An integrated strategy can pro-
vide broader insight into extract composition. Such a comprehensive evaluation strength-
ens quality assurance procedures.

Fourier transform infrared spectroscopy (FTIR) has emerged as a rapid and non-de-
structive analytical technique for herbal analysis. FTIR spectra provides information
about functional groups present in complex mixtures [24]. The technique generates char-
acteristic absorption bands corresponding to specific molecular vibrations. In plant ex-
tracts, typical signals include hydroxyl, carbonyl, and aromatic functional groups [25].
These functional groups are often associated with phenolic and xanthone structures. FTIR
fingerprinting enables comparison of overall spectral patterns among samples [26]. Dif-
ferences in spectral intensity may reflect variations in chemical composition. The method
requires minimal sample preparation and offers rapid analysis. It is also considered envi-
ronmentally friendly due to limited solvent use [27]. FTIR has been widely applied for
authenticity testing of herbal materials. It can support discrimination of samples based on
geographical origin [28]. Nevertheless, FTIR alone does not provide precise quantitative
data for individual compounds. Its predictive capability improves when combined with
chromatographic techniques. Integration with HPLC enhances both specificity and relia-
bility. Therefore, a combined analytical approach is increasingly recommended for herbal
standardization.

Although previous studies have quantified a-mangostin or applied FTIR spectros-
copy separately, integrated investigations remain limited. Few reports have systemati-
cally correlated FTIR spectral patterns with quantitative a-mangostin data [29]. The ability
of FTIR to reflect variations in a-mangostin concentration across geographical regions has
not been fully elucidated. Moreover, discrimination of GMP extract from different Indo-
nesian provinces remains underexplored. Indonesia possesses diverse agroecological con-
ditions that may influence phytochemical profiles. The comprehensive evaluation of re-
gional variability is therefore scientifically relevant. Establishing a correlation between
spectroscopic fingerprints and chromatographic quantification could enhance quality as-
sessment. Such correlation may enable rapid preliminary screening of raw materials. It
may also support authentication of extract origin. In this study, we investigated GMP ex-
tracts collected from multiple provinces in Indonesia. HPLC was employed to quantify
the a-mangostin content in each sample. FTIR spectroscopy was used to generate chemi-
cal fingerprint profiles. Correlation analysis was conducted to examine relationships be-
tween spectral intensity and compound concentration. The integrated FTIR-HPLC ap-
proach was evaluated as a framework for extract differentiation. This strategy is expected
to contribute to improved raw material selection and standardization of mangosteen-
based health products.

2. Materials and Methods

GMP samples (with specimen code of 36/HB/05/2022) were collected from ten differ-
ent geographical locations in Indonesia, including West Java (Puspahiang: 7°251.29295"
S, 108°2'49.98844" E, Sukaraja: 7°26'7" S, 108°102" E, Cibalong: 7°30'49.62200" S,

https://doi.org/10.3390/app16136705



Appl. Sci. 2026, 16, 6705

4 of 22

108°10'59.60788" E, Pangandaran: 7°41'5.031" S 108°39'12.884" E, Bogor: 6°35'40" S
106°47.35" E, and Subang: 6°34'16" S, 107°45'42" E), Central Java (Cilacap: 7°44’ S, 109°0’
E), Special Region of Yogyakarta (Yogyakarta: 7°48'5" S, 110°21'52" E), and Sumatra (Pa-
dang: 0°57'0" S, 100°21'11" E and Palembang: 2°59'10" S, 104°4520" E). The samples were
collected as representative samples from orchards in each geographical location. The
number of trees and fruits per tree were not recorded quantitatively; instead, fruits were
selected to reflect typical maturity and appearance at the time of harvest. All plant mate-
rials were authenticated based on morphological characteristics prior to processing. The
samples were cleaned to remove adhering soil and impurities. The pericarp was separated
manually from seeds and edible pulp. The collected materials were transported in breath-
able containers to prevent moisture accumulation. Drying was performed under con-
trolled conditions to minimize degradation of thermolabile compounds. After drying, the
samples were stored in airtight containers protected from light and humidity. Ethanol of
analytical grade (Merck KGaA, Darmstadt, Germany) was used as the extraction solvent.
a-Mangostin reference standard (purity 298%) was obtained from BioPurify (Chengdu,
China). Acetonitrile (HPLC grade, Merck KGaA, Darmstadt, Germany) and phosphoric
acid (HPLC grade, Merck KGaA, Darmstadt, Germany) were used for chromatographic
analysis. Distilled water was purified using a Milli-Q system prior to use. All chemicals
and reagents were used without further purification. Glassware and analytical instru-
ments were calibrated prior to analysis. Each location sample was processed separately to
avoid cross-contamination. The overall workflow included extraction, chromatographic
analysis, spectroscopic profiling, and chemometric evaluation.

2.1. Collection, Authentication, and Preparation of Mangosteen GMP Samples

The preparation of GMP was carried out using a maceration technique to ensure ef-
ficient recovery of bioactive compounds. Fresh pericarp was separated carefully from
seeds and residual pulp to obtain the outer rind. The material was sun-dried until a con-
stant weight was achieved to ensure moisture removal. Drying was continued by an oven
drying method at 50 °C until a constant weight was achieved [30]. The dried pericarp was
cut into smaller fragments to facilitate grinding. Pulverization was carried out using a
mechanical grinder to obtain a homogeneous powder. The powder was sieved to ensure
uniform particle-size distribution. Approximately 500 g of powdered material was used
for each extraction batch. The powder was immersed in 70% ethanol at a ratio of 1:10 (w/v).
Maceration was conducted for 72 h at room temperature. Intermittent agitation was per-
formed three times daily to enhance solvent penetration. After 72 h, the mixture was fil-
tered using Whatman No. 1 filter paper. The residue was subjected to remaceration three
times under identical conditions to maximize yield. All filtrates were pooled and concen-
trated using a rotary evaporator at 40 °C under reduced pressure. The viscous extract was
stored in amber bottles at 4 °C until further analysis [24].

2.2. Chromatographic Quantification and Fingerprint Profiling Using HPLC-PDA

Chromatographic analysis was performed using a Shimadzu LC-20AD HPLC system
equipped with a SIL-20A autosampler and SPD-20A photodiode array detector (Shi-
madzu Corporation, Kyoto, Japan). Separation was achieved using a Waters Spherisorb
C18 column (250 mm x 4.6 mm, 5 um). The mobile phase consisted of acetonitrile and
water containing 0.1% phosphoric acid in a ratio of 95:5 (v/v). An isocratic elution system
was applied throughout the analysis. The flow rate was maintained at 1.0 mL/min. The
injection volume was set at 20 uL for all samples and standards. The column temperature
was controlled at 30 °C. Detection was performed at a wavelength of 316 nm using the
PDA detector (Shimadzu Corporation, Kyoto, Japan). This method was validated by our
previous study where the coefficient correlation of the analytical method was 0.9999, the
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variation was less than 2%, the LOD was 0.671 ppm and the LOQ was 2.174 ppm [3].
Standard solutions of a-mangostin were prepared at various concentrations to construct
a calibration curve. Linearity was evaluated based on correlation coefficient values. GMP
extracts from each location were weighed at 10 mg and were prepared at 1000 pg/mL with
ethanol of analytical grade (Merck KGaA, Darmstadt, Germany). Sample solutions were
filtered through a 0.45 pm membrane filter prior to injection. Each sample was analyzed
in duplicate to ensure reproducibility. Retention times and peak areas were recorded and
processed using Shimadzu LC Solution software (Shimadzu Corporation, Kyoto, Japan).
The quantification of a-mangostin was carried out using the external standard method.
The chromatographic profile was also used to establish a fingerprint pattern for compar-
ative analysis [29].

2.3. Spectroscopic Fingerprint Characterization Using FTIR-ATR

Infrared spectra were recorded using an ABB 3000 FTIR spectrophotometer (Agilent
Cary 630, Agilent Technologies, CA, USA) equipped with a DTGS detector. Spectral ac-
quisition was performed using the attenuated total reflectance technique. A small amount
of extract was directly applied onto the ATR crystal surface. Measurements were con-
ducted at a controlled temperature of 20 °C to ensure stability. Each spectrum was ob-
tained using 32 co-added scans. The spectral resolution was set at 4 cm'. Background
correction was performed prior to each measurement. The ATR crystal was cleaned with
ethanol and methanol after each run. Cleaning was followed by drying with lint-free tis-
sue. The instrument chamber was maintained under stable humidity conditions. Spectra
were recorded in the range of 650—4000 cm™'. All measurements were performed in dupli-
cate for reliability assessment. Spectral data were collected in absorbance mode. Charac-
teristic absorption bands corresponding to hydroxyl, carbonyl, and aromatic groups were
identified. The spectral patterns were used for fingerprinting and comparative evaluation
among samples [31].

2.4. Multivariate Chemometric Evaluation and Statistical Data Processing

Principal component analysis (PCA) was performed using FTIR spectral data ob-
tained from the samples. The absorbance values across the selected spectral region were
used as input variables for the PCA. FTIR spectral data were exported in numerical format
for chemometric processing. Principal component analysis was employed to explore clus-
tering patterns among samples. The input variables included quantified a-mangostin lev-
els and selected FTIR absorbance regions. Prior to analysis, data were standardized to
reduce scale bias. PCA was conducted using Minitab® 22 software. Score plots were gen-
erated to visualize sample grouping. Loading plots were examined to identify influential
variables. Variability explained by principal components was calculated. Clustering
trends were interpreted in relation to geographical origin. Correlation between spectral
intensity and compound concentration was assessed qualitatively. The integrated chro-
matographic-spectroscopic dataset was used to evaluate discrimination performance
among GMP samples [32].

3. Results
3.1. HPLC Identification and Calibration Curve of a-Mangostin Reference Standard

HPLC (high-performance liquid chromatography) was employed to quantify a-man-
gostin as the principal chemical marker in GMP extracts collected from different geo-
graphical origins. In designing this study, we deliberately selected ten locations that re-
flect the breadth of Indonesia’s agroecological diversity. The selection of location was not
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random but rooted in both scientific and practical considerations. West Java was empha-
sized because it is one of the country’s most important agricultural regions, where vol-
canic uplands, fertile alluvial plains, and monsoonal lowlands coexist within a relatively
small area. This allowed us to capture a wide range of farming systems while maintaining
logistical feasibility and research consistency. At the same time, we included sites in Cen-
tral Java, Yogyakarta, Padang, and Palembang to ensure that contrasting contexts—such
as coastal plains, high-rainfall volcanic zones, and lowland peat ecosystems—were repre-
sented. Taken together, these ten sites provide a balanced cross-section of Indonesia’s cli-
mate and soil variability, aligning with both national and international agroecological
zoning frameworks and making the findings broadly relevant to the country’s agricultural
landscape [33]. The chromatographic profile of the a-mangostin reference standard is pre-
sented in Figure 1. Under the applied chromatographic conditions, the standard com-
pound exhibited a sharp and symmetrical peak. The retention time of the a-mangostin
standard was approximately 5.06 min. This retention behavior indicates efficient separa-
tion under the selected mobile phase composition. The chromatogram also demonstrates
minimal baseline disturbance, indicating stable detector performance during analysis.
Such peak characteristics are important for ensuring accurate integration and reliable
quantification. The calibration curve was constructed using several concentrations of the
a-mangostin reference standard. The relationship between peak area and concentration
displayed a strong linear trend. The regression equation obtained from the calibration
data was y = 973.51x + 361.72. The coefficient of determination was calculated as R? =
0.9998. This high correlation coefficient indicates excellent linearity across the evaluated
concentration range. The strong linear relationship confirms that the chromatographic
method is suitable for the quantitative determination of a-mangostin. Reliable linear cal-
ibration is essential for ensuring accurate concentration estimation in plant extract sam-
ples. The calibration model established in this study therefore provided a robust basis for
subsequent quantitative analysis of GMP extracts.

IDA AYU 201%-PROJECT #703 modiied by Del] U VIS 1 IDAAYU 2019-PROJECT #1033 [mocified oy Del] Uy IS 1

B0 mAU

200+

15.0+

5.0+

WVL316 ] 10 WVL:316 am

|
7507; } \
] |
| ; !

| \ - 7-508 N
i |

6460 | |

/- 6.4

4 \ }\ |
- st R | e 16
1gam 208 BERTN )\ . stf O
I — L LR S R T
~ ]

T —— .
0.00 100 200 300 400 500 6.00 700 8.00 0.00 1.00 200 3.00 4.00 5.00 6.00 7.00 8.00

] R

https://doi.org/10.3390/app16136705



Appl. Sci. 2026, 16, 6705

7 of 22

Standard calibration curve of a-mangostin
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Figure 1. HPLC chromatogram of a-mangostin reference standard (A), sample (B) and the corre-

sponding calibration curve for quantitative determination of a-mangostin (C).

All analyzed GMP extracts produced chromatographic peaks with retention times
closely matching that of the a-mangostin reference standard. The deviation in retention
time among samples did not exceed +0.05 min [34]. This consistency indicates that a-man-
gostin was present in all examined extracts. The matching retention times also confirm the
reliability of the chromatographic method for compound identification. Such reproduci-
bility is essential when comparing extracts originating from different geographical loca-
tions. The presence of a-mangostin as a dominant xanthone compound in mangosteen
pericarp has been widely reported in previous phytochemical studies. Similar chromato-
graphic analyses have identified a-mangostin as a major bioactive constituent responsible
for many biological activities of GMP. Studies using comparable chromatographic sys-
tems have reported retention times for a-mangostin within the range of approximately 5-
6 min. Slight variations in retention time may occur depending on differences in chroma-
tographic conditions. Some factors including column type, solvent composition, and de-
tector wavelength may influence retention behavior. In some reports using different mo-
bile phase polarity, a-mangostin has been detected at longer retention times [3]. For ex-
ample, chromatographic systems containing higher proportions of aqueous phases have
produced retention times approaching 20 min. These variations arise from differences in
interaction between the analyte and the stationary phase. The reversed-phase C18 column
used in this study provided efficient interaction between the hydrophobic xanthone struc-
ture and the stationary phase. Such chromatographic conditions enabled rapid separation
and reliable identification of a-mangostin in GMP extracts from multiple regions.

3.2. Quantification of a-Mangostin in GMP Extracts from Different Geographical Locations

Despite the consistent retention time observed during chromatographic analysis,
substantial variation in a-mangostin concentration was detected among the analyzed
samples. Quantitative results summarized in Table 1 demonstrate that the content of a-
mangostin differed considerably depending on the geographical origin of the GMP. The
lowest concentration was detected in the Padang sample, which contained 16.72 mg/g of
a-mangostin. In contrast, the Cilacap sample exhibited the highest concentration, reach-
ing 58.64 mg/g. Samples collected from Bogor and Puspahiang also presented relatively
high concentrations of a-mangostin. The Bogor extract contained 46.60 mg/g, while the
Puspahiang sample showed 41.95 mg/g. Intermediate concentrations were recorded in
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samples obtained from Cibalong, Subang, Yogyakarta, and Palembang. The Cibalong ex-
tract contained 33.47 mg/g of a-mangostin, indicating moderate accumulation of the com-
pound. The Subang sample exhibited a similar concentration of 32.12 mg/g. The Yogya-
karta and Palembang samples contained 35.61 mg/g and 36.07 mg/g, respectively. Lower
concentrations were observed in Sukaraja and Pangandaran, with values of 19.11 mg/g
and 22.31 mg/g. These quantitative differences indicate that a-mangostin accumulation
varies significantly among different regions. Such variation reflects the influence of envi-
ronmental conditions on the biosynthesis of secondary metabolites in GMP. Differences
in metabolite concentration are commonly reported in medicinal plants collected from di-
verse geographical locations. The quantitative data obtained in this study therefore
demonstrate that regional origin plays an important role in determining the phytochemi-
cal composition of GMP extract.

Table 1. HPLC determination of a-mangostin content in ethanolic GMP extracts obtained from var-

ious geographical regions.

Elevation Retention

Sampling Location (MASL) Time (min) Peak Area a-Mangostin Level (mg/g)
Puspahiang 557 5.07 41.201 41.95+0.11
Sukaraja 450 5.06 18.969 19.11 £ 0.05
Cibalong 100 5.05 32.947 33.47 +0.05
Pangandaran 6.96 5.03 22.077 22.31+0.13
Bogor 340 5.01 45.731 46.60 +0.11
Subang 1.206 5.01 31.632 32.12+0.25
Cilacap 198 5.01 57.449 58.64 +0,10
Yogyakarta 114 5.02 35.033 35.61 +0.04
Padang 1.853 5.01 16.643 16.72 £ 0.09
Palembang 8 5.05 35.479 36.07 +0.18

The chromatographic patterns of the ethanolic extracts obtained from different sam-
pling locations are presented in Figure 2. The chromatograms show characteristic peaks
corresponding to the xanthone compounds present in the GMP extracts. Among these
peaks, the signal corresponding to a-mangostin appears as one of the dominant peaks in
the chromatographic profile as shown in previous study [3,7,35]. The peak intensity differs
among the chromatograms obtained from different locations. Samples with higher a-man-
gostin concentrations display more intense chromatographic peaks at the corresponding
retention time. Conversely, extracts with lower a-mangostin content show relatively
smaller peak intensities. Such variations in peak intensity are consistent with the quanti-
tative results obtained from chromatographic integration. The chromatographic finger-
prints also demonstrate that GMP extract contains multiple phytochemical constituents.
These additional peaks likely correspond to other xanthone derivatives such as y-man-
gostin, gartanin, and related compounds. The presence of multiple peaks reflects the
chemical complexity of GMP extract. Chromatographic fingerprinting therefore provides
useful information regarding the compositional profile of herbal extracts. Differences in
chromatographic patterns may serve as indicators of variation in chemical composition
among samples. Such fingerprint profiles are valuable for distinguishing extracts origi-
nating from different regions. Chromatographic fingerprinting also supports the authen-
tication of herbal raw materials. The differences observed among chromatograms there-
fore reinforce the importance of analytical evaluation in herbal standardization.

Based on the ANOVA results, the effect of altitude on a-mangostin content was not
significant. This is indicated by a p-value of 0.97 which is greater than 0.05. Moreover,
factors influencing a-mangostin content can vary and are not limited to altitude alone.
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The variability observed in a-mangostin concentration is strongly associated with envi-
ronmental and geographical factors influencing plant metabolism. Secondary metabolite
biosynthesis in plants is highly responsive to environmental conditions. Temperature,
rainfall patterns, and sunlight exposure may significantly influence metabolic pathways
responsible for a-mangostin production. Soil composition and nutrient availability also
affect plant growth and secondary metabolite accumulation. Differences in soil mineral
content may alter enzymatic activity involved in biosynthetic processes. Elevation and
local microclimatic conditions may further contribute to variations in phytochemical com-
position. Agricultural practices such as cultivation methods, fertilization, and irrigation
regimes can also influence metabolite production. The maturity stage of the fruit at har-
vest may additionally affect the concentration of bioactive compounds in the peel [36].
Post-harvest handling and drying conditions may contribute to compound degradation
or preservation. Similar geographical variations in a-mangostin concentration have been
reported in previous phytochemical studies of G. mangostana. These studies demonstrated
that environmental conditions can significantly influence the accumulation of a-mangos-
tin in plant tissues. Variability in bioactive compound concentration is particularly rele-
vant when GMP is used as a pharmaceutical raw material. Consistency in active com-
pound levels is essential for ensuring reproducible therapeutic efficacy. Analytical verifi-
cation of a-mangostin concentration therefore becomes an important step in quality con-
trol. Implementation of standardized analytical methods such as HPLC enables the relia-
ble evaluation of phytochemical variability in GMP extract.
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Figure 2. HPLC chromatograms of ethanolic GMP collected from ten sampling locations:
Puspahiang (A); Sukaraja (B); Cibalong (C); Pangandaran (D); Bogor (E); Subang (F); Cilacap (G);

Yogyakarta (H); Padang (I); Palembang (J).

3.3. FTIR Spectral Fingerprint Analysis of GMP Extract

FTIR (Fourier transform infrared) spectroscopy was applied as a complementary an-
alytical technique to obtain comprehensive chemical fingerprints of the GMP extracts. The
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FTIR spectral profiles recorded for all samples are presented in Figure 3. The spectra re-
vealed complex transmittance patterns across the wavenumber range of 650-4000 cm™.
Such spectral complexity reflects the chemically diverse composition of GMP extract. Sev-
eral characteristic absorption bands corresponding to functional groups associated with
xanthone derivatives were consistently observed among samples. A broad transmittance
band around 3400 cm™ was assigned to the stretching vibration of hydroxyl groups. These
hydroxyl groups are commonly present in phenolic compounds and xanthone deriva-
tives. Transmittance bands located near 1600-1650 cm™! correspond to carbonyl stretching
and aromatic C=C vibrations. These signals are typical for aromatic compounds present
in GMP. Additional peaks detected within the fingerprint region between 1400 and 1000
cm! were attributed to C-O stretching vibrations. These vibrations originate from phe-
nolic, ether, and ester functional groups frequently found in polyphenolic structures. The
presence of these bands confirms the abundance of oxygenated aromatic compounds in
the extracts. Xanthone derivatives such as a-mangostin contain several hydroxyl and car-
bonyl functional groups that contribute to these spectral features. The consistency of these
functional group signals indicates that the main chemical framework of the GMP extract
remains similar among samples. These spectral observations confirm that FTIR spectros-
copy can effectively characterize the functional group composition of GMP extract.

;
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FTIR Spectral Fingerprints of GMP Extract

3900 3400 2900 2400 1900 1400 900 400
Puspahiang, Tasikmalaya, West Java Sukaraja, Tasikmalaya, West Java ——— Cibalong, Tasikmalaya, West Java
Pangandaran, West Java Bogor, West Java —— Subang, West Java

—— Cilacap, Central Java Yogyakarta Padang, West Sumatra

Palembang, South Sumatra

Figure 3. FTIR spectral fingerprints of GMP extract from ten geographical locations in Indonesia:
Puspahiang (A); Sukaraja (B); Cibalong (C); Pangandaran (D); Bogor (E); Subang (F); Cilacap (G);
Yogyakarta (H); Padang (I); Palembang (J).

Although the general spectral patterns were similar among the analyzed extracts,
differences in transmittance intensity were clearly observed. The FTIR spectral character-
istics and their relationship with a-mangostin content are summarized in Table 2. Extracts
obtained from Cilacap exhibited strong transmittance bands in the regions of 1600-1650
cm™ and 1200-1300 cm™. These bands correspond to aromatic and C-O functional groups
associated with xanthone structures. The strong absorption observed in this sample is con-
sistent with its highest a-mangostin concentration. The Bogor extract also showed pro-
nounced transmittance around 3400 cm™ and 700 cm™. These bands indicate the presence
of hydroxyl and aromatic functional groups in relatively high abundance. The Puspahiang
sample demonstrated strong transmittance at both 1600 cm™ and 3400 cm™'. Such spectral
features indicate a high presence of phenolic and aromatic compounds. Samples from
Yogyakarta and Palembang exhibited moderate transmittance intensity in the aromatic
and fingerprint regions. These spectral features correspond to intermediate levels of a-
mangostin detected in the chromatographic analysis. The Cibalong and Subang extracts
displayed moderate to weak transmittance in several spectral regions. These weaker sig-
nals indicate a lower abundance of xanthone-related functional groups compared with
samples from Cilacap and Bogor. The spectral intensity differences therefore provide
qualitative evidence of variation in phytochemical composition among the samples
[25,37].

Table 2. FTIR spectral characteristics and corresponding a-mangostin content in ethanolic GMP

extracts from different geographical locations.

Sampling Lo- FTIR Spectral Char- a-Mangostin Con-

I .
cation acteristics tent (mg/g) nterpretation
. Absorption at 1600 . .
Cilacap, Cen- 1650 em-1 and 1200— 58.64 High abundanc‘e of aromatic
tral Java 1300 em-1 and C-O functional groups,
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supporting maximal xan-
thone content

Dominant -OH and aromatic

Bogor, West  Absorption at 3400 46,60 groups, supporting high a-

Java cm! and 700 cm™! ) i
mangostin concentration
M intensity of aro-
Absorption at 1600 matc and polr fonctond
Yogyakarta cm™ and 1000-1300 35.61 e pota .
- groups, indicating medium-

level xanthone content

Presence of aromatic and C—
36.07 O groups, supporting xan-
thone content

Palembang,  Absorption at 700
South Sumatra cm! and 1200 cm™!

Cibalong, West Absorption at 1600
Java cm! and 1100 cm™!

Adequate xanthone presence,
though not dominant
Low intensity of -OH and C-
32.12 O groups, consistent with me-

dium a-mangostin levels

33.47

Subang, West  Absorption at 3400
Java cm and 1200 cm!

Low presence of polar func-

P A ti h
angandaran, Absorption across the 22.30 tional groups, indicating lim-

West Java fingerprint region . ]
J geIp & ited a-mangostin content

Weak chemical profile, corre-
19.11 sponding to low xanthone
levels

Sukaraja, West Absorption through-
Java out the entire region

Low aromatic group content,
16.72 representing the lowest a-
mangostin concentration

Padang, West  Absorption at 1600
Sumatra cm™ and 700 cm™!

Dominant aromatic and -OH
41.95 groups, supporting higher a-
mangostin levels

Puspahiang, = Absorption at 1600
West Java cm and 3400 cm!

In contrast, samples collected from Pangandaran, Sukaraja, and Padang exhibited
relatively weak absorption patterns across several important spectral regions. The Pan-
gandaran extract showed flattened absorption within the fingerprint region. Such spectral
characteristics suggest a lower concentration of polar functional groups associated with
phenolic compounds. The Sukaraja sample displayed weak absorption throughout most
spectral regions. This spectral profile indicates a relatively low abundance of aromatic and
hydroxyl functional groups. The Padang sample exhibited minimal absorption at 1600
cm™ and 700 cm™. These bands correspond to aromatic ring vibrations and therefore in-
dicate reduced aromatic compound content. The weaker spectral signals observed in these
samples correspond well with their lower a-mangostin concentrations. The relationship
between FTIR spectral intensity and a-mangostin levels demonstrates that functional
group abundance influences spectral patterns. Such correlations highlight the usefulness
of FTIR spectroscopy as a rapid qualitative tool for assessing phytochemical variability.
The method allows rapid screening of chemical composition without requiring extensive
sample preparation. FTIR fingerprinting can therefore support preliminary evaluation of
herbal raw materials. Differences in spectral intensity may serve as indicators of variations
in bioactive compound content. These results demonstrate that FTIR spectroscopy pro-
vides valuable information regarding chemical differences among GMP extracts from var-
ious geographical origins. The technique complements chromatographic analysis by
providing a holistic representation of functional group distribution in plant extracts.
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3.4. Chemometric Discrimination of GMP Extract Using PCA Analysis

Principal component analysis (PCA) was applied as a chemometric approach to eval-
uate the multivariate relationships among GMP extracts based on their FTIR spectral data.
PCA is widely used for unsupervised pattern recognition and sample classification in
complex chemical datasets. The technique reduces the dimensionality of spectral variables
while retaining the most significant information that explains data variability. In this
study, PCA was performed using transmittance values obtained from multiple FTIR
wavenumbers across the fingerprint region. The loading plot derived from the PCA model
is presented in Figure 4. This plot illustrates the contribution of individual FTIR wave-
numbers to the formation of the principal components. The principal component analysis
(PCA) revealed that the first principal component (PC1) accounted for 97.9% of the total
variance, while the second principal component (PC2) explained an additional 1.4%. To-
gether, these two components captured 99.3% of the variance, indicating that the majority
of the variability in the dataset can be effectively represented in a reduced two-dimen-
sional space. This strong dominance of PC1 suggests that the underlying structure of the
data is largely driven by a single latent factor, with PC2 contributing only marginally.
Such results highlight the robustness of the dimensional reduction, as nearly all meaning-
ful information is retained within the first two components. The distribution of loading
vectors therefore highlights the functional groups that contribute most significantly to the
chemical differentiation of GMP extract.

Loading Plot

1460.14
0.507

128075407 70

0.257
137430

0.00

Second Component

-0.25

—0.50 3399.60

0.0 0.1 02 03 04
First Component

Figure 4. PCA loading plot showing the contribution of FTIR wavenumbers to the discrimination

of Garcinia mangosteen peel extracts.

The PCA score plot derived from the FTIR dataset is presented in Figure 5. This vis-
ualization illustrates the distribution of GMP extract samples within the multivariate PCA
space. Each point in the plot represents an individual sample characterized by its FTIR
spectral profile. The spatial arrangement of the points reflects similarities and differences
in chemical composition among samples. Samples positioned close to one another exhibit
similar spectral characteristics. Conversely, samples located farther apart indicate differ-
ences in their chemical fingerprints. Several samples formed small clusters within the PCA
space. These clusters suggest that certain GMP extracts share comparable functional
group compositions. Other samples were positioned at greater distances from the main
clusters. Such separation indicates distinct spectral characteristics that may reflect differ-

https://doi.org/10.3390/app16136705



Appl. Sci. 2026, 16, 6705

17 of 22

ences in phytochemical composition. The PCA score distribution therefore reflects varia-
tions in chemical composition across sampling locations. This multivariate visualization
provides a clear overview of the relationships among GMP extracts. The observed clus-
tering pattern supports the interpretation that FTIR spectral data can effectively differen-
tiate samples derived from different geographical origins.

Score Plot
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Figure 5. PCA score plot based on FTIR spectral data showing the clustering of Garcinia mangosteen
peel extracts from different geographical locations: Puspahiang (1), Sukaraja (2), Cibalong (3), Pan-
gandaran (4), Bogor (5), Subang (6), Cilacap (7), Yogyakarta (8), Padang (9) and Palembang (10).

The combined interpretation of score and loading plots provides deeper insight into
the spectral variables responsible for sample discrimination. The loading vectors indicate
which functional group regions influence the positioning of samples within the PCA
space. Wavenumbers associated with hydroxyl, aromatic, and carbonyl functional groups
appear to contribute strongly to the separation pattern. These functional groups are char-
acteristic components of xanthone derivatives such as a-mangostin. Samples located in
the direction of these loading vectors likely contain higher levels of phenolic and aromatic
compounds. Conversely, samples positioned in opposite directions may contain lower
concentrations of these functional groups. Such relationships demonstrate how multivar-
iate analysis can connect spectral variables with chemical composition. The PCA model
therefore provides an effective approach for identifying key spectral regions responsible
for variation among samples. Chemometric analysis enhances the interpretability of FTIR
spectral data by transforming complex datasets into visual patterns. This approach allows
rapid identification of similarities and differences among herbal raw materials. Multivar-
iate classification techniques such as PCA are widely used in phytochemical fingerprint-
ing studies. They are particularly valuable for assessing the authenticity and quality of
plant extracts. In the present analysis, PCA successfully revealed patterns of chemical var-
iation among the GMP extracts. These results demonstrate that FTIR combined with
chemometric analysis provides a powerful strategy for evaluating phytochemical varia-
bility. The integration of spectral fingerprinting and multivariate analysis therefore sup-
ports the discrimination and quality assessment of GMP extracts from different geograph-
ical locations.
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4. Discussion

The comparison between FTIR spectral fingerprints and quantitative HPLC data re-
vealed a clear relationship between characteristic absorption bands and the concentration
of a-mangostin in the GMP extracts. Samples originating from regions with higher «a-
mangostin content, particularly Cilacap and Bogor, consistently displayed stronger ab-
sorption intensities in spectral regions associated with hydroxyl and carbonyl functional
groups. These functional groups are intrinsic to the xanthone skeleton of a-mangostin and
are responsible for the distinct vibrational transitions observed in infrared spectra. Previ-
ous FTIR studies of mangosteen extracts reported prominent peaks around 3414 cm™ cor-
responding to O-H stretching. Such spectral features are consistent with the chemical
structure of a-mangostin, which contains multiple hydroxyl groups and conjugated car-
bonyl moieties within its tricyclic aromatic framework. Xanthone derivatives such as o,
[-, and y-mangostin are well documented as the dominant secondary metabolites present
in mangosteen pericarp. These compounds contribute significantly to the pharmacologi-
cal activity of the plant, including antioxidant, antimicrobial, and anticancer properties
[32]. Hence, a-mangostin has been widely used as a chemical marker compound during
the standardization of mangosteen extracts. In contrast, extracts from Padang and Su-
karaja exhibited weaker absorption intensities within these diagnostic FTIR regions. The
reduced spectral intensity corresponds with the lower a-mangostin concentrations meas-
ured by chromatographic analysis. This observation supports the hypothesis that FTIR
spectral intensity reflects the relative abundance of xanthone derivatives in the extract
matrix. Previous research has also demonstrated strong correlations between FTIR ab-
sorbance values and a-mangostin concentrations determined using chromatographic
techniques [3]. Therefore, FTIR spectroscopy can provide valuable preliminary insights
into the phytochemical composition of GMP extract. Although FTIR does not directly
quantify compounds with the same precision as chromatographic methods, it can effec-
tively capture chemical fingerprints associated with bioactive metabolites [29]. The inte-
gration of FTIR fingerprinting with targeted chromatographic analysis thus offers a com-
prehensive analytical strategy for evaluating the chemical composition of GMP extract.

PCA indicated that FTIR spectral datasets contained variability that allowed descrip-
tive differentiation of GMP extracts obtained from different regions. The dominance of the
first principal component suggests that a common spectral pattern is shared among sam-
ples, reflecting the overall phytochemical composition of mangosteen pericarp. Mean-
while, the second principal component (PC2) and the third principal component (PC3)
provide additional discriminatory information that helps distinguish subtle chemical var-
iations among extracts. Chemometric approaches are particularly useful when dealing
with FTIR spectra because these datasets contain hundreds of correlated variables. Multi-
variate statistical methods such as PCA enable dimensional reduction while preserving
most of the chemical information embedded in the spectral data [38]. Previous studies
have confirmed that FTIR combined with chemometric techniques such as PCA and clus-
ter analysis can effectively classify mangosteen extracts according to their geographical
origin. The clustering observed in the PCA score plot indicates that samples with similar
chemical compositions tend to group together. This clustering behavior may reflect vari-
ations in metabolite distribution potentially influenced by environmental factors such as
soil composition and climate. The absence of extreme outliers in the dataset suggests that
the analytical measurements were stable and reproducible. Reliable clustering patterns
also indicate that the FTIR spectral data capture meaningful chemical differences among
samples. These results reinforce the importance of combining spectroscopy with chemo-
metric analysis when evaluating complex herbal matrices. However, the discriminatory
capability of FTIR models can be further improved through spectral preprocessing meth-
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ods [39]. Techniques such as baseline correction, normalization, and derivative transfor-
mation can enhance signal resolution and reduce noise. In addition, supervised chemo-
metric models such as partial least squares discriminant analysis may provide more pre-
cise classification of mangosteen extracts. These advanced multivariate techniques allow
the identification of key spectral variables that contribute most strongly to sample differ-
entiation. Therefore, chemometric analysis significantly enhances the interpretative
power of FTIR spectroscopy in natural product research.

The integration of FTIR spectroscopy with HPLC analysis provides complementary
analytical insights for evaluating the chemical quality of GMP extract. HPLC enables ac-
curate quantification of a-mangostin, which is widely recognized as the primary bioactive
marker compound in mangosteen pericarp. FTIR spectroscopy, on the other hand, pro-
vides a rapid and non-destructive method for assessing the overall chemical fingerprint
of plant extracts. The combination of these techniques therefore addresses a critical chal-
lenge in herbal medicine standardization [40]. Accurate quantification ensures compliance
with quality standards, while fingerprint analysis enables rapid screening of raw materi-
als. Analytical validation studies have shown that HPLC methods using photodiode array
detectors provide highly sensitive quantification of a-mangostin with excellent linearity
and low detection limits. At the same time, spectroscopic fingerprinting provides a holis-
tic view of the chemical composition of plant extracts. This dual analytical approach en-
hances reliability in phytochemical characterization. The geographical variation in o-man-
gostin content observed in this study also highlights the influence of environmental and
agricultural factors on metabolite accumulation. Mangosteen rind is known to contain
abundant xanthones and other phenolic compounds whose levels can vary depending on
extraction methods and cultivation conditions [41]. Regions such as Cilacap, Bogor, and
Puspahiang appear to represent promising sources of high-quality GMP raw materials as
reported previously [7]. Selecting raw materials from these regions may therefore improve
the consistency and efficacy of mangosteen-based herbal products. The application of ge-
ographic phytochemical mapping can also strengthen traceability within herbal supply
chains. Furthermore, integrating FTIR fingerprinting into routine quality control work-
flows could significantly reduce analysis time during raw material screening. HPLC anal-
ysis can subsequently be applied as a confirmatory method for precise quantification.
Thus, this integrated analytical strategy provides a robust framework for the standardi-
zation of GMP extract and may serve as a model for quality control of other medicinal
plant materials.

5. Conclusions

This study demonstrates that the combined application of Fourier transform infrared
(FTIR) spectroscopy and high-performance liquid chromatography (HPLC) provides a ro-
bust analytical approach for evaluating the chemical characteristics of GMP extracts from
different geographical regions. FTIR analysis revealed prominent absorption bands corre-
sponding to hydroxyl and carbonyl functional groups that are structurally associated with
xanthone compounds, particularly a-mangostin. The spectral regions around approxi-
mately 3317 cm™ and 1157 cm~! showed notable differences in absorption intensity among
samples, reflecting variations in the concentration of phenolic and xanthone-related com-
pounds. Quantitative HPLC analysis showed variation in a-mangostin levels among the
evaluated extracts. These differences suggest possible geographical patterns in phyto-
chemical composition, though the descriptive design limits firm conclusion. Extracts from
Cilacap and Bogor showed higher a-mangostin concentrations compared with samples
from Padang and Sukaraja, which exhibited relatively lower values. These differences
were consistent with the FTIR spectral intensity patterns observed in the functional group
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regions associated with a-mangostin. The correlation between spectral fingerprint char-
acteristics and chromatographic quantification indicates that FTIR absorbance intensity
can reflect relative variations in xanthone abundance. Principal component analysis
demonstrated that the FTIR dataset contained sufficient variance to classify the extracts
based on their chemical profiles. The first principal component explained the largest pro-
portion of spectral variability, while additional components provided further discrimina-
tion among the samples. The clustering patterns observed in the PCA score plot indicate
that samples with similar phytochemical compositions tended to group together accord-
ing to their spectral characteristics. The absence of outliers in the chemometric model in-
dicates that the FTIR spectral dataset was stable and suitable for multivariate interpreta-
tion. The integration of FTIR fingerprinting with chemometric analysis therefore enables
rapid classification of GMP extracts derived from different regions. HPLC analysis simul-
taneously provides precise quantification of a-mangostin, which functions as an im-
portant bioactive marker compound for mangosteen extract standardization. The comple-
mentary use of these analytical techniques enables efficient screening of raw materials
while maintaining reliable chemical characterization. The findings suggest that GMP ob-
tained from regions such as Cilacap and Bogor may provide raw materials with a rela-
tively higher a-mangostin content. However, this observation is based on descriptive
comparison and should be confirmed with boarder replicated studies.
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