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ARTICLE INFO ABSTRACT
Keywords: The anti-cancer and anti-bacterial potential of the Red Sea sponge Phyllospongia lamellosa in its
Phyllospongia lamellosa bulk (crude extracts) and gold nanostructure (loaded on gold nanaoparticles) were investigated.
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Metabolomics analysis was conducted, and subsequently, molecular modeling studies were
conducted to explore and anticipate the P. lamellosa secondary metabolites and their potential
target for their various bioactivities. The chloroformic extract (CE) and ethyl acetate extract (EE)
of the P. lamellosa predicted to include bioactive lipophilic and moderately polar metabolites,
respectively, were used to synthesize gold nanoparticles (AuNPs). The prepared AuNPs were
characterized through transmission electron microscopy (TEM), Fourier-transform infrared
spectroscopy (FTIR), and UV-vis spectrophotometric analyses. The cytotoxic activities were
tested against MCF-7, MDB-231, and MCF-10A. Moreover, the anti-bacterial, antifungal, and anti-
biofilm activity were assessed. Definite classes of metabolites were identified in CE (terpenoids)
and EE (brominated phenyl ethers and sulfated fatty amides). Molecular modeling involving
docking and molecular dynamics identified Protein-tyrosine phosphatase 1B (PTP1B) as a po-
tential target for the anti-cancer activities of terpenoids. Moreover, CE exhibited the most
powerful activity against breast cancer cell lines, matching our molecular modeling study. On the
other hand, only EE was demonstrated to possess powerful anti-bacterial and anti-biofilm activity
against Escherichia coli. In conclusion, depending on their bioactive metabolites, P. lamellosa-
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derived extracts, after being loaded on AuNPs, could be considered anti-cancer, anti-bacterial,
and anti-biofilm bioactive products. Future work should be completed to produce drug leads.

1. Introduction

Cancer is a disease that causes pathophysiological abnormalities in the intrinsic process of cellular division. It has become a
substantial health issue responsible for a high number of fatalities annually on a global scale [1,2]. In 2020, more than 19.3 million
newly diagnosed cases of cancer were identified, and this would result in roughly 10 million mortalities [3]. The necessity and demand
for creating powerful medications to treat various malignancies have been fueled by the global increasing prevalence of cancer cases,
which result in millions of deaths each year [4-8]. Globally, breast cancer ranks as the second most common cause of mortality
experienced by women. The medicinal therapy of this disease is greatly hampered by its heterogeneity. However, recent advances in
immunology and molecular biology enable the development of highly specialized therapies for various breast cancer types [9].

Antibiotic resistance is a major worldwide health threat that presents a considerable obstacle to effectively treating infectious
diseases. Antibiotic-resistant bacteria have disseminated due to the inappropriate and excessive use of antibiotics, raising morbidity,
death, and healthcare expenditures worldwide [10-13].

Natural products with established human consumption include dietary phytochemicals, nutritional herbs, and bioactive compo-
nents. There is no evidence of systemic toxicity or hazardous side effects in these products. Due to these merits, natural products have
the potential to serve as viable substitutes for treatment-resistant breast cancer. On the other hand, none of the recently produced
antibiotics are anticipated to be effective against the harmful strains of antibiotic-resistant bacteria, notwithstanding the diligent
endeavors. The desire for herbal remedies to co-treat antibiotic-resistant microorganisms has lately surged. It has been evidenced that
numerous natural products have been discovered to possess potent antimicrobial components that can work either alternately or
synergistically with antibiotics [14-18].

Marine ecosystems are exceptionally diverse and home to various unusual living forms that may have distinctive chemical and
biological characteristics, imparting significant therapeutic applications. Sponges are among the most promising aquatic creatures
because of their exceptional biological activity and previously unheard-of sophisticated chemistry [19].

Consequently, this research aimed to determine whether a crude organic extract obtained from the marine sponge Phyllospongia
lamellosa could be utilized to produce bioactive and stable AuNPs. According to earlier reports, P. lamellosa is an excellent source of
bioactive chemicals, especially sesterterpenes, which have demonstrated extremely promising anti-cancer activities [20-22]. The
AuNPs of P. lamellosa extracts were examined for their anti-microbial and anti-breast cancer properties.
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Fig. 1. Chemical structures of compounds 1-25 that have been putatively identified in the P. lamellosa-derived extracts, CE and EE.
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2. Results and discussion
2.1. Chemical profiling of P. lamellosa-derived extracts

P. lamellosa-derived extracts were chemically characterized, leading to the tentative identification of 25 major compounds (high
features), ranked by peak intensities (Table S1, Fig. 1). The identified compounds (1-15) in CE were found comprising the terpenoids
class of natural products (i.e., sesterterpenes and triterpenes), while in the EE, three brominated aromatic ethers (16-18), two sulfated
fatty amides (19 and 20), in addition to other five miscellaneous compounds (21-25) were identified. All identified compounds have
previously been reported from P. lamellosa or other species of Phyllospongia [20-22]. P. lamellosa is particularly known for its
sesterterpenes and triterpenes (1-15), which have been demonstrated to have intriguing anticancer potential against various human
cancer cell lines [20,23,24]. Furthermore, they demonstrated moderate antiviral and anti-inflammatory efficacy in both in vitro and in
vivo designs [20-22].

Two examples of sulfated fatty amides were detected in the EE (19 and 20, respectively), namely carteriosulfonic acid B and C. Both
of these compounds have been reported to inhibit glycogen synthase kinase-3 beta (GSK-3p)in vitro; hence, they are considered very
potential therapeutic candidates for managing type 2 diabetes mellitus [25]. There is promising evidence that optimizing the biological
activity of gold nanoparticles (AuNPs) can be achieved by loading such crude extract abundant in various intriguing bioactive
metabolites.

3. P. lamellosa-containing AuNPs
3.1. Biosynthesis of AuNPs using CE and EE of P. lamellosa

The synthesis of AuNPs using CE and EE was done by mixing 10 mL of 10~ M HAuCl, aqueous solution with 1 mL of 0.010 g of each
extract. The reduction process was at room temperature with stirring. The reaction’s color change was visually assessed, and the
transition duration was documented. The creation of gold nanoparticles is signified by an instantaneous shift in the solution’s color
from light pale yellow to dark purple in EE or from pale brownish to purple in CE (Fig. 2a and c). After mixture centrifuging for 20 min,
the resulting pellet was rinsed with de-ionized water to eliminate contaminants. A triplicate cycle of centrifugation and rinsing was
executed to obtain a more effective separation of nanoparticles. The resulting AuNPs were maintained at 4 °C after being oven-dried for
5hat45°C.

3.2. Electron microscopy

Field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) techniques were utilized to
evaluate the particle size and morphology of the green-produced AuNPs. The TEM micrograph showed that the average particle size for
the AuNPs formed by CE was about ~4.68 + 2 to 23 4+ 74 nm with monodisperse spherical-like shapes. The average particle size for the
AuNPs formed by EE was about ~6.04 + 2 to 21 + 2 nm with hexagonal prism-like shapes (Fig. 3a and c and Fig. 4).
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Fig. 2. Color change due to formation of AuNPs by CE (a) and EE (c) and UV-vis spectra showing a clear plasmon band for Au-NPs synthesized by
CE (b) and EE (d). While (f) is the crude of EE and (g) is the crude of CE. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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3.3. X-ray powder diffraction (XRD)

XRD spectroscopy of the synthesized gold nanoparticles by CE demonstrated the presence of distinguishing peaks of gold at 38°,
44°, and 66° (Fig. 5), accredited to the crystallographic planes (111), (200), and (220) of gold. Concerning the synthesized gold
nanoparticles by EE, the XRD patterns for gold nanoparticles between 26 of 20-80° are noticed. XRD configurations demonstrate the
diffraction peaks of gold nanoparticles at 26 values for 38°, 44°, and 65.37°, which matched with 111, 200, and 220 crystallographic
planes.

3.4. Fourier transforms infrared spectroscopy analysis (FTIR)

The FTIR was achieved to detect the functional groups responsible for stabilizing and synthesizing gold nanoparticles. The FTIR
spectral profile of the green AuNPs prepared by CE and EE extracts, along with the FTIR of both extracts, was measured at the
wavelength range of 4000-450 cm™?, showing that hydroxyl group (O-H) stretching vibration appears at 3329.86 cm™! in CE and
3442.19 cm—1in EE. In contrast, peaks appeared at 2920.34, and 2850.57 cm ™! in CE and 2963.50 cm ™! in EE refers to the alkane
(C-H) stretching vibrations. Moreover, the aromatic (C—=C) stretch vibration was demonstrated at 1635.94 c¢m ! in CE. The C-O was
measured at 1419.67 in CE and at 1414.78 and 1384.76 cm™! in EE, and the bands at 1197.80 and 1180.79 em~! in CE and from
1303.54: 1154.77 in EE refer to G-N stretching. Furthermore, the C-C appears at 1036.91 cm ™! in CE and around 1077.82 cm ™ in EE.
Finally, the IR peak at 1649.88 cm ™! is due to the (C=0) present in the EE extract. These functional groups, for instance, nitrogenous,
carboxyl, and hydroxyl groups, interact with the gold metal ion and reduce it to AuNPs (Fig. 6). It also serves a critical role in sta-
bilizing AuNPs (Fig. 6).

3.5. In vitro cytotoxic activity of AuNPs-loaded P. lamellosa extracts

Nanotechnology offers the means to target therapies directly and selectively to cancerous cells and neoplasms. Nanotechnology is
also presents a unique set of tools to overcome drug resistance and deliver drugs across traditional biological barriers and combines
therapeutic agents with imaging techniques towards achieving synergic results [26-28]. Therefore, the synthesized AuNPs loaded with
those extracts suggested substantial potential to be more effective than free Au and non-loaded extracts. Accordingly, we conducted
experiments on the papered AuNPs against two human breast cancer cell lines, multidrug-resistant invasive ductal (MDA-MB-231) and
estrogen-positive metastatic (MCF-7), as well as against normal breast cells (MCF-10a), to assess the toxicity of these AuNPs.

Fig. 3. TEM micrographs of poly-dispersed-shaped AuNPs prepared with CE (a) and spherical-shaped AuNPs prepared with EE (c) and FESEM
micrographs of the prepared AuNPs (b,d).
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Fig. 4. Selected area diffraction (SAED) images for prepared AuNPs using CE (a) and EE (b).
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Fig. 5. X-ray diffraction pattern of the gold nanoparticles prepared by a) CE and b) EE.
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Fig. 6. FTIR spectra of the green prepared AuNPs using a) CE and b) EE extracts, ¢) crude of CE and d) crude of EE. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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As shown in Table 1, both AuNPs loaded with CE (CE-AuNPs) and EE (EE-AuNPs) exhibited remarkable inhibitory action towards
MCF-7 (ICs0 = 8.2 + 0.38 and 10.2 + 0.47 pg/mL, respectively). They exhibited considerably greater efficacy than free ones (ICso =
93.9 + 4.35 pg/mL). Similarely, CE-AuNPs and EE-AuNPs exerted more powerful inhibitory action towards MCF-7 than non-loaded
ones (ICso = 26.6 & 1.0 (CE) and 36 + 1.4 (EE) pg/mL, respectively). Concerning MDA-MB-231, the Au significantly showed lower
cytotoxicity (ICso = 25.4 + 0.12 pg/mL) than those loaded with extracts (ICsg = 12.9 + 0.6 and 13.3 + 0.62 pg/mL, concerning EE-
AuNPs and CE-AuNPs, respectively).

Interestingly, compared to the reference medication, Taxol (ICsg = 12.47 + 1.25 pg/mL), CE-AuNPs and EE-AuNPs exhibited
higher potency, and this suggests the probable potential of brominated aromatic ethers (16-18) and sulfated fatty amides (19 and 20)
identified in EE, as well as sesterterpenes and triterpenes (1-15) identified in CE as potent anticancer agents. In detail, Carteriosulfonic
acids B and C (19 and 20) were reported to inhibit GSK-3p in a >2P-labeling assay with ICs, values of 6.8 and 6.8 M, respectively [25,
29]. GSK-3p inhibitors were suggested as promising targets in cancer treatment [25,30]. Furthermore, polybrominated diphenyl ethers
such as those identified in EE (16-18) were proved to be ones of promising anticancer drugs [31]. In general, a plethora of
marine-identified brominated phenols or brominated diphenyl ethers have been investigated for their cytotoxic activity, impacting
powerful anticancer potentiality. Morover, sesterterpenes and triterpenes (1-15) identified in CE, have been demonstrated to possess
intriguing anticancer potential against various human cancer cell lines [20,23,24].

The toxicity of prepared CE-AuNPs toward normal breast cell lines was highly weak (ICs5o 186 + 8.61 pg/mL) compared with that of
Taxol (37.24 + 1.67 pg/mL), indicating the remarkable safety of CE-AuNPs (see Table 1).

According to these findings, the chemical components mentioned above in P. lamellosa-derived extracts, CE and EE, exhibited a
noteworthy inhibitory impact on both estrogen-sensitive and multidrug-resistant invasive ductal breast cancer cells and boosted the
effectiveness of AuNPs with lesser cytotoxicity. In general, they even attempted to increase the enhanced effectiveness of the free
AuNPs with high marginal safety.

3.6. Antibacterial activity of AuNPs-loaded P. lamellosa extracts

Compared to the positive control ciprofloxacin, the bacterial inhibition results for CE-AuNPs and EE-AuNPs show varied activity
patterns against different bacterial strains. CE-AuNPs showed a minor bacterial inhibition against Staphylococcus aureus and Salmonella
typhi, while EE-AuNPs had moderate activity towards S. typhi. On the other hand, CE-AuNPs had a weak anti-bacterial effect against
Proteus sp., while EE-AuNPs showed no effect. Concerning E. Coli, both extracts were potentially active with an inhibition percent
comparable to the positive control, which clarifies the effect of different metabolites in both extracts. (Fig. 7a and 6b). Numerous types
of those metabolites were reported to exhibit anti-bacterial activity. By CE, phyllospongins, namely phyllospongins D and E (struc-
turally related to phyllospongins A-C; 1-3), were previously reported to exhibit significant anti-bacterial potential against S. aureus,
Vibrio parahaemolyticus, and Bacillus subtilis; recording MIC values = ~1.7-3.3 pg/mL [21,32]. On the other hand, 2,4-dibromo-6-(2,
4-dibromophenoxy)phenol (18) identified in EE was demonstrated to display activities against B. subtilis, S. aureus, Klebsiella Pneu-
moniae, and E. coli with MIC values ranging from 0.5 to 6.3 Mm [33].

3.7. Antifungal activity of AuNPs-loaded P. lamellosa extracts

Testing both extracts for their antifungal activities against Aspergillus niger and Candida albicans showed that the CE-AuNPs had a
higher effect than the EE-AuNPs, as they showed moderate activity while EE-AuNPs showed weak activity (Fig. 8a & b).

3.8. Biofilm inhibitory activity of AuNPs-loaded P. lamellosa extracts

The biofilm inhibition results of CE-AuNPs against the investigated microorganisms provided exciting information about their
potential as an antibacterial agent. S. aureus, a common pathogen known to generate biofilms, did not respond to CE-AuNPs, indicating
a lack of inhibitory action. This showed that either the nanoparticles were ineffective against this strain or the concentration used in
the study was insufficient to suppress biofilm. In contrast, S. typhi. showed a moderate biofilm inhibition percentage of 30.69 % in

Table 1
In vitro growth inhibitory activity of the prepared AuNPs against estrogen-positive and triple-negative breast cancer cell lines
alongside normal breast cell line.

Sample Cytotoxicity ICso pg/mL

Code MCF7 MDA-MB-231 MCF10a

CE 26.6 +£ 1.0 10.1 + 0.4 13.1 £ 0.5
EE 36+ 1.4 17.2 £ 0.7 30.3+1.1
CE-AuNPs 8.2+ 0.38 13.3 + 0.62 186 + 8.61
EE-AuNPs 10.2 4+ 0.47 12.9 + 0.6 47.4 £2.2
Au 93.9 + 4.35 25.4 +£0.12 259 +1.2
Taxol ** 12.47 +1.25 15.39 + 0.84 37.24 £ 1.67

AU: Gold metal, CE-AuNPs: Chloroformic extract loaded on gold nanoparticles, EE-AuNPs: Ethyl acetate extract loaded on gold
nanoparticles, MCF7: Estrogen-positive metastatic cell lines, MDA-MB-231: Multidrug-resistant invasive ductal cell lines,
MCF10a: Normal breast cell lines, and **: Positive control.
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Fig. 8. Fungal inhibition percentage of a) CE-AuNPs and b) EE-AuNPs. A. niger: Aspergillus niger, C. albicans: Candida albicans, CE-AuNPs:
Chloroformic extract loaded on gold nanoparticles, EE-AuNPs: Ethyl acetate extract loaded on gold nanoparticles. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

response to CE-AuNPs. This finding implies a possible efficacy in reducing Salmonella biofilm development. In contrast, Proteus spp.
showed no biofilm inhibitory activity in the presence of CE-AuNPs. E. coli, another prevalent pathogenic bacterium, exhibited a modest
biofilm inhibitory percentage of 19.71 % in response to CE-AuNPs (Table 2).

The biofilm inhibitory results for EE-AuNPs against various bacterial strains offer valuable insights into its potential as an agent for
combating biofilm formation. Starting with S. aureus, EE-AuNPs exhibited a biofilm inhibitory percentage of 9.01 %. While this value
indicates a modest inhibitory effect against S. aureus biofilm, it suggests room for improvement or optimization to enhance the
nanoparticles’ efficacy. Interestingly, no biofilm inhibitory activity was observed against S. typhi and Proteus strains, with both
showing a 0 % inhibition. In the case of E. coli, EE-AuNPs exhibited a substantial biofilm inhibitory percentage of 58.41 %. This result
indicates a significant inhibitory effect against E. coli biofilm formation, showcasing the potential of EE-AuNPs as an effective agent for
combating biofilms produced by this particular strain (Table 3).

Table 2
Biofilm inhibitory percentage of CE-AuNPs and EE-AuNPs.

Biofilm inhibitory percentage (%)

Test bacteria S. aureus S. typhi proteus sp. E. coli
CE-AuNPs 0 30.6853583 0 19.71014
EE-AuNPs 9.006211 0 0 58.4058

CE-AuNPs: Chloroformic extract loaded on gold nanoparticles, EE-AuNPs: Ethyl acetate extract loaded on gold nanoparticles, S. aureus: Staphy-
lococcus aureus, E. coli: Escherichia coli, S. typhi: Salmonella typhi.
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Table 3

Scoring functions of the triterpenes compounds (1-15) generated from LigandFit docking within the catalytic site of PTP1B.
Compd No. LigScorel_Dreiding LigScore2 Dreiding -PLP1 -PLP2 Jain -PMF DOCK_SCORE Consensus score
9 2.93 3.92 54.52 57.6 1.2 138.84 6.423 5
13 2.28 3.18 22.81 27.26 -2.1 91.54 18.652 5
5 2.16 4.27 39.26 34.83 —2.59 80.15 4.837 4
4 3.06 4.11 40.52 41.49 —0.05 104.47 10.32 2
1 2.92 4.1 38.42 35.29 -1.33 94.22 18.256 1
6 3.86 4.84 53.56 54.33 -2.17 111.69 9.754 1
7 4.6 4.93 42.11 43.66 —0.57 100.44 8.363 1
11 2.09 3.69 46.13 45.82 —0.83 125.68 21.884 1
12 2.54 4.6 56.03 55.68 —1.65 122 19.542 1
15 2.46 3.73 28.36 32.32 -1.15 91.91 4.49 0
2 2.12 4.14 46.62 46.45 —1.08 109.89 0.99 0
3 1.79 3.69 32.28 31.69 -1.31 97.28 12.711 0
8 2.35 3.97 40.99 39.95 —0.22 109.35 4.299 0
10 2.97 4.43 46.98 47.54 —0.56 77.1 18.328 0

4. Molecular modeling studies of bioactive metabolites
4.1. Target identification

To elucidate the molecular target responsible for the anticancer activities of triterpene compounds (1-15) from CE, we employed
the SwissTargetPrediction tool provided by the Swiss Institute of Bioinformatics [34]. Interestingly, all compounds showed good target
probability against Protein-tyrosine phosphatase 1B (PTP1B). PTP1B is a drug target for type 2 diabetes mellitus and obesity [35], and
it is also a significant target for breast cancer [36]. PTP1B expression is frequently amplified in breast cancer, playing a pivotal role as a
cancer promoter by positively or negatively regulating multiple pathways, including Src [37] and rat sarcoma/mitogen activated
protein kinase (Ras-MAPK) [38]. PTP1B is an oncogene that promotes cell proliferation, mitosis, adhesion, and invasion [39].

The ability of the triterpenes compounds (1-15) to inhibit PTP1B was not surprising. Several triterpenes with a similar chemical
scaffold have been reported as inhibitors of PTP1B with low micromolar affinity. Derivatives of oleanolic acid, a pentacyclic tri-
terpenoid, demonstrated moderate to good inhibitory activities against PTP1B [40]. One chemically modified analogue of oleanolic
acid showed an affinity Ki value of 130 nM and exhibited good selectivity over other phosphatases [41]. Cinnamoyl ester and ethyl
ether of oleanolic acid showed potent in vitro inhibitory activity and significantly reduced blood glucose levels in an animal model
[42]. Triterpenes isolated from the rhizomes of Astilbe koreana inhibited PTP1B with low micromolar ICso values [43].
Dammarane-type triterpenes from hydrolyzate of Gynostemma pentaphyllum saponins significantly inhibited the PTP1B enzyme ac-
tivity in a dose-dependent manner [44,45]. Semi-synthesized derivatives of moronic acid, natural pentacyclic triterpene extracted
from Rhus javanica, displayed potent inhibitory activities against PTP1B and displayed an anti-diabetic impact in vivo utilizing a rat
model of non-insulin-dependent diabetes mellitus [46]. Ursane-type triterpenoids isolated from the leaves of persimmon (Diospyros
kaki) inhibited PTP1B with ICsq values ranging from 3.1 to 18.8 pM [47].

Fig. 9. Alignment of co-crystalized ligand (purple) of PTP1B (PDB code 1C83) and the docked pose (green). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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4.2. Molcular docking

In order to investigate the potential binding interactions of the triterpenes compounds (1-15), we decided to implement molecular
docking to elucidate their potential binding to PTP1B and to monitor their interactions. Competitive inhibition is proposed for the
targeted compounds (rather than allosteric inhibition) since an experimental validation of structurally similar triterpenes showed
competitive behavior and potential binding to an extended binding pocket (site B) adjacent to the catalytic site A [40,46]. The pre-
dicted binding of the co-crystalized ligand for PTP1B (PDB code 1C83) was determined to validate the docking protocol. As shown in
Fig. 9, the docked and the co-crystalized poses are aligned with a root-mean square deviation (RMSD) of 0.726 A.

All compounds were successfully docked with good docking scoring functions (Table 3). Consensus scoring from 7 scoring functions
was subsequently applied to rank the docked compounds. It involves combining multiple scoring functions to assess the binding af-
finity between a ligand and a target protein, aiming to improve the accuracy and reliability of the docking results by considering
different aspects of the molecular interaction [48]. Compounds 9 and 13 showed the highest consensus scoring among the successfully
docked compounds, with a score of 5 (Table 3). The predicted binding poses of compounds 9 and 13 are nearly identical, where the two
compounds cap the entrance of the catalytic binding site. At the same time, the p-hydroxyester side chain is injected deep within the
catalytic site through van der Waals interactions and hydrogen bonding (Fig. 10). Compound 9 showed hydrogen bonding interaction
with LYS120, n-lone pair interaction with TYR46, and van der Waals interactions with ALA217, VAL49, PHE182, CYS215, ILE219,
GLY220, and GLY259 (Fig. 10A). Similarly, the compound 13 formed hydrogen bonding interaction with LYS120 and TYR46 and van
der Waals interactions with PHE182, ALA217, CYS215, ILE219, and GLY220 (Fig. 10B).

4.3. Molecular dynamics (MD)

Docking alone needs to offer adequate information regarding binding affinity or interaction stability. Therefore, the highest-ranked
docked compounds (9 and 13) complexed with PTP1B underwent 100 ns classical MD simulations. The RMSD analysis indicated that
stability was achieved for the complexes and individual ligands within the PTP1B catalytic site within the first 20 ns of the simulation,
with deviations remaining below 3 A after 50 ns of the simulation period (Fig. 11A). The complex stability was supported by Root Mean
Square Fluctuation (RMSF) analysis, which provides information about the flexibility or mobility of individual atoms within a protein
throughout the simulation. The RMSF plot demonstrated no sudden fluctuations in any complexes, with RMSF lying within 0.43-2.87
A for the PTP1B-9 complex and 0.37-2.56 A for the PTP1B-13 complex (Fig. 11B).

Furthermore, the interactions of compounds 9 and 13 with PTP1B and their corresponding occupancies were calculated.

A215 VAL GLY
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Ai262
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A:216
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Fig. 10. The 3D and 2D representation of the docked poses of compounds 9 (A) and 13 (B).
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Fig. 11. The binding of compounds 9 and 13 with PTP1B. (A) The RMSD plot of the ligands alone and with PTP1B (B) The RMSF plot showing the
fluctuation of individual amino acids after ligand binding.

Compound 9 interacted with LYS120 and TYR46 for 57 % and 49 % of the simulation time, respectively. In contrast, compound 13
exhibited higher occupancy with the same amino acids, accounting for 74 % and 82 % of the simulation time, respectively (Fig. 12A
and B).

To evaluate the binding affinity of compounds 9 and 13 to PTP1B, binding free energy was calculated using CHARMm-based energy
and Generalized Born with a simple Switching (GBSW). The CHARMm/GBSW calculation showed that compound 13 had a higher
binding affinity for PTP1B with an average binding energy of —30.51 kcal/mol, while compound 9had —24.28 kcal/mol.

Our comprehensive research, which included docking studies and MD simulations of compounds 9 and 13, unequivocally
demonstrated their potential to competitively inhibit PTP1B. This finding provides a compelling explanation for the anticancer ac-
tivities of triterpenes compounds extracted from P. lamellosa.

5. Experimental
5.1. Collection of marine sponge
The marine sponge (1 kg) was collected in November 2023 from Hurghada along the Red Sea Coast (27°15048" north (N), 33°4903”

east (E)) at a depth of 7 m. A voucher sample (NUB-009/2023) was reserved at the Pharmacognosy Department, Faculty of Pharmacy,
Nahda University in Bemi-Suef, Egypt.

5.2. Preparation of extracts

Sponge material was cut into small pieces and then subjected to ultrasonic-assisted ethanol extraction, as mentioned on page S1
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Fig. 12. The critical interactions of compound 9 (A) and compound 13 (B) with PTP1B throughout the simulation time.

(supplementary material).
5.3. Metabolomic analysis

According to the findings outlined by Musa et al. (2022) [49], the obtained extracts were exposed to metabolic analysis using liquid
chromatography-high resolution electrospray ionization mass spectrometry (LC-HRESIMS). The LC-HRESIMS approach specifics are

available on supplementary data page S1.

5.4. Preparation of AuNPs

The green synthesis of gold nanoparticles was conducted according to the methodology described by El-Ghorab et al., 2022 [50],
Page S3.

5.5. Characterization of AuNPs

All basic techniques utilized in gold Nanoparticle characterization, including UV spectroscopy, X-ray diffraction (XRD) studies,
Fourier-transform infrared, transmission electron microscopy analysis (TEM) spectroscopy (FTIR), and Scanning electron microscope
(SEM), are available on supplementary data pages S4 and S5.

5.6. Cytotoxicity assay of AuNPs-loaded P. lamellosa extracts

The anti-proliferative activity of the prepared CE (chloroformic extract), EE (ethyl acetate extract), and AuNPs was described in
detail in supplementary data page S6.

5.7. Determination of the antimicrobial activity of AuNPs-loaded P. lamellosa extracts

The antimicrobial tests used to measure the nanoparticles’ antimicrobial activities of the tested extracts (final concentration of 50
pg/ml) against the test organisms are summarized in supplementary data page S5.

5.8. Anti-biofilm activity of AuNPs-loaded P. lamellosa extracts
The anti-biofilm activity of the prepared CE (chloroformic extract), EE (ethyl acetate extract), and AuNPs extracts (final
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concentration of 50 pg/ml)was described in detail in supplementary data page S6.
5.9. Molecular modeling of bioactive metabolites

The molecular docking and Molecular Dynamic (MD) Simulation experiments of the most promising metabolites are detailed in
supplementary data pages S7 and S8.

5.10. Statistical analysis

Results were analyzed statistically using the computerized program SPSS software, version 20, for Windows. The one-way analysis
of variance (ANOVA) test was followed by the Duncan test. Data were represented as mean + SE values.

6. Conclusions

The LC-HRESIMS-assisted chemical profiling utilized in the analysis of P. lamellosa extract in this current investigation demon-
strated the abundance of terpenoids in the CE fraction, brominated aromatic ethers, and sulfated fatty amides in the EE fraction.
Incorporating those extracts in the green creation of metal nanoparticles (MNPs) led to the preparation of bioactive AuNPs that exerted
remarkable anticancer characteristics against estrogen-sensitive human breast cancer cell lines and antibacterial effect, especially
against E. coli. Moreover, EE-AuNPs exert a remarkable anti-biofilm activity against E. coli. A plethora of sisterterpenes and triterpenes
were suggested to be the probable active chemical compounds after conducting molecular modeling studies of the putatively identified
metabolites in the sponge extract. Additionally, it was proposed that these active metabolites might mediate targeting of PTP1B in
order to exert their anti-breast cancer effect.
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