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Regeneration of periodontal tissues relies on effective cell proliferation, migration, and matrix remodeling. Recent advances in nanomedicine
have demonstrated that phytochemical-based nanoparticles may offer synergistic benefits in enhancing these cellular processes. This study
explores the effects of Theobromine-Detived Copper Nanoparticles (Theobro-CuNPs) on human periodontal ligament fibroblasts (PDLFs),
with a focus on proliferation, migration, and gene expression of key regenerative markers. Theobro-CuNPs were synthesized via a green
chemistry method using theobromine as a reducing agent and copper sulfate as the metal precursor. Characterization of nanopatticles was
conducted using SEM, UV-Vis spectroscopy and EDX analytical techniques. PDLFs were treated with Theobro-CuNPs using doses of 1, 5
and 10 ug/ml, for durations of either 24 or 48 hours. The MTT assay was utilized to evaluate cell proliferation, meanwhile migratory behavior
assessment employed scratch wound assays. Gene expression levels of VEGE, COL1A1, FN1, and MMP2 were quantified using qRT-PCR.
Charactetization confirmed the successful formation of spherical, nanoscale Theobro-CuNPs with a distinct surface plasmon resonance was
detected near 575 nanometers, confirming nanoparticles formation. MTT assay revealed a concentration-dependent improvement in cellular
viability was observed to be peaking at 10 pg/ml. Scratch assay results showed significantly enhanced wound closure in the Theo-CuNP-
treated group compared to controls. gRT-PCR demonstrated significant upregulation of VEGF (3.2-fold), COL1A1 (2.8-fold), FN1 (2.5-
fold), and MMP2 (3.6-fold), indicating strong pro-regenerative and matrix-remodeling effects. Theobro-CuNPs significantly enhance periodontal
ligament cell proliferation, migration, and the upregulation of critical genes involved in tissue regeneration. These results imply that Theobro-
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CuNPs hold potential as a bioactive therapeutic platform for periodontal tissue engineering and regenerative dentistry.

Introduction ate, migrate, and secrete extracellular matrix (ECM) components re-

quired for tissue reorganization and repair. The regenerative process is

Periodontal tissue regeneration remains a significant clinical challenge
in dentistry due to the complex structural and functional nature of the
periodontium, which comprises cementum, alveolar bone, gingiva, and
the periodontal ligament (PDL). Damage to these tissues caused by
trauma, periodontitis, or surgical intervention necessitates coordinated
cellular responses, including proliferation, migration, and matrix remod-
eling, to restore functional integrity [1]. Among the various compo-
nents of periodontal healing, the periodontal ligament plays a pivotal
role as it serves as a dynamic interface between the tooth root and
alveolar bone. Human periodontal ligament (PDL) fibroblasts are key
mediators of periodontal regeneration due to their capacity to prolifer-
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tightly regulated by several molecular pathways involving angiogenesis,
matrix remodeling, and collagen synthesis. Following genes implicated
in this pathway include vascular endothelial growth factor (VEGF),
matrix metalloproteinase-2 (MMP2), fibronectin 1 (FN1), and collagen
type I alpha 1 (COL1A1), each playing essential roles. VEGF is a major
angiogenic factor that promotes neovascularization and ensures suffi-
cient oxygen and nutrient supply during wound healing. COL1AT en-
codes type I collagen, the most abundant protein in periodontal ECM,
providing structural stability and tensile strength. FN1 is a multifunc-
tional glycoprotein that facilitates cell adhesion, migration, and ECM
organization. MMP2, a member of the matrix metalloproteinase fam-
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ily, is involved in ECM degradation, enabling cell migration and matrix
turnover during regeneration. Collectively, these genes orchestrate the
essential biological events underpinning periodontal ligament repair [2].

While conventional approaches such as guided tissue regeneration
(GTR), bone grafting, and application of growth factors have shown
moderate success in PDL repair, limitations such as rapid degradation,
poor targeting, and high costs have stimulated interest in novel
biomaterials. In recent years, the field of nanotechnology has shown
tremendous promise in regenerative dentistry owing to their distinct
characteristics such as increased cellular internalization, high surface-
area-to-volume ratios, and capacity to influence cellular functions on a
molecular scale. Metal-based nanoparticles, especially those derived from
biocompatible metals like copper, have attracted attention for their dual
functional properties - antimicrobial and pro-regenerative effects. Cop-
per nanoparticles (CulNPs) exhibit strong pro-angiogenic and wound
healing properties due to their capacity to stimulate VEGFE expression,
modulate redox signaling, and support cellular proliferation. However,
the cytotoxicity and uncontrolled release of ions from metallic
nanoparticles necessitate surface functionalization with bioactive mol-
ecules to ensure safe and targeted delivery [3]. In this context, theobro-
mine, a naturally occurring methylxanthine found in cocoa beans, emerges
as a promising candidate. Theobromine exhibits antioxidant, anti-in-
flammatory, and mineralizing properties that are particularly relevant to
periodontal applications. Its ability to modulate cell signaling pathways,
promote osteogenesis, and support fibroblast function makes it an ideal
bio-reductant and capping agent for nanoparticle synthesis. Theobro-
CuNPs represent a novel biomaterial with synergistic potential. The green
synthesis approach using theobromine not only enhances the stability
and biocompatibility of CulNPs but also imparts additional therapeutic
benefits by preserving the functional groups of the bioactive capping
agent [4]. Preliminary studies have suggested that such hybrid
nanoparticles may accelerate wound healing, promote cell migration,
and support angiogenesis, yet their specific role in modulating PDL cell
functions has not been thoroughly investigated. Given the regenerative
complexity of the periodontal ligament, it is essential to develop
biomaterials that can simultaneously promote cell proliferation, directed
migration, and matrix remodeling while minimizing inflammatory re-
sponses. The current study investigates the synergistic effects of Theobro-
CuNPs on PDL fibroblast proliferation and migration, focusing on the
expression of VEGE, COL1A1, FN1, and MMP2 as molecular markers
of regeneration. The rationale for selecting these genes stems from their
integral involvement in cel-ECM interaction, angiogenesis, and tissue
remodeling—all key events in periodontal repair [5,6].

In vitro models using human PDL fibroblasts offer an ideal plat-
form to evaluate the biological compatibility and functional outcomes
of novel biomaterials. These cells respond sensitively to chemical and
physical stimuli, making them suitable for assessing the effects of
nanomaterials on wound healing dynamics. Cell proliferation can be
examined using MTT method to determine mitogenic activity, whereas
cell migration is commonly observed using scratch assays that measure
directional motility, a prerequisite for tissue repair. Complementary
molecular analyses using qRT-PCR allow the quantification of gene ex-
pression changes that underpin these phenotypic behaviors [7].

By integrating cellular and molecular assessments, this study aims to
provide a comprehensive evaluation of the regenerative potential of
Theobro-CuNPs in periodontal therapy. We hypothesize that Theobro-
CuNPs will enhance PDL fibroblast proliferation and migration more
effectively than copper or theobromine alone due to their combined
biochemical and nanostructural features. Furthermore, we anticipate that
Theobro-CuNPs will upregulate VEGE, COL1A1, and FN1, thereby
promoting angiogenesis and matrix synthesis, while also enhancing
MMP2 expression to facilitate matrix turnover and migration [8]. The
broader implication of this research lies in its potential contribution to
the development of multifunctional, naturally derived, and cost-effec-
tive nanomaterials for periodontal regeneration. Unlike synthetic growth
factors and polymers, plant-based and bio-reduced nanoparticles offer a
safer, eco-friendly alternative with reduced immunogenicity. Moreover,
the dual ability of Theobro-CuNPs to support regeneration while po-
tentially inhibiting bacterial colonization could make them particularly

suitable for clinical applications in periodontally compromised sites. In
conclusion, this study explores a novel biomimetic strategy by combin-
ing the regenerative potential of theobromine with the bioactivity of
copper in nanoparticle form. Through in vitro evaluation of PDL fibro-
blast behavior and gene expression analysis, we aim to elucidate the syn-
ergistic effects of Theobro-CulNPs in promoting key regenerative pro-
cesses. The outcomes of this study could pave the way for the future
development of biologically active dental biomaterials aimed at improv-
ing periodontal repair and efficacy in therapeutic advances [9].

Materials and Methods

Chemicals and reagents

Sigma-Aldrich from which Theobromine (>98% purity) was procured,
and used as a natural reducing and capping agent for nanoparticle syn-
thesis. Copper (II) sulfate pentahydrate (CuSO,, -5H, O), used as the
metal precursor, was also obtained from Sigma-Aldrich. Analytical-grade
cthanol, methanol, and deionized water were used for nanoparticle syn-
thesis and washing steps. Gibco-sourced components such as DMEM,
FBS, antibiotics (penicillin-streptomycin), and trypsin-EDTA were used
for cell culture maintenance. Thermo Fisher Scientific provided TRIzol
reagent, RevertAid First Strand cDNA synthesis kit, and SYBR Green
qPCR Master Mix for RNA extraction and real-time PCR. Custom prim-
ers for VEGE, COL1A1, FN1, MMP2, and GAPDH were synthesized
by Eurofins Genomics (India). Additional reagents including MTT pow-
der, DMSO, phosphate-buffered saline (PBS), and culture-grade
plasticware were obtained from HiMedia Laboratories. All reagents used
were of molecular biology or cell culture grade and handled under ster-
ile conditions as per standard protocols.

Synthesis of Theobro-CuNPs

Theobro-CuNPs were synthesized through a green chemistry method
using theobromine as both a reducing and stabilizing agent. In this pro-
cess, 100 mL of 1 mM copper sulfate (CuSO,, ) solution was mixed with
10 mL of a 1% theobromine extract prepared in distilled water. The
solution was maintained at 70°C under constant stirring for 2 hours,
resulting in a noticeable change in colour—indicative of copper
nanoparticle formation. At 12,000 rpm for 20 minutes the evolved col-
loidal suspension was centrifuged to separate the nanoparticles, followed
by triple washing with deionized water to eliminate unbound residues
and impurities. The final nanoparticle pellet was dried and stored at 4°C
in airtight vials for subsequent characterization and biological assays

[10].
Characterization of Theobro-CuNPs

The synthesized Theobro-CuNPs were characterized using a suite of
spectroscopic and microscopic methods. ZEISS EVO18 SEM was used
to perform Scanning Electron Microscopy (SEM) to observe the sur-
face morphology and size distribution of the nanoparticles. The images
revealed that the Theobro-CuNPs were predominantly spherical with
slight agglomeration, and the estimated size of the average particle was
found to be in the range of 40-70 nm.Energy Dispersive X-ray Analysis
(EDX) attached to the SEM system was used to ascertain the
nanoparticles and their elemental composition. The EDX spectra con-
firmed the presence of copper as the major element, with a characteris-
tic peak at ~8 keV, along with traces of oxygen and carbon, indicating
capping by theobromine and minimal impurities. Shimadzu UV-2600
spectrophotometer was used to conduct a UV—Visible Spectroscopy.
The Theobro-CuNPs exhibited a characteristic surface plasmon reso-
nance (SPR) peak at approximately 570—580 nm, which is indicative of
copper nanoparticle formation and confirms their optical stability. These
characterization techniques validated the successful synthesis of Theobro-
CuNPs with expected nanoscale features, elemental purity, and charac-
teristic absorbance properties [11].

Cell culture and treatment protocol

Human periodontal ligament fibroblasts (PDLFs) were obtained from a
certified commercial cell line repository (e.g.,, ATCC) and maintained in
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Table 1: Primers used

Gene Forward Primer (5' ? 3') Reverse Primer (5' ? 3') Function

VEGF AGGGCAGAATCATCACGAAGT  AGGGTCTCGATTGGATGGCA Qgg;?g:;i?f and vascular

COLIA1  CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC ~ |YPe | collagen; ECM
structural protein

FN1 TGCAGCTGATCCTGAGGTTT CTTGACCTGAGTTGGTGTGG E'Cb,r\‘/l’”ec“"; cell adhesion and

MMP2 TTCAGGATGCAGTTTGCCTG GTGTGTTGCAGCTGATGTCC mfg:;i;enm“e"“g and cell

GAPDH  GAAGGTGAAGGTCGGAGT GAAGATGGTGATGGGATTTC c”:&f;';eeping gene (internal

Dulbecco’s Modified Fagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin—streptomycin, and 1% IL-
glutamine. The cells were cultured under standard conditions in a hu-
midified incubator at 37°C with 5% CO, . For experimental procedures,
PDLFs were seeded in 6-well culture plates and allowed to reach ap-
proximately 70-80% confluency. The cells were then treated with
Theobro-CuNPs at concentrations of 1 pg/ml., 5 pg/mlL, and 10 pg/
mL for 24 or 48 hours, depending on the assay requirements. Untreated
cells were maintained as negative controls, while additional groups treated
with copper sulfate alone or theobromine alone were included as com-
parative controls to evaluate the synergistic effects of the nanoparticle
[12].

Cell proliferation assay (MTT)

MTT assay was employed to determine metabolic activity and prolifera-
tion levels of PDLFs after exposure to treatment with Theobro-CuNPs.
After the designated treatment phase, to each well containing the cells,
20 uLL of MTT solution (5 mg/mL in PBS) was added and incubated at
37°C for 4 hours. During this period, viable cells reduced the MTT to
insoluble purple formazan crystals. At the end of the incubation, the
medium was carefully discharged, and to dissolve the resulting formazan
crystals, 100 uL. of dimethyl sulfoxide (DMSO) was added to cach well.
To allow full stabilization, the plate was incubated on a gentle shaker for
10 minutes and absorbance was measured at 570 nm using a microplate
reader. The absorbance readings were adjusted relative to untreated con-
trol values to ensure comparative analysis [13].

Evaluation of cell migration by scratch assay

Human periodontal ligament fibroblasts were seeded in 6-well plates
and grown until a consistent monolayer was established. A straight scratch
was introduced across the center of each well using a sterile pipette tip
to simulate a wound. To eliminate floating cells and debris, the culture
wells were gently washed using phosphate-buffered saline (PBS). Subse-
quently, fresh growth medium containing Theobro-CuNPs at concen-
trations of 1, 5, and 10 pg/mL was added to the wells. Images of the
scratch area were captured at 0 hours (immediately after scratching) and
again at 12 and 24 hours to monitor cell migration into the wound area.
The reduction in the scratch width over time was used as an indicator of
the migratory capacity of the treated cells compared to untreated con-
trols [14].

Gene expression analysis by qRT-PCR

RNA was extracted from human periodontal ligament fibroblasts
(PDLFs) utilising TRIzol reagent (Invitrogen USA), following the in-
structions provided by the manufacturer. The concentration and purity
of the RNA were assessed spectrophotometrically, and equal quantities
of RNA were reverse transcribed into cDNA using a commercially avail-
able RevertAid First Strand cDNA Synthesis Kit. SYBR Green-based
qRT-PCR was conducted to measure relative mRNA expression: VEGE,
COL1A1, FN1, and MMP2 (table 1). GAPDH served as the house-
keeping gene for normalization of expression levels. The amplification
reactions were performed in triplicates, and relative quantification fol-
lowed the 2~AACt method. Changes in gene expression were analyzed
to determine the effect of Theobro-CulNPs on angiogenesis, extracellu-
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lar matrix production, fibronectin synthesis, and matrix remodeling. The
results were compared with both untreated control and mono-compo-
nent (copper or theobromine) treated groups to assess the synergistic
effect of Theobro-CuNPs|[15].

Results

Characterization of Theobro-CuNPs

The characterization of the synthesized Theobro-CuNPs confirmed
successful nanoparticle formation with desirable physicochemical prop-
erties. Scanning Electron Microscopy (SEM) analysis showed that the
nanoparticles had a mostly spherical shape with moderate dispersion,
with particle sizes ranging between 40 and 70 nm (figure 1). A surface
plasmon resonance peak was detected via UV-Vis spectroscopy at around
570-580 nm, confirming nanoparticle characteristics (figure 2). Scan-
ning Electron Microscopy (SEM) analysis showed that the nanoparticles
had a mostly spherical shape with moderate dispersion, with particle
sizes ranging between 40 and 70 nm. Energy Dispersive X-ray (EDX)
analysis verified the elemental makeup of the synthesized particles, a
prominent copper peak near 8 keV, along with minor signals for oxygen
and carbon, which were attributed to the capping effect of theobromine
and residual plant-based components (figure 3). These findings collec-
tively validated the successful green synthesis of Theobro-CuNPs with
defined morphology, elemental purity, and surface characteristics con-
ducive to biological applications.

Representative Scanning Electron Microscopy (SEM) image of
Theobro-CuNPs displaying a uniform, spherical morphology with slight
aggregation. The nanoparticle diameter was estimated to be within the
40-70 nm range, indicating successful nanoscale synthesis ideal for cel-
lular interaction and tissue regeneration studies.

EHT= S00kV
WO= a4 mm

Mg =

Figurel: SEM Image of Theobro-CuNPs
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Figure 2: UV-Visible Spectroscopy of Theobro-CuNPs

A surface plasmon resonance peak was detected via UV-Vis spec-
troscopy of Theobro-CuNPs at around ~575 nm, confirming
nanoparticle characteristics.

Energy Dispersive X-ray (EDX) spectrum of Theobro-CuNPs show-
ing strong copper (Cu) peaks around 8 keV, along with minor peaks
corresponding to oxygen and carbon. This confirms the elemental com-
position of the nanoparticles and suggests the presence of organic com-
ponents from theobromine acting as a capping agent.

Morphological assessment of PDLFs following Theobro-CulNPs
treatment

The treatment of human periodontal ligament fibroblasts (PDLFs) with
Theobro-CuNPs resulted in notable improvements in both cell mor-
phology and viability, as observed under phase-contrast microscopy (fig-
ure 4). At the lowest concentration of 1 ug/mlL, cells maintained healthy
spindle-shaped morphology with a slight increase in confluency com-
pared to the untreated control. At 5 pg/ml., a marked enhancement in
cell density and spreading was observed, indicating stimulated prolifera-
tion. The most pronounced effect was seen at 10 ug/ml., where PDLFs
exhibited robust growth with dense cellular architecture and active cyto-
plasmic extensions, reflecting enhanced cellular activity and
biocompatibility. In contrast, cells treated with copper sulfate or theo-
bromine alone showed only moderate growth stimulation, suggesting
that the combined nanoparticle formulation elicited a superior prolif-

Figure 3. EDX Spectral Analysis

E s

Figure 4: Morphological Evaluation of PDLFs Post-Treatment
with Theobro-CulNPs a) Untreated control cells displaying normal
fibroblastic morphology; b) Cells treated with 1 ug/mL Theobro-
CuNPs showing mild enhancement in cell density and spreading;
c) Cells treated with 10 pg/mL Theobro-CuNPs exhibiting
prominent proliferation, dense confluency, and extended
cytoplasmic processes, indicative of enhanced biocompatibility and
cellular activity

erative response. No signs of cytotoxicity or morphological abnormali-
ties were observed at any tested concentration, supporting the safety
and regenerative potential of Theobro-CuNPs in periodontal cell mod-
els.

Dose-dependent proliferative response of PDL to Theobro-
CuNPs (MTT Assay)

Cell proliferation of PDLFs treated with Theobro-CuNPs was
quantified using the MTT assay using a dose range of 1 to 100
pg/mL. Following 24-hour treatment, cell viability improved in a
concentration-dependant manner. At 1 pg/mlL, cells exhibited a
slight but consistent increase in metabolic activity (~110%)
compared to untreated control (figure 5). This proliferative effect
was significantly enhanced at 5 ug/mL and peaked at 10 pg/mlL,
with cell viability reaching approximately 140-150%, indicating
optimal stimulation of cell growth. At the upper end of the tested
concentrations (50 and 100 ug/mL), a reduction in viability was
observed, suggesting a threshold beyond which cytotoxic effects
may begin to occur. These results indicate that Theobro-CulNPs
promote cell proliferation at lower doses, while excessively high
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Figure 5: MTT Assay Showing Cell Viability of PDLFs Treated
with Theobro-CuNPs
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concentrations may impair cell viability, underscoring the
importance of dosage optimization for regenerative applications.

Bar graph representing the percentage viability of human periodon-
tal ligament fibroblasts (PDLFs) after 24-hour treatment with Theobro-
CuNPs at concentrations of doses 1 to 100 ug/mlL.. Maximum prolif-
eration was observed at 10 pg/mL, while upper end tested cncentrations
(50 and 100 pg/ml) showed reduced viability. Values are expressed as
mean £ SD (n = 3); p < 0.05, p < 0.01 vs. control group.

Enhanced migratory response of PDL induced by Theobro-
CuNPs (scratch assay)

The scratch wound healing assay demonstrated a clear enhancement in
the migratory capacity of human periodontal ligament fibroblasts
(PDLFs) following treatment with Theobro-CuNPs. In the untreated
control group, the average wound closure after 24 hours was approxi-
mately 18.82%, indicating baseline cell migration (figure 6). Cells treated
with theobromine alone showed improved migration, with an average
wound closure of 40.97%, while copper nanoparticles (CuNPs) alone
resulted in a further increase to 46.29%. Notably, the Theo-CuNP-treated
group exhibited the most significant enhancement in migration, achiev-
ing an average wound closure of 61.67%, suggesting a strong synergistic
effect. These results highlight the superior capacity of Theobro-CuNPs
to promote fibroblast migration, a critical factor in periodontal tissue
regeneration.

Upregulation of regenerative genes in PDLFs by Theobro-CuNPs
(qRT-PCR analysis)

The gene expression analysis revealed a marked upregulation of key
regenerative markers in PDLFs treated with Theobro-CuNPs. At the
optimal concentration of 10/ pg/mL, VEGF levels rose by neatly 3.2
times relative to untreated samples(p < 0.01), indicating strong pro-an-
giogenic activity. COL1A1, which encodes type I collagen essential for
extracellular matrix formation, was upregulated by 2.8-fold (p < 0.05),
suggesting enhanced collagen deposition. Similarly, FN1 was upregulated
by 2.5-fold increase (p < 0.05), reflecting improved cellular adhesion
and matrix organization. The most notable change was observed in
MMP2, with a 3.6-fold upregulation (p < 0.01), indicating active matrix
remodeling and support for cell migration. These results suggest that
Theobro-CuNPs effectively stimulate molecular pathways involved in
angiogenesis, matrix synthesis, and remodeling—critical for periodontal
tissue repair and regeneration (figure 7).

Bar graph showing the relative mRNA expression levels of VEGE,
COL1A1, FN1, and MMP2 in human periodontal ligament fibroblasts
(PDLFs) following treatment with Theobro-CuNPs at 10 ug/ml.. All
genes were significantly upregulated juxtaposed to the untreated con-
trol, with VEGF and MMP2 showing the highest fold increases. Data
are expressed as mean = SD (n = 3); p < 0.05, p < 0.01 vs. control.

Figure 6: Scratch Wound Healing Assay of PDL Treated with
Theobro-CuNPs. a) Control group showing moderate wound
closure with limited cell migration after 24 hours; b) Theo-CuNP-
treated group displaying significant wound closure, indicating
enhanced fibroblast migration and regenerative potential
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Figure 7: Gene Expression Analysis of PDL Treated with Theobro-
CuNPs

Discussion

The present study explored the biocompatibility and regenerative effi-
cacy of Theobro-CuNPs on human periodontal ligament fibroblasts
(PDLFs), with emphasis on their ability to promote cell proliferation,
migration, and gene expression linked to periodontal tissue repair. The
use of green synthesis strategies involving natural plant-based compounds
like theobromine has attracted significant attention in recent times, ow-
ing to their environmentally sustainable synthesis, affordability, and low
toxicity toward cells[16]. In this context, theobromine, a methylxanthine
alkaloid extracted from cacao, offers antioxidant, anti-inflammatory, and
tissue-stimulating properties that complement the known pro-angiogenic
and antimicrobial effects of copper ions.The synthesis of Theobro-
CuNPs via the reduction of copper sulfate using a theobromine extract
yielded stable, spherical nanoparticles in the 40-70 nm range as con-
firmed by SEM. A distinct SPR signal was observed in the UV-Vis spec-
trum showing a characteristic surface plasmon resonance peak at ~575
nm, consistent with the expected optical behavior of copper
nanoparticles. The EDX spectrum confirmed the presence of elemen-
tal copper and minor amounts of oxygen and carbon, the latter likely
originating from the theobromine capping matrix. These results vali-
dated the formation of biofunctional copper nanoparticles through a
clean and efficient green synthesis approach suitable for biomedical ap-
plications [17].

The cell viability results using the MTT assay revealed a dose-de-
pendent proliferative effect of Theobro-CuNPs on PDLFs. At concen-
trations of 1-10 pg/mlL, cell viability significantly increased, with the
highest proliferation observed at 10 ug/mL (~150% relative to control).
This finding indicates that the combined effects of copper and theobro-
mine create a favorable microenvironment that stimulates cellular me-
tabolism and mitotic activity. Theobromine alone promoted moderate
proliferation, consistent with its known role in enhancing cellular en-
ergy metabolism and modulating inflammatory responses. Copper
nanoparticles, although beneficial in low doses, can exhibit cytotoxicity
at higher concentrations due to the generation of reactive oxygen spe-
cies (ROS). However, when conjugated with a phytochemical such as
theobromine, the resulting nanoparticle system appears to maintain cel-
lular homeostasis more effectively. The findings reinforce the notion
that nanoparticle design based on synergistic biofunctionalization im-
proves cellular tolerance and activity. A scratch assay was employed to
evaluate cell migration, a crucial process involved in tissue repair and
periodontal regeneration. The untreated control cells showed minimal
migration (~18.8% closure), while treatment with theobromine and
CuNPs alone resulted in moderate wound closure (~41% and ~46%,
respectively). Theo-CuNP-treated cells, however, demonstrated signifi-
cant migration (~61.7% closure), outperforming the individual treat-
ments. These observations suggest that Theobro-CuNPs enhance
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cytoskeletal reorganization and intercellular communication required for
directed motility. The superior migration observed may be attributed to
the synergistic modulation of signaling cascades by copper ions (which
can activate angiogenic and growth factor pathways) and theobromine
(which can stabilize redox conditions and reduce pro-inflammatory
mediators) [18].

At the molecular level, qRT-PCR analysis provided further insights
into the mechanisms underlying the observed bioactivity. The gene ex-
pression of VEGE, a key mediator of angiogenesis, was markedly
upregulated (3.2-fold), supporting the hypothesis that Theobro-CuNPs
can stimulate neovascularization—an essential process for supplying
nutrients and oxygen to regenerating tissues. Enhanced VEGF expres-
sion is also critical for fibroblast migration, extracellular matrix (ECM)
remodeling, and the mobilization of precursor cells toward the dam-
aged tissue area. Upregulation of COL1A1 (2.8-fold) indicated increased
synthesis of type I collagen, the principal component of the periodon-
tal ECM. This is vital for restoring tissue architecture and function fol-
lowing injury. Likewise, FN1, which encodes fibronectin, was upregulated
by 2.5-fold. Fibronectin is essential for facilitating cell adhesion, guiding
migration and organizing the extracellular matrix, especially during early
stages of tissue repair. The increased expression of MMP2 (3.6-fold), a
matrix metalloproteinase responsible for degrading ECM components,
implies dynamic remodeling and restructuring of the extracellular space,
allowing for cell movement and re-epithelialization. The coordinated
upregulation of these genes reflects an active and favorable regenerative
environment promoted by Theobro-CulNPs. These findings align with
prior studies demonstrating that metal-based nanoparticles can influ-
ence cell proliferation and gene expression, but this study uniquely high-
lights the amplified effect achieved through theobromine capping. The
enhancement of biological functions by such a hybrid nanoparticle sys-
tem may stem from the controlled release of copper ions, antioxidant
stabilization by theobromine, and the provision of bioactive cues that
mimic physiological conditions [19].

Importantly, at the most effective concentrations (1-10 ug/mL), the
nanoparticles exhibited no signs of cytotoxicity, indicating that the
nanoparticles are safe for use in regenerative applications. However, at
higher concentrations (¢”50 pg/mL), a slight decline in cell viability was
noted, underscoring the importance of dose optimization and
nanoparticle surface modification in minimizing adverse effects. The
findings of this study support the emerging paradigm that multifunc-
tional nanoparticles, especially those derived from phytochemicals, can
synergize therapeutic effects and serve as potential alternatives to tradi-
tional regenerative therapies or scaffolds. Moreover, Theobro-CuNPs
demonstrated beneficial effects on early-stage indicators such as cell
proliferation and motility, as well as on later-stage gene expression asso-
ciated with tissue regeneration. Additional in vivo experiments and his-
tological assessments are needed to validate tissue integration, support
angiogenic potential and ensure long-term compatibility [20].

Conclusion

This study demonstrates that Theobro-CulNPs, synthesized through a
green approach, significantly promote the proliferation and migration
of human periodontal ligament fibroblasts. The nanoparticles also
upregulate genes critical to angiogenesis (VEGF), matrix synthesis

(COL1A1 and FN1), and ECM remodeling (MMP2) were notably
upregulated. The combined bioactivity of copper and theobromine en-
hances cellular behavior beyond that of ecither component alone, high-
lighting the synergistic effect. These findings support the application of
Theobro-CuNPs as a promising biomaterial for periodontal tissue engi-
neering and other regenerative therapies.
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