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ARTICLE INFO ABSTRACT
Keywords: This study presents a sustainable and innovative approach to waste valorisation by isolating and characterising
Waste valorisation bioactive norursane-type triterpenoids from the solid waste of Rosmarinus tournefortii de Noé. A cost-effective,

Norursane-type triterpenoids
Solvent-based recrystallisation
Characterisation methods

solvent-based recrystallisation method was developed as an eco-friendly alternative to traditional chromatog-
raphy techniques, which are often expensive and resource-intensive. Individual triterpenoids were structurally
Skin pigmentation characterised using ATR-FTIR, CHNSO elemental analysis, 1D and 2D NMR, UHPLC-MS/MS, and stereochemical
Molecular docking analysis with Schrodinger’s Maestro software. Their bioactivities were extensively evaluated. Notably, com-
Food packaging materials pound 3’ exhibited enhanced antimicrobial activity in its amorphous form compared to its crystalline counter-
part, highlighting the influence of physical structure on bioactivity. In contrast, the crystalline form of the same
compound showed enhanced tyrosinase inhibitory activity, indicating that different physical states may favour
different biological functions. Furthermore, the isolated compounds also demonstrated significant skin depig-
mentation properties through tyrosinase inhibition, with compound 2 showing the most potent effect. Molecular
docking supported this activity, revealing a higher binding affinity than kojic acid. Compound 1 showed
promising antidiabetic potential by outperforming acarbose in docking studies with a-amylase and a-glucosidase.
These findings highlight the potential of norursane triterpenoids as multifunctional bioactive agents. It is
hypothesised that such compounds, derived from agro-industrial waste, hold significant promise for use in
advanced food materials. The study proposes their integration into porous food packaging systems for controlled
release and targeted bioactivity, with attention to their interactions within food matrices.

1. Introduction than 2.8 billion tonnes per year [2]. Burning rice straw, among other
negligence, is responsible for millions of tonnes of CO5 and particulates

Global waste is expected to increase by 70 % to 3.4 billion tonnes released into the environment, exacerbating climate change. In
annually by 2050 [1], with agricultural waste alone accounting for more response, renewable technologies such as valorisation and circular
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bioeconomy uses are becoming increasingly popular [3], turning food
and agri-food industry waste into valuable compounds to be used for
medicines, food preservation, and material science [4]. These technol-
ogies reduce waste, lower carbon footprints, and offer natural alterna-
tives to chemical additives, cutting down food industry waste by up to
50 % [5]. One promising area of valorisation lies in triterpenoids,
particularly ursane-type triterpenoids, a subgroup of pentacyclic com-
pounds known for their anti-inflammatory, anticancer, and antimicro-
bial properties [6].

Numerous studies have explored the isolation protocols for ursolic
acid, a well-known ursane-type triterpenoid, from agricultural and food
waste. For example, Frighetto et al. [7] isolated ursolic acid from apple
peels by extraction with ethanol after removal of the n-hexane wax and
then purified it by high-speed counter-current chromatography, while
Cargnin et al. [8] subjected the dried apple pomace to treatment with
refluxing ethanol, followed by chromatography on silica gel and
recrystallisation in acetonitrile. Wang et al. [9] used counter-current
chromatography with pH zone refinement, trifluoroacetic acid and
ammonia to isolate ursolic and oleanolic acids. Although effective, these
methods pose environmental and scalability problems due to the use of
strong acids and organic solvents. The biological potential of these
compounds is considerable. For instance, trans-OCMA from Ligustrum
lucidum inhibits y-secretase, reducing Ap40 and Ap42 levels with ICsq
values of 1.17 and 0.30 pM, respectively, while also improving synaptic
plasticity in APP/PS1 mice [10]. Similarly, (2a,19a)-2,19-dihydrox-
y-3-oxo-urs-12-en-28-oic acid from S. mexicanum exhibits tyrosinase
inhibition (IC50 =8.03 pM) and melanin production suppression
(IC50 =8.53 pM) [11]. Other triterpenoids, such as tormentic acid and
arjunolic acid from Myrianthus arboreus, have demonstrated the capa-
bility to lower blood glucose levels and enhance lipid profiles in diabetic
rats [12]. These examples highlight the need for greener, scalable
methods to harness triterpenoids for therapeutic and environmental
applications.

In contrast to the well-studied ursane-type triterpenoids, nor-ursane-
type triterpenoids remain underexplored. Despite their distinct struc-
tural features and promising bioactivities, these compounds have
received limited attention. Existing studies have employed solvent
extraction, partitioning, and chromatographic purification to isolate
them. For example, norursane-type compounds have been isolated from
Gelsemium elegans [13] via methanol and acid-base fractionation and
from Dipsacus asper using ethanol extraction, solvent partitioning,
macroporous resin, and HPLC. Additional sources include Syzygium
szemaoense [14], Rumex japonicus [15], and Pterocephalus hookeri [16],
each requiring multi-step extraction and purification protocols. These
methods, though effective, underscore the need for more sustainable
and scalable alternatives.

In this context, rosemary, a widely recognised medicinal herb, offers
a promising yet underutilised source of bioactive compounds, particu-
larly pentacyclic triterpenoids [17]. Ursane-type triterpenoids were
successfully obtained from its aerial parts by ethanol sonication and
silica gel chromatography. Norursane-type triterpenoids have been ob-
tained using comparable methods. For example, Zhong et al. [18] iso-
lated three of these compounds using ethanol-assisted aqueous
sonication, followed by silica gel chromatography and gradient elution
based on methanol-chloroform mixtures. Similarly, Zhou et al. [19] used
the same technique to isolate norursane-type triterpenoids from dry
leaves and twigs, using different ethanol concentrations and fraction-
ation on silica gel and Sephadex LH-20. Altinier et al. [20] isolated
micromeric acid from rosemary leaves using methanol extraction,
acid-base partitioning and HPLC purification. However, the use of
rosemary waste, as opposed to fresh plant material, is barely mentioned
in the literature.

The novelty of this study lies in utilising rosemary solid waste as a
source of nor-ursane-type triterpenoids through a sustainable solvent-
based recrystallisation method. This approach eliminates reliance on
chromatographic purification, significantly reducing hazardous solvent
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use and energy consumption, and aligns with circular bioeconomy
principles. Previous studies on rosemary have primarily focused on fresh
plant material. Only a few have explored solid waste as a bioactive
resource. For instance, Chen et al. [21] isolated labdane and iso-
pimarane diterpenoids using supercritical CO5 and ethanol extraction,
followed by chromatography. A previous study [22] demonstrated the
potential of rosemary by-products (R. tournefortii de Noé) for triterpe-
noid recovery using methanolic extraction and flash chromatography
purification. However, chromatography remains the dominant method
for obtaining pure compounds in all reported cases.

In contrast, the current study successfully isolates three previously
unidentified norursane-type triterpenoids from the solid waste of
R. tournefortii de Noé using a solvent-based recrystallisation strategy.
Structural elucidation of the triterpenoids was achieved through ATR-
FTIR, CHNSO elemental analysis, 1D and 2D NMR spectroscopy
(HSQC, HMBC, COSY), UHPLC-MS/MS as well as chiral configuration
modelling using Schrodinger’s Maestro software. Additionally, in vitro
evaluations of antimicrobial activity and anti-tyrosinase potential were
conducted, complemented by molecular docking studies to assess their
inhibitory effects on key enzymes involved in blood sugar regulation and
melanin synthesis (a-amylase, a-glucosidase, and tyrosinase). The sub-
stantial bioactive potential of these newly identified triterpenoids un-
derscores their applicability in developing innovative therapeutic agents
and highlights their relevance for sustainable practices in the food in-
dustry. Furthermore, this research explores the potential application of
these bioactive compounds in porous materials for food preservation,
with their stability, release mechanisms, and efficacy being key aspects
of future investigations.

2. Material and methods
2.1. Plant material, extraction and isolation

2.1.1. Plant material and post-distillation solid waste collection

Fresh leaves of Rosmarinus tournefortii de Noé wild species were ob-
tained from the Megrez forest zone in eastern Morocco [23]. Leaves
were shade-dried at ordinary temperature for ten days. Afterwards,
about 100 kg of dried leaves were steam-distilled on a pilot scale for
three hours to obtain the essential oil [24]. The process was conducted
using steam from an independent boiler set at a pressure of 2-2.5 bars,
generating steam at 100-104 °C. The steam passed through the plant
material from bottom to top, ensuring efficient extraction. A two-wall
cooling system, incorporating a chilled water compressor (04 °C) and
tap water, ensured optimal condensation. Pressure gauges installed at
the head of the still and at the outlet allowed precise monitoring and
control of the pressure throughout the process (Fig. 1(a)). After distil-
lation, the solid waste was separated from the water and left to dry for
around 15 days.

2.1.2. Extraction and isolation of norursane triterpenoids

The dried solid waste was subjected to two different extraction
methods (Fig. 1(b)). In the first method (A), the solid waste was directly
extracted with 250 mL of methanol. Methanol was selected as the sol-
vent due to its polarity and ability to dissolve a wide range of organic
substances, particularly polar and semi-polar compounds such as pen-
tacyclic triterpenoids [25]. In contrast, in the second method (B),
extraction was carried out successively with 250 mL hexane followed by
ethyl acetate, using a soxhlet apparatus for 8 hours in both cases.
n-Hexane was initially used to dissolve non-polar lipophilic compounds,
while ethyl acetate was subsequently employed to extract more polar
compounds, including pentacyclic triterpenoids [26]. This sequential
extraction efficiently isolated a broad spectrum of bioactive compounds,
optimizing yield and purity.

The methanol solution (A) was immediately bleached with activated
charcoal and filtered, producing a light-brown filtrate, which was then
kept in the dark until a precipitate appeared. Activated charcoal
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Fig. 1. (a) Pilot-scale steam distillation process and (b) Extraction and purification of Rosmarinus tournefortii de Noé solid waste.
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Fig. 2. (A) (a) Superposition of the re-docked conformation of the co-
crystallized ligand Acarbose (black) with the experimental ligand of Alpha-
Amylase (green), showing a calculated RMSD value of 1.258 A. (b) Super-
position of the re-docked conformation of the co-crystallized ligand Acarbose
(black) with the experimental ligand of Alpha-Glucosidase (green), with a
calculated RMSD value of 1.891 A. (¢) Superposition of the re-docked confor-
mation of the co-crystallized ligand Kojic acid (black) with the experimental
ligand of Tyrosinase (green), showing a calculated RMSD value of 0.964 A. (B)
ATR-FTIR of the isolated norursane-type triterpenoids from rosemary
solid waste.

removes impurities such as pigments and stabilising substances. Elimi-
nating these components alters the solubility equilibrium, leading to the
precipitation of the purified compounds. The resulting precipitate was
purified by washing several times with methanol, resulting in a pure
white solid. Meanwhile, the ethyl acetate extract (B) was concentrated
using a rotary evaporator and then washed three times with dichloro-
methane to remove chlorophylls. Four pure compounds were isolated
from the washed ethyl acetate extract (B) by recrystallisation from
ethanol, 75 % ethanol/methanol, 50 % ethanol/methanol and meth-
anol. These recrystallisation conditions were selected based on the
differing solubility profiles of the target compounds in various solvent
systems, aiming to maximise purity while minimising material loss
during purification.

2.2. Analytical instrumentation

The isolated compounds from rosemary by-products were analyzed
using advanced analytical techniques. Attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy was performed
using a Jasco 4700-FTIR spectrometer, covering wavelengths from 500
to 4000 cm ™! [27]. CHNSO elemental analysis was performed using an
EA 3000 to determine the pure compounds’ carbon, hydrogen, and ox-
ygen composition. Nuclear magnetic resonance (NMR) spectroscopy,
including one-dimensional (1D) and two-dimensional (2D) techniques,
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including heteronuclear single quantum coherence (HSQC), hetero-
nuclear multiple bond correlation (HMBC) and homonuclear correlation
spectroscopy (COSY), was performed using a Bruker Avance 700 MHz
spectrometer [28]. Chemical shifts (§) were recorded using tetrame-
thylsilane (TMS) as an internal reference and calibrated against the re-
sidual proton solvent signals. For DMSO, the shifts were recorded at 2.50
ppm for 'H and 39.5 ppm for HMBC and HSQC. In ethanol, the values
were 1.06, 3.44 and 4.35 ppm for 'H, and 18.51 and 56.07 ppm for
HMBC and HSQC.

Similarly, the shifts appeared for methanol at 3.17 and 4.10 ppm for
H, with 48.59 ppm for HMBC and HSQC NMR [29]. Ultra-high per-
formance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) was performed utilising an Agilent 1290 Infinity IT LC
UHPLC in conjunction with an Agilent 6470 Triple Quad LC-MS/MS
mass spectrometer. Mass spectra were evaluated with MassHunter
ChemStation software across a scan range of 50-1100 m/z to determine
the molecular weight and composition of the isolated compounds. Due
to the specifications of this system, the mass spectrometry data are
limited to two decimal places. To visualise the chiral carbons (R or S)
configuration on Schrodinger’s Maestro, molecules are first prepared
using the LigPrep module to generate 3D conformations, such as ste-
reoisomers [30]. After optimisation, Maestro’s 3D visualisation capa-
bilities are used to visualise the chiral carbons and their bonds with
adjacent functional groups. Based on Cahn-Ingold-Prelog rules [31], the
configuration can be viewed by looking at substituent priority. The users
can highlight or annotate the configuration on the structure itself to
ensure easy identification of chirality prior to molecular docking
simulations.

2.3. Microbial growth suppression

The agar diffusion method described by Barros et al. [32] was
applied to moderate the antimicrobial activity of compounds isolated
from solid waste of rosemary against a range of pathogenic microbes.
The tested strains consisted of two Gram-positive bacteria, namely
L. innocua and S. aureus; two Gram-negative bacteria, which were E. coli
and P. aeruginosa; along with two types of molds, Geotrichum sp. and
A. niger; and finally, two yeast species, Penicillium sp. and R. glutinis [22].
The strains were modified and diluted to a density of 0.5 McFarland,
corresponding to 10° CFU/mL for bacteria and yeast and 10° spores/mL
for moulds [33]. The newly obtained cultures were subsequently applied
onto the surfaces of Petri dishes, which had been earlier set up with
Mueller-Hinton broth for bacteria and yeasts, along with sterile physi-
ological water for moulds. In this method, 6 mm wells were created in
the agar and inoculated with the bacteria or fungi intended for testing.
The isolated compounds were placed into the wells at a concentration of
2 mg/mL, with a total volume of 10 uL per well. Following inoculation,
the plates were initially incubated at 4 °C for 2 hours to allow for
adequate diffusion of the compounds from the wells into the agar [34].
After this pre-incubation step, the plates were incubated at 30 °C for
24 hours for bacterial and yeast cultures to ensure proper growth con-
ditions, while mold cultures were incubated at 25 °C for 24 hours. The
antimicrobial effects of the isolated compounds were evaluated by
measuring the size of the inhibition zones on the agar gel. Gentamicin
and cycloheximide served as positive controls for bacteria and fungi,
respectively.

2.4. Anti-melanogenic activity

The activity against tyrosinase of the isolated compounds was
measured using mushroom tyrosinase enzyme, based on the method of
Peng et al. [35], with a slight alteration. A range of sample concentra-
tions (0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mg/mL) was prepared in
appropriate solvents. For each assay, 0.01 mL of the test sample was
mixed with 0.05 mL of mushroom tyrosinase solution (625 U/mL) and
0.25 mL of phosphate buffer (0.05 M, pH 6.5). Following a 15-minute
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pre-incubation at 25 °C to stabilize the enzyme-substrate reaction,
0.4 mL of L-Dopa (1 mM) was added to start the enzyme-catalyzed re-
action. The inhibitory activity of norursane-type triterpenoids was
monitored by recording the absorbance at 475 nm every 15 seconds for
5 minutes, utilising a UV-VIS (Shimadzu UV 1650-PC) Spectropho-
tometer. The inhibitory kinetics were assessed by comparing the
absorbance values of the isolated compounds to those of the negative
control (which contained no test compound). The tyrosinase inhibition
rate was calculated based on these measurements. Kojic acid was used as
the reference standard.

2.5. Computer-based molecular docking

2.5.1. Ligand preparation

The ligands isolated from the solid waste of R. tournefortii de Noé
required energy level adjustments. To achieve this, the LigPrep module
in Maestro 13.8 (Schrodinger, LLC, New York, NY, USA) was used [36].
LigPrep converted 2D structures into optimised 3D conformations,
applying energy minimization, assigning appropriate protonation states
at physiological pH (~7), removing impurities or unwanted fragments,
and generating relevant tautomeric forms and stereoisomers [37]. This
step ensured that each molecular structure had the correct bond orders
and was chemically accurate for docking. The inhibitors were then
converted to SDF format and optimised using the default settings of the
OPLS 2005 force field [38]. In this study, acarbose and kojic acid served
as reference standards.

2.5.2. Protein structure preparation

For molecular docking investigations, the X-ray crystal structures of
proteins were given by the Protein Data Bank. The structures included
the “Structure of human pancreatic alpha-amylase in complex with the
carbohydrate inhibitor acarbose” (PDB ID: 1B2Y) with clarity of 3.20 f\;
the “Human lysosomal acid-alpha-glucosidase (GAA) crystal structure,
complexed with acarbose” (PDB ID: 5NN8) with a resolution of 2.45 f\;
and the “Crystal structure of tyrosinase from Bacillus megaterium in
complex with the inhibitor kojic acid” (PDB ID: 3NQ1) with a resolution
0f2.30 A [39]. As PDB structures often lack information on connectivity,
bond orders, and formal charges, protein structures were prepared by
the Protein Preparation Wizard in Maestro [40]. This process included
adding missing hydrogen atoms, assigning proper ionisation states, and
energy minimisation. Only polar hydrogen atoms were displayed to
simplify the analysis of the structures. To validate the docking proced-
ure, the native co-crystallised ligand Acarbose was redocked into the
catalytic pocket of Alpha-Amylase and Alpha-Glucosidase. In contrast,
the native co-crystallised ligand Kojic acid was redocked into the cata-
lytic pocket of Tyrosinase (Fig. 2(A)). The best conformations obtained
were superimposed onto the crystallized structures to confirm align-
ment. The low RMSD values between the docked conformation and the
native conformation (< 2 ;\) further confirm the reliability of the
docking protocol.

2.5.3. Grid-based ligand docking with energetic

The docking analysis was conducted using the Standard Precision
(SP) mode of the Grid-based ligand docking with energetic (GLIDE)
module within the Schrodinger suite, which balances computational
efficiency and docking accuracy for evaluating ligand-receptor binding
affinities. GLIDE uses a tiered filtering approach to position ligands
within the protein’s active site accurately [41]. The SP mode selects
optimal ligand conformations based on scoring functions. Key steps in
this workflow include preparing the protein structure, generating a re-
ceptor grid, processing ligand structures, and executing the docking
procedure. The best-docked conformation was illustrated through 2D
and 3D diagrams showing the interaction of the ligand with active site
residues using BIOVIA Discovery Studio, 2021 [42].
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2.6. Statistical analysis

Statistical analysis of the data was performed with SPSS software
(Windows, version 20) by applying descriptive statistics, one-way
ANOVA, and regression analysis. Variations between treatment groups
were established by one-way analysis of variance and Tukey’s HSD test
for post hoc pair-wise comparisons at a significance level of 5 % (p <
0.05). Each experiment was repeated three times independently, and the
results are expressed as mean values with respective standard deviations
[22]. Statistical tests revealed significant differences among treatment
groups; however, any groups with the same letter designation were not
statistically different (p > 0.05).

3. Results and discussion
3.1. Structural characterisation techniques

3.1.1. Analysis of vibrational properties

FTIR spectroscopy represents the first analytical method used for
studying the secondary structure of pentacyclic triterpenoids found in
plants. This technique allows for analysing these compounds’ specific
vibrational frequencies and spectral characteristics, providing valuable
information about their molecular structure and spatial arrangements
[43]. The FTIR-ATR spectra of both the isolated compounds and the
crude extract of rosemary solid by-products are illustrated in Fig. 2(B).
The IR spectra reveal prominent absorption bands in the
high-wavelength region, specifically at 3450/3520 and 2920 cm ™},
corresponding to the asymmetric and symmetric stretching vibrations of
the -OH and -CHj; groups, respectively. Additionally, several significant
bands in the fingerprint region were observed at 1690, 1450, 1390,
1250, 1050, 890, 750, and 650 cm ™. Notably, the band at 1690 cm™" is
attributed to the stretching of the C—=0 bond in the -COOH functional
group.

Furthermore, the bands at 1450 and 1390 cm™! correspond to
bending vibrations of the -OH, -CHg, and CHjs groups, along with skeletal
bending vibrations. The bands at 1250 and 1050 cm ™! are associated
with C-O stretching, among other vibrational modes. The strong ab-
sorptions at 890, 750, and 650 cm ™! specifically reflect the vibrations of
the CH; group of alkenes. These findings align with previous research on
functional groups in pentacyclic triterpenoids conducted by several re-
searchers. For example, Yang et al. [44] reported similar attributions for
O-H stretching vibrations at 3437 cm™!, overlapping peaks of C-H
stretching vibrations at 2935cm™!, and stretching vibrations of
carbonyl groups at 1715 cm ™. In another study, Kim et al. [45] isolated
new ursane-type triterpenoid compounds and attributed characteristic
absorption bands at 3378 em! (hydroxyl), 1692 em! (carbonyl),
1636 cm (alkene), and 1056 em! (methyl). Moreover, Falamas et al.
[46], conducted research on betulin-like pentacyclic triterpenoids,
revealing dominant IR absorption bands for OH, CH3, CHy, C=0, and
C—C vibrations in the high-frequency region.

While these results confirm the presence of pentacyclic triterpenoids,
a significant challenge persists in differentiating between betulin and
ursane families. This differentiation is crucial for further analyses, as
their inherent bond similarities make the identification process complex
and elusive. Both families exhibit highly similar functional groups,
leading to overlapping IR absorption bands that hinder straightforward
differentiation. Advanced spectral deconvolution techniques, such as
two-dimensional correlation spectroscopy or computational quantum
chemistry, can enhance resolution and distinguish between these com-
pounds [47]. Additionally, the elementary analysis provides further
structural insights by quantifying the elemental composition, offering
molecular-level data that reinforces spectral findings [48]. This
approach is particularly useful for differentiating closely related tri-
terpenoids. Complementary techniques like nuclear magnetic resonance
(NMR) spectroscopy and mass spectrometry (MS) further refine struc-
tural identification by detecting characteristic molecular fragments
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[49]. Integrating these methodologies enables precise classification of
pentacyclic triterpenoids, facilitating comprehensive analyses and
deeper exploration of their pharmacological properties.

3.1.2. Elemental analysis

Elemental analysis was performed to determine the isolated com-
pounds’ carbon, hydrogen, and oxygen composition. This technique
provides essential molecular-level data that supports structural eluci-
dation and differentiation of triterpenoid families. The calculated
elemental analysis for compound 1 revealed a composition of 76.684 %
carbon (C), 8.731 % hydrogen (H), and 14.583 % oxygen (O). Com-
pound 2 exhibited a slightly higher carbon content of 79.413 %, along
with 9.651 % hydrogen and 10.931 % oxygen. Similarly, compounds 3
and 3’ contained 79.228/79.239 % carbon, 10.201-10.192 %
hydrogen, and 10.557-10.561 % oxygen. Compound 4 demonstrated
the highest carbon percentage at 79.789 %, with 9.915 % hydrogen and
10.282 % oxygen. These results align with the FTIR findings, as varia-
tions in oxygen content correlate with the presence of hydroxyl and
carbonyl functional groups, which were identified in the vibrational
spectra.

Carbon and hydrogen composition differences further indicate
structural variations between the isolated triterpenoids, supporting their
classification within distinct pentacyclic families. This highlights the
importance of combining elemental analysis with spectroscopic tech-
niques to achieve a more comprehensive molecular characterization.
Compared to the literature, De Jesus et al. [50] demonstrated that
elemental analysis is reliable for confirming the purity of studied tri-
terpenes, with reported purities exceeding 99.5 %. Similarly, Verardo
et al. [51] utilised elemental analysis to verify the purity of newly

Ll
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isolated triterpenic acids, reinforcing its role in structural confirmation.
This method plays a crucial role in verifying the identity and purity of
these chemical entities, ensuring consistency with spectroscopic find-
ings. Based on these results, NMR spectroscopy and UHPLC-MS will
provide further insights into molecular connectivity and fragmentation
patterns, which are essential for precise structural confirmation.

3.1.3. Chemical structure elucidation

3.1.3.1. Structural framework determination. Compound 1 was isolated
as a white amorphous powder, with the molecular formula CogH3g04,
identified using the UHPLC-MS/MS technique at m/z 437.26 [M-H]".
The 'H NMR spectrum of compound 1 (Fig. 3(a)) showed two singlet
methyl groups (8y 0.77 and 1.48), a methyl group doublet [&y4 1.33 (3H,
d)], two olefinic protons [(8y 5.17(1H, t) and 5.13 (1H, t], two couples
of vinyl protons [6y 4.56 (1H, brs), 4.69 (1H, br s), 4.67 (1H, br s), and
4.57 (1H, br s)], two oxygenated methines [8y 3.08 (1H, d) and 2.97
(1H, dddt)]. The HMBC and HSQC spectra (Fig. 3(b, c)) were initially
analysed to determine the 1*C NMR data, revealing a total of 28 carbon
signals consisting of three methyls, nine methylenes, eight methines
(including two oxygenated carbons at §¢ 73.8 and 76.6, as well as two
olefinic carbons at 8¢ 121.4 and 124.5) and seven quaternary carbons
(including four olefinic carbons) (Table 1). An in-depth examination of
the 2D NMR spectra of compound 1, particularly 'H-'H COSY, HMBC,
and HSQC, enabled the identification of the structure. In the HMBC
spectrum of compound 1, the notable blue bonds illustrate extensive
long-range correlations from 1H to 1 and 1H- 3 to C4; 1H-23 to C3; 1H-2
to C10; 3H-25 to C2, C5, C10 and C9; 3H-26 to C9, C7, C8, and C14; 3H-
29 to C18 and C19; 1H-30 to C19 and C20 established the nor-ursane

45 40 35 25 20 15 10 s

30
12 (ppm)

Fig. 3. (a) 'H NMR spectra and (b) HMBC, (c) HSQC and (d) 'H-'H COSY correlations of the isolated compound 1.
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Table 1
13C NMR and 'H NMR data of the purified compounds from the crude extract of rosemary solid waste.
Position 1 2 3 3 4
¢ S 5¢ . 5 Sir ¢ . ¢ Su
1 46.5 1.24;1.49 38.0 1.53 38.7 1.53 38.6 1.53; 0.90 38.7 1.53
2 73.8 3.08 26.8 1.44 27.4 1.45 27.0 1.45 27.4 1.45
3 76.6 2,97 76.7 3.0 76.7 3.00 76.8 3.00 76.7 3.00
4 150.2 - 38.3 - 38.3 - 38.3 - 38.1 -
5 54.9 2,18 54.7 217 54.9 2.18 54.8 2.18 54.7 2.18
6 28.0 1.38; 1.41 17.7 1.47;1.31 150.2 - 18.3 1.31; 1.47 18.4 1.31;1.47
7 38.8 1.31;1.74 36.0 1.52 46.1 1.61 36.7 1.58;1.43 36.7 1.52;1.58
8 37.8 - 41.5 - 38.1 - 41.6 - 41.5 -
9 50.3 1.24 46.8 1.47 55.2 0.68 47.4 1.47 47.4 1.47
10 38.4 - 39.0 - 36.4 - 39.0 - 39.0 -
11 23.3 1.85;1.93 27.3 1.8 23.2 1.85; 147 27.9 1.8;1.93 28.0 1.8;1.93
12 121.4 5.16 121.3 5.16 124.5 5.16 124.5 5.13 124.4 5.13
13 138.1 - 138.1 - 138.1 - 138.1 - 138.1 -
14 143.7 - 143.7 - 46.9 - 44.5 - 44.5
15 124.5 5.13 124.5 5.13 29.5 1.24;1.09 30.6 1.28;1.43
16 32.1 2.12; 2.28 23.5 1.52; 1.94 24.2 1.94; 1.61 24.1 1.94; 1.52 24.2 1.94; 1.52
17 46.9 - 46.7 - 48.4 - 47.0 - 47.0 -
18 52.8 2.11 52.2 2.10 52.2 2.11 52.7 2.11 52.8 2.11
19 37.1 2.33 36.4 2.32 37.0 2.33 37.0 2.33 37.0 2.33
20 152.8 - 152.9 - 152.9 - 152.9 - 152.8 -
21 32.1 2.12; 2.28 31.6 2.14 32.2 2.15; 2.28 32.1 2.15; 2.28 32.2 2.15; 2.28
22 39.0 1.31;1.74 40.5 2.73 39.0 1.31;1.74 38.8 1,74;1.31 38.9 1.31;
23 110.1 4.56; 4.69 28.1 0.9 23,7 1.05 28.6 0.9 28.7 0.9
24 - - 15.8 0.67 16.5 0.68 16.4 0.68 16.5 0.68
25 15.7 0.77 16.6 0.75 17.1 0.93 17.2 0.75 16.5 0.93
26 23.0 1.48 18.3 1.05 19.3 1.61 17.3 0.82 17.3 0.75
27 - - - - 26.6 1.10 23.5 1.10 23.6 1.10
28 177.2 - 178.2 - 178.2 - 178.2 - 178.2 -
29 18.4 1.33 18.4 1.4 18.4 1.31 18.3 1.31 19.0 1.31
30 105.1 4.67; 4.57 104.5 4.53; 4.67 105.2 4.57; 4.67 105.2 4,57; 4.67 105.2 4.57; 4.67
31 110.1 4.56; 4.69 - - 110.1 4.56; 4.69 - - - -

basic structure.

Further, in the H-'H cosy spectrum (Fig. 3(d)) of 1, the submerged
bold green lines indicate the range of correlations from H-2 through OH
to H-3 through OH, H-9 to H-11 through H-12, H-15 to H-16, and H-21
to H-22 were instituted. Based on the coupling constant of H-2 and H-3
at 8y 3.08 (d, J =10.9 Hz) and 2.97 (dddt, J = 20.1, 16.0, 10.9, 4.9 Hz),
it was concluded that HO-2 and HO-3 were in a and f configuration,
respectively [13,15]. Compound 2 was purified as a white crystal. Its
molecular formula, CygH4203, was inferred from UHPLC-MS/MS anal-
ysis at m/z 437.28 [M-H]". The H NMR spectrum (Fig. 4(a)) of 2 dis-
played four singlet methyl groups (&g 0.9, 0.67, 0.75 and 1.05), a
doublet of methyl group [8y 1.4 (3H, d)], two olefinic protons [(8y 5.17
(1H, t) and 5.13 (1H, t)1, a pair of vinyl protons [5y 4.58; (1H, br s) and
4.67 (1H, br s)], and a methine carbon bonded to oxygen [y 3.01(1H,
dtd)]. The '3C NMR data (Table 1) revealed a total of 29 carbon signals,
consisting of five methyls, nine methylenes, and seven methines
(including one oxygenated carbon at 8¢ 76.7 and two olefinic carbons at
8¢ 121.3 and 124.5), along with seven quaternary carbons (including
three olefinic carbons), as determined from the HMBC and HSQC spectra
(Fig. 4(b, c)). An in-depth examination of the 2D NMR spectroscopy data
of compound 2, particularly H-"H COSY, HMBC, and HSQC, enabled
the identification of the structure. In the HMBC spectroscopy data of
compound 2, the notable blue bonds illustrate extensive long-range
correlations from 3H to 23 to C24; 1H(OH)-C2 and C4; 3H-25 to C2,
C5, C10 and C9; 3H-26 to C9, C7, C8, and C14; 3H-29 to C18 and C19;
1H-30 to C19 and C20 confirmed the nor-ursane fundamental structure.
Further, In .14 cosy spectra (Fig. 4(d)) of compound 2, the sub-
merged bold green lines indicate the range of correlations from H-2 to
H-3 through OH; H-9 to H-11 through H-12; H-15 to H-16; H-21 to H-22
were instituted. Following the findings in the literature [52], the con-
stant coupling of H-3 at 8y 3.01 (dtd, J=10.9, 5.2, 2.1 Hz) led to the
conclusion that HO-3 was in the f configuration.

Compounds 3 and 3’ were purified in two different forms, of which 3
was crystalline and 3’ was amorphous. Its molecular formula, C3gH460s3,

was inferred from UHPLC-MS/MS analysis at m/z 453.33 and 453.35
[M-H]", respectively. The 'H NMR spectroscopy data of compounds 3
(Fig. 5(a)) and 3’ displayed five singlet methyl groups (6y 0.90, 0.68,
0.75-0.93, 0.82-0.75 and 1.10), a doublet of methyl group [64 1.31 (3H,
d)], one olefinic proton (8y 5.13 (1H, t), a pair of vinyl protons [5y 4.58;
(1H, br s) and 4.67 (1H, br s)], and a methine carbon bonded to oxygen
[6y 3.0 (1H, dt)]. The 13C NMR data was identified from the HMBC and
HSQC spectra, shown in Fig. 5(b) and Fig. 5(c), indicating the presence
of 30 carbon signals. Signals of the latter were identified as six methyls,
ten methylenes, six methines, including one oxygenated carbon at §¢
76.7 and one olefinic carbon at 8¢ 124.4 and seven quaternary carbons,
including two olefinic carbons, as depicted in Table 1. The 2D NMR
spectra of compounds 3 and 3, in particular, 'H-'H COSY, HMBC, and
HSQC, gave an in-depth examination, enabling its structure to be
identified. In the HMBC spectrum of compounds 3 and 3’, the correla-
tions are the same as compound 2, except the existence of another
correlation from 3H to 27 to C8, C14, C15, and C13 which establishes
the nor-ursane basic structure. Further, the 'H-'H COSY spectra of
compound 3 (Fig. 5(d)) and 3’ are the same as those of compound 2.
Compound 4 was isolated as a white, shapeless powder. The mo-
lecular formula was determined as C31H4603 based on the UHPLC-MS/
MS at m/z 465.33 [M-H]". The 'H NMR spectrum (Fig. 6(a)) of com-
pound 4 exhibited five singlet methyl groups (6y 1.05, 0.68, 0.93, 0.61
and 1.10), a doublet of methyl group [y 1.33 (3H, d)1, one olefinic
proton 8y 5.13 (1H, t), two couple of vinyl protons [&y 4.56 (1H, br s),
4.69(1H, brs), 4.67(1H, br s), and 4.57 (1H, br s)], and a methine carbon
bonded to oxygen [5y 3.0 (1H, dt)]. The HMBC and HSQC spectra (Fig. 6
(b) and Fig. 6(c)) were initially analysed to interpret the 13¢ NMR data,
revealing a total of 31 carbon signals. These signals were categorised as
six methyls, ten methylenes, and five methines (which included one
oxygenated carbon at 8¢ 76.6 and one olefinic carbon at ¢ 124.5), as
well as eight quaternary carbons (including three olefinic carbons), as
shown in Table 1. An in-depth examination of the 2D NMR spectra of
compound 4, particularly 'H-'H COSY, HMBC, and HSQC, enabled the
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Fig. 4. (a) H NMR spectra and (b) HMBC, (c) HSQC and (d) 'H-'H COSY correlations of the isolated compound 2.

identification of the structure. In the HMBC spectrum of compound 4,
the correlations are the same as for compounds 3 and 5, except for
another correlation from 1H to 31 to C4, which confirms the nor-ursane
base structure [53]. Further, the 19-'H cosy spectrum of compound 4
(Fig. 6(d)) is the same as compounds 2, 3, and 3’.

Comparative structure determination with allied nor-ursane tri-
terpenoids reported in the literature revealed that all four compounds
had the typical 24-nor-ursane skeleton as previously reported. Despite
this common structure, the isolated compounds show considerable
structural variations. Compound 1 contained an additional hydroxyl
group at C-2 in the a-configuration to a 24-nor-ursane-type triterpenoid
previously isolated from the same waste plant material [22]. Another
study also referred to its feature of extra olefinic and vinyl protons, as
against the usually saturated analogues [13]. Compound 2, although
almost identical to micromeric acid, contained an extra double bond at
C-14, which is a delicate but significant variation of the core structure.
Compounds 3 and 3’ also exhibited strong structural similarity to
micromeric acid [54]. Compound 4, which retained the nor-ursane
skeleton, lacked one olefinic proton at C-14 from our earlier isolate
from the same plant residue [22], suggesting a more saturated character.
Though minor, such differences have profound effects on the physico-
chemical character and bioactivities of the triterpenoids, further
enriching the structural diversity within this subclass.

3.1.3.2. Chiral configuration modelling. Following stereochemical anal-
ysis using Schrodinger’s Maestro software, the absolute configurations
of Compounds 1-4 were successfully assigned by 3D structural visuali-
zation and application of Cahn-Ingold-Prelog (CIP) priority rules
(Fig. 7). The compounds were first passed through the LigPrep module to

generate stereoisomers and optimize the geometry, enabling easy visu-
alisation of the spatial arrangement of atoms around each chiral center.
Compound 1 had an (R) configuration at C-2, C-3, C-8, C-10, and C-19,
and an (S) configuration at C-17. Compound 2 had an (R)-configuration
at C-8, C-10, and C-19, and an (S) configuration at C-3, and C-17.
Compound 3 had the same (R) configuration at C-8, C-10, and C-19,
along with an (S) configuration at C-3, C-14, and C-17. Similarly, com-
pound 4, was identical to compound 3 in terms of its stereochemical
profile, with an (R) configuration at C-8, C-10, and C-19, and an (S)
configuration at C-3, C-14, and C-17. For all four compounds, the
invariant (R) configurations at C-8, C-10, and C-19, coupled with an (S)
configuration at C-17, demonstrate a conserved stereochemical core,
suggesting that these centres may play a fundamental role in the
conformational stability of the compounds or their potential biological
activity.

However, stereochemical variations at other positions, such as C-2,
C-3, and C-14, can introduce stereochemical variations that alter mo-
lecular recognition in docking or interaction assays. Compound 1 has the
most significant number of (R) configurations, including at the C-2 and
C-3 positions, and has the most rigid chiral conformation. In contrast,
compounds 3 and 4 have the same configurations and can be used as
stereoisomeric controls. These results highlight the importance of cor-
rect stereochemical assignment before molecular modelling and estab-
lish a solid basis for exploring structure-activity relationships in future
computational research. In support of this approach, Cinar et al. [55]
and Wang et al. [56] both demonstrated the capability of computer
calculations for stereochemical analysis. Cinar’s analysis of Diels—Alder
adducts accurately predicted the major and minor diastereomers, which
were verified by 'H NMR shifts [55]. Wang et al. [56] used DP4plus
calculations along with spectroscopic and crystallographic data to
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Fig. 5. (a) 'H NMR spectra and (b) HMBC, (c) HSQC and (d) 'H-'H COSY correlations of the isolated compound 3.

determine the absolute configuration of Achroacid, a triterpenoid from
Achyrocline satureioides. Together, these studies emphasize the validity
of blending computational techniques and experimental techniques to
resolve complex stereochemical configurations of synthetic and natu-
rally occurring products.

3.2. Pathogen-fighting ability evaluation

The antibacterial activity of the isolated compounds and crude ex-
tracts derived from the solid waste of R. tournefortii de Noé was assessed
and compared to the positive control. The positive control exhibited the
highest inhibition across all tested microorganisms, with inhibition di-
ameters ranging from 21.5 mm to 28.2 mm. While the inhibition zones
of the extracts and isolated compounds were lower, they still demon-
strated significant antimicrobial effects, emphasizing their potential as
alternative bioactive agents. The results of the inhibition tests are
summarized in Table 2. The extracts and isolated compounds exhibited
varying degrees of inhibition compared to the positive control. The
crude extracts demonstrated moderate antibacterial activity, with the
ethyl acetate extract exhibiting more potent germicidal effects than the
methanolic extract. The isolated compounds showed different antibac-
terial effects. Compound 1, isolated from the methanolic extract, dis-
played significant inhibition against E. coli and S. aureus, with inhibition
zones of 9.85mm (vs. 8.75mm) and 11.15mm (vs. 9.95 mm),
respectively.

According to the statistical analysis, the inhibition of compound 1
against E. coli and S. aureus was significantly greater than that of the
methanolic extract (p < 0.05), as indicated by the different superscript
letters in Table 2. The inhibitory effects of other derivatives, including
compounds 2, 3, 3°, and 4 from the ethyl acetate extract, also varied. For

instance, compound 2 demonstrated superior inhibition against E. coli
(10.2 mm compared to 9.75 mm for the crude extract), while its activity
against Geotrichum sp. (10.7 mm) was also notable. Statistical analysis
indicated that compound 2 showed a significant difference in inhibition
against E. coli compared to the crude ethyl acetate extract (p < 0.05,
with different statistical groups), but did not show significant differ-
ences against Geotrichum sp. or other strains. The molecular form plays a
pivotal role in efficacy [57]. For example, compound 3’ in its amorphous
form proved significantly more effective than its crystalline counterpart,
compound 3, due to several factors. Amorphous compounds generally
have a larger specific surface area and enhanced solubility, facilitating
the active substance’s release and diffusion [58]. Furthermore, these
forms demonstrate a greater capacity to interact with cell membranes,
disrupting their structure and thereby enhancing their antimicrobial
efficacy [59]. The statistical analysis confirmed that compound 3’ was
significantly more effective against Rhodotorula glutinis (16.7 mm) than
compound 3 (11.7 mm), with a p-value less than 0.05. However, it is
important to note that the presumed amorphous nature of compound 3’
is inferred based solely on differences in biological activity. This inter-
pretation was not confirmed by physicochemical techniques such as
differential scanning calorimetry (DSC) or powder X-ray diffraction
(PXRD). As such, the assignment of crystalline versus amorphous form
remains speculative. Future studies incorporating solid-state character-
ization will be essential to validate this hypothesis and more accurately
correlate physical form with observed bioactivity.

For instance, the methanolic extract effectively inhibited mould
growth, while the ethyl acetate extract exhibited no inhibitory effects.
Compounds 1 and 2 compromised the integrity of the fungal membrane,
leading to increased permeability and subsequent cell lysis. Addition-
ally, norursane-type pentacyclic triterpenoids, such as compounds 3’, 2,
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Fig. 6. (a) 'H NMR spectra and (b) HMBC, (c) HSQC and (d) 'H-'H COSY correlations of the isolated compound 4.

and 1, exert their antifungal activity by targeting ergosterol in the fungal
cell membrane. This interaction induces membrane fluidity and
permeability alterations, ultimately leading to pore formation [60].
Statistical results confirmed significant differences in inhibition between
compound 1 and the crude methanolic extract for fungi such as Peni-
cillium (9.85 mm vs. 9.55 mm for the methanolic extract, p < 0.05),
showing that compound 1 is a more effective agent against fungi.
Notably, compound 3’ exhibited substantial inhibition against Rhodo-
torula glutinis (16.7 mm), compared to 17.3 mm for the crude extract,
suggesting that purification did not significantly enhance activity
against this yeast. This result was not statistically significant, indicating
that the purification process had a negligible effect on the activity
against this particular yeast (p > 0.05). Furthermore, compound 1
demonstrated the highest activity against Penicillium, producing an in-
hibition zone of approximately 9.85 mm. This efficacy can be attributed
to the structural characteristics of compound 1, which features a
nor-ursane type D-ring with a double bond at C-14 and C-15, along with
an additional hydroxyl functional group (OH) [61]. This group may
facilitate hydrogen bonding and electrostatic interactions with mould
targets, further enhancing its antimicrobial activities [62]. These find-
ings underscore the antimicrobial potential of R. tournefortii de Noé solid
waste extracts and their isolated compounds. The statistical analysis
supports the hypothesis that the purified compounds, particularly
compound 1, compound 2, and compound 3’, exhibit stronger antimi-
crobial activities compared to the crude extracts, with several significant
differences noted (p < 0.05).

3.3. Controlled skin pigmentation

One of the most prevalent mechanisms regulating skin pigmentation
is the inhibition of tyrosinase, a key enzyme in melanin biosynthesis
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[56]. This study evaluates the inhibitory effects of rosemary solid waste
extracts and their isolated compounds on mushroom tyrosinase, using
the dopa-chromium formation system from L-Dopa to measure enzy-
matic activity. Fig. 8 compares the tyrosinase inhibition of crude ex-
tracts, isolated compounds, and the control inhibitor, kojic acid.
Notably, all compounds purified from the ethyl acetate extract exhibited
substantial inhibitory activity, outperforming the initial extract. Com-
pounds 2, 3, and 4 were particularly potent tyrosinase inhibitors, with
ICsp values of 0.299 + 0.017 mg/mL, 0.301 + 0.029 mg/mL, and 0.304
+ 0.036 mg/mL, respectively, as outlined in Table 3. Statistical analysis
confirmed that these compounds were significantly more effective than
ethyl acetate extract, with an ICsp of 0.421 + 0.012 mg/mL (p < 0.05).
On the other hand, Compound 1, purified from the methanolic extract,
showed an ICsg of 0.404 + 0.020 mg/mlL, significantly weaker than the
methanolic extract (ICso = 0.157 + 0.008 mg/mL). Statistical analysis
confirmed that Compound 1 (p < 0.05) was less effective than the
methanolic extract. Compared to kojic acid, a well-established tyrosi-
nase inhibitor with an IC50 of 0.104 + 0.047 mg/mL. Compound 1
exhibited significantly lower inhibitory effects (p < 0.05). However,
Compounds 2, 3, and 4 showed comparable potency to kojic acid
(p > 0.05).

The efficacy of purified triterpenoids in inhibiting tyrosinase de-
pends on their structural and functional characteristics. Hydroxyl
groups can form hydrogen bonds with the enzyme’s active site,
obstructing substrate binding [63]. Similarly, carbonyl groups may
interact with amino acid residues, modulating the enzyme’s catalytic
function. The positioning of double bonds is critical to the observed
inhibitory effects. Compound 2 exhibits stronger inhibition than com-
pound 3 due to the double bond between C-14 and C-15, which enhances
interaction with the enzyme’s active site. This structural rigidity facili-
tates binding to tyrosinase [64]. The distinction between the crystalline
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Fig. 7. Stereoisomer generation and chirality assignment of compounds 1-4 using LigPrep and Maestro visualisation.

Table 2

Antimicrobial performance of the isolated compounds from rosemary solid waste.

Samples Inhibition diameter (mm)

Bacteria Gram - Bacteria Gram+ Moulds Yeasts

E. coli P. aeruginosa L. innocua S. aureus Geotrichum sp. A. niger Penicillium Rhodotorula glutinis
Ext Meoh 8.75 + 0.35¢ 10.15 + 0.21° 9.2 +0.14 9.95 + 0.35° 11.45 + 1.20° 10.15 + 0.21° 14.8 + 0.32°
1 9.85 + 0.35° 9.9 +0.14" 9.7 +0.14% 11.15 + 0.91° 9.85 + 0.21° - 9.5 +0.21° 13.2 £ 0.24°
Ext Act 9.75 + 0.63% 10.15 + 0.07° 9.6 +0.14% 11.8 +0.28° - - - 17.3 +0.35°
2 10.2 + 0.28° 9.35 + 0.21¢ 9.05 + 0.07™ 9.95 + 0.07° 10.7 + 0.64° - - 13.2 + 0.15¢
3 10.3 £ 0.21° 9.05 + 0.07¢ 8.35 + 0.49° 9.25 + 0.13° - - - 11.7 £ 0.21°
3 10.35 + 0.14° 9.2 +0.28 9.1 +0.14" 11.6 + 0.28° - - - 16.7 + 0.22°
4 9.55 + 0.63° 9.85 + 0.21" 9.2 +0.14> 9.25 + 0.07° - - - 12.5 + 0.36 <4
ct 21.5 + 0.25° 22.6 + 0.38% 22.3 + 0.96° 22.6 +0.18% 22.9 + 0.36° 21.8 +1.2° 28.2 + 1.16% 22.8 +0.2°

C*; Cycloheximide served as a positive control for fungi, while gentamicin was utilised as a control for bacteria. Single superscript letters in each column indicate
statistically significant differences between means (p < 0.05). Data are presented as means + standard deviations (n = 3)

and amorphous forms of compounds 3 and 3’ further underscores the
role of molecular conformation in inhibitory activity. The crystalline
form of compound 3 (IC50=0.301 + 0.029 mg/mL) demonstrated
greater inhibitory activity than its amorphous counterpart, compound
3’. Suggesting that the crystalline structure provides an optimal geom-
etry for enhanced interactions with the tyrosinase active site [65]. In
contrast, the amorphous form may lead to less-defined molecular ar-
rangements, potentially reducing its effectiveness [66].

Furthermore, positioning functional groups, such as hydroxyls and
methyls, plays a critical role [67]. For instance, compound 4, featuring a
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double bond at C-6 of the B ring, ranks third in inhibitory potency,
highlighting the importance of steric effects and structural rigidity in
enzymatic activity. Conversely, compound 1, with an additional hy-
droxyl group, displayed the lowest inhibitory activity among the puri-
fied compounds (IC50=0.404 + 0.020 mg/mL). This reduced efficacy
may be attributed to the absence of a methyl group at position C-24,
which likely decreases its affinity for the enzyme’s active site. In
conclusion, variations in inhibitory activities among the purified com-
pounds reflect the intricate relationship between molecular structure
and biological function. Understanding these structure-activity
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Fig. 8. Anti-tyrosinase potency of the isolated norursane-type triterpenoids
from rosemary solid waste.

Table 3
ICs0 values of norursane-type triterpenoids for tyrosinase
inhibition.

Samples ICs0 (mg/mL)

MeOH extract 0.157 + 0.008%

Compound 1 0.404 + 0.020°
EA extract 0.421 + 0.012°
Compound 2 0.299 + 0.017°
Compound 3 0.301 + 0.029°
Compound 3’ 0.321 + 0.037°
Compound 4 0.304 + 0.036°
Kojic acid 0.104 + 0.047°

Individual superscript letters in every column signify
statistically ~significant differences among means
(p < 0.05). Data are shown as means =+ standard de-
viations (n = 3).

relationships is crucial for advancing rational drug design and devel-
oping effective pharmacological agents for treating hyperpigmentation
in dermatological applications.

3.4. Molecular docking of isolated norursane-type triterpenoids

Molecular modelling plays a key role in studying the control of en-
zymes associated with carbohydrate digestion and pigmentation. Alpha-
amylase and alpha-glucosidase, essential for the breakdown of starch
and the conversion of carbohydrates into simple sugars, directly influ-
ence blood glucose levels, particularly in individuals with diabetes [68].
Inhibitors of these enzymes slow down carbohydrate digestion, thereby
mitigating glycemic spikes. Similarly, tyrosinase, which catalyzes the
production of melanin from L-tyrosine, is an important target in man-
aging pigmentation disorders [69]. Therefore, the identification of
compounds capable of inhibiting these enzymes offers therapeutic po-
tential for treating metabolic and dermatological disorders. In this
context, our study explored the inhibitory activity of compounds iso-
lated from the solid waste of R. tournefortii de Noé using molecular
docking simulations. These compounds favourably predicted in-
teractions with alpha-amylase and alpha-glucosidase, even surpassing
that of acarbose in terms of binding energy. Most compounds showed
significant stability within the active site, with favourable binding en-
ergies, except for Compound 4, which had a lower predicted affinity
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with the three studied proteins (Table 4). Negative and low docking
scores confirm the robustness and relevance of the observed in-
teractions. While negative and low docking scores suggest robust
ligand-protein interactions, it is important to recognise that docking
results are theoretical approximations. They do not always correlate
directly with biological activity and must be interpreted cautiously.

In particular, Compound 1 exhibited the best stability within the
active sites of alpha-amylase and alpha-glucosidase, with binding scores
of —5.149 kcal/mol and —5.056 kcal/mol, respectively, significantly
surpassing that of acarbose. These values suggest a potentially stronger
binding affinity, positioning Compound 1 as a promising candidate for
further investigation. For alpha-amylase, Compound 1 forms multiple
interactions, including carbon-hydrogen bonds, pi-alkyl interactions,
alkyl interactions, attractive charge interactions, and van der Waals
interactions with the residues LEU156, TRP58, HIS30, LEU162, GLY306,
HIS201, LYS200, and ILE235 (Fig. 9). For alpha-glucosidase, Compound
1 also forms various stabilising interactions, including hydrogen bonds
with THR271, SER272, SER270, and THR739, as well as van der Waals
interactions with the residues GLN255, LEU269, MET268, ASP741,
PRO266, and TYR256 (Fig. 10).

Similarly, Compound 2 demonstrated stable predicted binding in the
active site of tyrosinase, with a docking score of —5.880 kcal/mol, sur-
passing kojic acid. Its interactions with tyrosinase include conventional
hydrogen bonds, pi-alkyl interactions, and van der Waals interactions
with residues such as MET184, PHE197, ASN205, MET61, HIS60, and
VAL218 (Fig. 11). These in silico results highlight the theoretical bind-
ing capabilities of the isolated compounds and offer a rationale for their
potential as enzyme inhibitors. However, these predictions require
experimental confirmation. Compound 1 is distinguished by an addi-
tional hydroxyl group and two exocyclic methylene groups, enhancing
its ability to form hydrogen bonds and hydrophobic interactions with
alpha-amylase and alpha-glucosidase, reinforcing its stability and
inhibitory effectiveness. Compound 2, alternatively, is better suited for
inhibiting tyrosinase due to a structure that balances hydrogen and
hydrophobic bonds, promoting an optimal fit in the enzyme’s active site.
These structural differences account for the variations in efficacy
observed between the two compounds. Despite the superior docking
scores of the isolated compounds, kojic acid exhibited the best inhibitory
effect on tyrosinase in experimental assays. This discrepancy highlights
the limitation of docking as a standalone predictor of biological activity.
Factors such as solubility, bioavailability, and enzyme kinetics play
critical roles in determining actual inhibitory potential [70].

For example, kojic acid’s lower molecular weight and higher water
solubility may enhance its interaction with tyrosinase under experi-
mental conditions [71]. The literature shows norursane triterpenoids
have demonstrated multifunctional potential in managing diabetes by
inhibiting alpha-amylase, alpha-glucosidase, and tyrosinase enzymes.
For example, pistagremic acid, with a docking score of —9.2 kcal/mol
for alpha-glucosidase [69], forms stable hydrogen bonds due to its hy-
droxyl group at C-3 and carboxyl group at C-28 [69]. Compounds such
as ilekudinol A and B, with docking scores of —8.5 and —8.7 kcal/mol
for tyrosinase, respectively [72], highlight the role of specific functional
groups in enhancing predicted binding. Nevertheless, while molecular

Table 4
Docking scores of the isolated compounds from rosemary solid waste docked
with proteins (1B2Y), (5NN8), and (3NQ1) using SP docking.

N°

Compound Name Docking score (kcal/mol)

Alpha-Amylase  Alpha-Glucosidase = Tyrosinase
1 Compound 1 —5.149 —5.056 —4.414
2 Compound 2 —4.985 —3.558 —5.880
3 Compound 3 —3.547 —3.920 —4.389
4  Compound 4 —3.507 —3.067 —3.148
5  Acarbose (standard) —4.877 —4.925 -
6  Kojic acid (standard) - - —4.888
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docking offers valuable preliminary insights, in vivo studies remain
essential for confirming efficacy, safety, and pharmacokinetic proper-
ties. Future investigations, including clinical trials, are crucial to vali-
dating the therapeutic potential of these compounds.

3.5. Physicochemical limitations and real-world applicability

Although the compounds isolated from R. tournefortii de Noé solid
waste show promising antimicrobial and tyrosinase inhibitory activities,
their practical use is subject to certain physicochemical restrictions. Nor-
ursane-type triterpenoids, which are poorly soluble in water and have
low membrane permeability due to their high molecular weight and
lipophilicity, are particularly susceptible to problems of bioavailability
and absorption. For example, compound 1, while possessing good in
vitro activity, exists as a poorly water-soluble compound, potentially
limiting its biodistribution and therapeutic application in vivo. Simi-
larly, compound 3’ was more active as an antimicrobial compound in its
amorphous form. Still, the crystalline form was more active as a tyros-
inase inhibitor, showing that different biological activities could favour
physical forms. Although both forms were dissolved in ethanol before
testing, the differences in bioactivity may still reflect the influence of the
initial physical state. Amorphous and crystalline solids can differ in
terms of dissolution Kkinetics, solvation and transient conformational
states or aggregates in solution that influence drug-target interactions
[73]. These subtle influences can affect the availability or presentation
of functional groups at the biological interface. Therefore, even in so-
lution, the initial physical form can indirectly impact pharmacological
effects. Although we have not experimentally measured thermodynamic
stability, it is well established that amorphous forms are generally less
stable than crystalline forms. This can result in recrystallisation over
time, affecting shelf life and presenting formulation challenges.
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A further complication is the limited solubility of these compounds in
aqueous media. Dissolution could only be achieved in ethanol with
moderate heating—conditions unsuitable for many clinical or cosmetic
formulations, where water-based systems are preferred for safety and
ease of use. This dependence on ethanol poses problems of reproduc-
ibility and formulation scalability, making these compounds less
attractive than active substances that are readily soluble under standard
conditions. In addition, there is a considerable difference between
computational docking predictions and in vitro activity. For example,
kojic acid showed more effective tyrosinase inhibition in vitro than
triterpenoids, whereas docking predictions showed the opposite. This
highlights the limitations of in silico models for correctly predicting
biological efficacy, particularly when physicochemical limitations such
as solubility and access to enzymes exist. To overcome these limitations
and fully exploit the potential of these drugs, advanced delivery
methods, such as nanoencapsulation, inclusion complexes, or chemical
derivatisation, may be required. These methods could optimise
bioavailability, stabilise the substance, and improve systemic or local
absorption. Finally, in vivo studies and formulation design will be
important to establish efficacy and overcome obstacles that cannot be
overcome alone by in vitro or computational means.

3.6. Challenges and future outlook

3.6.1. Enhancing the use of nor-ursane triterpenoids in porous food
materials

Incorporating nor-ursane-type pentacyclic triterpenoids into porous
materials for food packaging presents an innovative solution for
enhancing food preservation and sustainability. Pentacyclic triterpe-
noids, known for their potent antimicrobial, antioxidant, and mechan-
ical properties, these compounds offer a promising alternative to
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traditional synthetic additives and non-biodegradable packaging mate-
rials [74]. Several studies have demonstrated the high efficacy of these
triterpenoids, particularly when integrated into biodegradable films. For
instance, incorporating plant extracts containing triterpenoid com-
pounds into chitosan matrices has been associated with improved anti-
bacterial efficacy against harmful pathogens like Escherichia coli and
Staphylococcus aureus [75]. In addition, these films exhibit over 85 %
DPPH radical scavenging activity, reflecting their strong antioxidant
properties, which play a crucial role in protecting foods from oxidative
damage and spoilage [17]. Beyond their biological activity, the me-
chanical properties of packaging materials are also enhanced by
including these triterpenoids. Tensile strength tests have revealed that
composite films containing triterpenoids can achieve 24.9 MPa, signif-
icantly higher than those of pure chitosan films. This improvement in
strength makes them more durable and suitable for commercial food
packaging, particularly for products requiring long shelf lives. Addi-
tionally, the water vapour permeability of these films remains within a
favourable range [75], a key factor in preventing food dehydration and
ensuring product freshness.

These promising laboratory findings suggest strong potential for
bioactive packaging; however, translating these results into commercial
practice presents several challenges. In practical food applications,
certain bioactive-enriched materials have demonstrated significant im-
pacts on product shelf life. For example, edible coatings enriched with
plant-based extracts have been shown to extend the shelf life of straw-
berries by up to 15 days, in contrast to untreated produce, which spoils
within 5-7 days [76]. Similarly, packaging materials used for meat
products have achieved a 50 % reduction in microbial contamination
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during refrigerated storage, helping maintain product quality and safety
for extended periods [77]. Moreover, some porous matrices have been
reported to offer sustained antimicrobial activity for up to 30 days
through controlled release mechanisms, highlighting their potential for
long-term food preservation [78]. However, while these functional
properties are promising, the practical application of nor-ursane tri-
terpenoids faces significant hurdles. Extraction complexity is a primary
challenge, as the current methods for isolating and purifying these
compounds are both resource-intensive and costly. This undermines the
environmental benefits of using natural triterpenoids, as energy and
material consumption during extraction may negate the sustainability
gains. Moreover, the lack of standardised, scalable extraction techniques
means that commercial adoption remains limited. Developing more
efficient and cost-effective extraction processes will be essential to
enable broader implementation in the food packaging sector.

Another critical concern is the variability in the chemical properties
of different triterpenoids, which may affect their behaviour in diverse
food matrices. Factors such as pH, temperature, moisture levels, and
food composition can influence the efficacy and stability of nor-ursane
triterpenoids. For example, acidic environments might alter their anti-
microbial activity, while temperature fluctuations could impact their
controlled release from packaging materials [79]. Therefore, a
comprehensive understanding of these interactions is necessary to
optimise the use of nor-ursane triterpenoids in real-world food systems.
Furthermore, while antimicrobial and antioxidant properties have been
well-documented in controlled laboratory conditions, more extensive
research is required to determine their long-term stability and effec-
tiveness across various food products. This includes evaluating how
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triterpenoids behave under commercial packaging conditions, such as
during transportation and extended storage periods, which can present
challenges not encountered in laboratory environments.

3.6.2. Sustainability and environmental benefits

Nor-ursane-infused porous materials also provide significant ad-
vantages in terms of environmental sustainability, positioning them as
key players in the shift away from petroleum-based plastics. Biode-
gradability is one of their most notable features. While conventional
plastics can persist in the environment for centuries, materials infused
with natural extracts degrade much more rapidly, especially when
incorporated into biodegradable polymer matrices like chitosan [80].
This presents a viable alternative to traditional plastics, comprising a
significant portion of global plastic consumption, yet have a dismal
recycling rate. The environmental urgency to reduce plastic waste is
well-documented, with approximately 300 million tons of plastic waste
generated annually [81]. Using natural, biodegradable alternatives such
as nor-ursane triterpenoids could play a crucial role in mitigating this
crisis. From a sustainability perspective, the antimicrobial properties of
nor-ursane triterpenoids are particularly valuable. Studies on similar
triterpenoids, such as betulin, have shown a 2-3 log reduction in mi-
crobial growth, extending the shelf life of perishable goods by up to 31
days [82]. This is especially relevant in the fight against global food
waste, which accounts for nearly one-third of all food produced
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annually. The porous structure of materials infused with nor-ursane also
facilitates gas exchange, which is critical for maintaining the freshness
of fresh produce, further enhancing their value in food packaging
applications.

Moreover, the growing consumer demand for eco-friendly products
cannot be overlooked. With 66 % of global consumers indicating a
willingness to pay a premium for environmentally sustainable options,
the market potential for natural, biodegradable packaging solutions is
substantial [83]. Nor-ursane triterpenoids, which combine environ-
mental sustainability with functional benefits such as antimicrobial
protection and enhanced packaging integrity, are well-positioned to
meet this demand. From an economic standpoint, early estimates sug-
gest that the cost of producing materials infused with natural extracts is
only slightly higher than that of conventional polyethylene packaging,
making it a feasible alternative for manufacturers [84]. Despite these
advantages, some critical challenges remain. While natural
extracts-infused materials have demonstrated biodegradability and
mechanical strength in controlled environments, further real-world as-
sessments are needed to confirm their degradation rates under typical
environmental conditions. Additionally, while the slight increase in
production costs may be acceptable for environmentally conscious
consumers, price-sensitive markets and industries with narrow profit
margins may find this a significant barrier to adoption. To achieve
large-scale commercial success, it will be necessary to balance the
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cost-benefit ratio, especially when scaling up production to meet rising
demand.

In conclusion, nor-ursane-infused porous materials represent a
powerful opportunity to address both food preservation and environ-
mental sustainability in the packaging industry. Their ability to reduce
microbial contamination, extend shelf life, and offer biodegradable al-
ternatives to plastic packaging makes them a critical innovation in the
shift toward a circular economy. However, their full potential can only
be realised through further research into their long-term performance,
more cost-effective extraction methods, and wider adoption across
various food industries. With continued advancements, these materials
could significantly contribute to reducing food spoilage and plastic
waste, shaping a more sustainable future for global packaging solutions.

4. Conclusion

The developed nor-ursane-type triterpenoids were successfully pu-
rified using recrystallisation, offering a cost-effective and efficient
alternative to conventional and advanced methodologies. Their molec-
ular structures and chemical groups were analysed using cutting-edge
spectroscopic techniques. These triterpenoids exhibited significant bio-
logical activities, including strong antimicrobial effects against patho-
gens such as E. coli, S. aureus, and Geotrichum sp., and potent tyrosinase
inhibition. Molecular docking studies revealed favourable binding in-
teractions, particularly for compounds 1 and 2, which showed stability
and potential as therapeutic agents against diabetes and pigmentation
disorders. Despite these promising biological activities, several physi-
cochemical challenges hinder their broader applicability. The com-
pounds’ poor solubility in water and low membrane permeability limit
their bioavailability and therapeutic effectiveness, especially in in vivo
applications. Moreover, the dissolution process, which requires ethanol
and moderate heating, complicates formulation, making them less
practical for clinical or cosmetic use. These physicochemical limitations,
combined with discrepancies between in vitro and in vivo activity,
highlight the need for addressing bioavailability and formulation sta-
bility in future studies. In the context of porous food materials, addi-
tional challenges arise, such as variability in performance across
different food matrices and the need for long-term stability studies.
While these triterpenoids offer significant promise in both medical and
food packaging applications, further research is required to assess their
stability, scalability, and practical efficacy. Overcoming these chal-
lenges could contribute to reducing plastic waste, enhancing food
preservation, and advancing the development of sustainable solutions in
various industries.
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