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ABSTRACT

1. Introduction

Collagen-based hydrogels have emerged as promising scaffolding systems in tissue engineering due to their
excellent biocompatibility, biodegradability, and structural resemblance to the natural extracellular matrix (ECM)
[1,2]. Their fibrillar architecture and high-water content make them ideal environments for cell adhesion,
proliferation, and differentiation [1,2]. However, native collagen hydrogels often exhibit poor mechanical strength
and rapid enzymatic degradation, limiting their functional stability in biomedical applications [3,4]. To overcome
these drawbacks, waterborne polyurethane crosslinkers have been employed to enhance the physicochemical
properties of collagen scaffolds [5,6]. These crosslinkers can improve structural integrity, resistance to degradation,
and mechanical performance, while still maintaining the hydrogel's biocompatibility and porosity—features
essential for the incorporation and sustained release of bioactive agents [5,6].

Silica nanoparticles (SiNPs) are widely recognized in biomedical research for their unique structural and surface
properties, such as high surface area, tunable porosity, and ease of functionalization [7,8]. Typically synthesized via
sol-gel methods—such as the Stober process [7,8]—SiNPs can be precisely tailored in size, morphology, and
surface chemistry. Their porous structure and surface silanol groups make them excellent carriers for drug delivery
systems, particularly in applications requiring controlled release and cellular targeting [9]. Recent studies have
demonstrated that SiNPs can influence cell metabolism through both direct interactions with cellular components
[10], and by serving as delivery vehicles for metabolic modulators [11]. For instance, dexamethasone-loaded SiNPs
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embedded in collagen hydrogels have shown enhanced immune cell activation and sustained metabolic stimulation
via controlled drug release mechanisms [12]. Beyond synthetic drugs, the high adsorption capacity of SiNPs can be
exploited to retain and gradually release phytochemical-rich plant extracts with recognized biological activity.
Plant-derived compounds such as curcumin (from Curcuma longa) [13], resveratrol (from grapes) [14], and
guercetin (from onions and apples) [15] have been encapsulated in mesoporous SiNPs to modulate oxidative stress,
inflammation, and cellular energy metabolism in different tissue models [12-15]. Among these natural sources,
Hibiscus sabdariffa (commonly known as hibiscus or roselle) stands out for its rich phytochemical profile, which
includes anthocyanins, organic acids, flavonoids, and polyphenols [16-18]. These bioactive compounds have been
reported to exhibit antioxidant, anti-inflammatory, and metabolic-regulatory properties, making hibiscus extracts

attractive candidates for applications in regenerative medicine and metabolic reprogramming [16-18].

Based on this background, the present study hypothesizes that the incorporation of Hibiscus sabdariffa extract into
SiNPs and their subsequent encapsulation in collagen-based hydrogels will yield bioactive scaffolds capable of

stimulating cellular metabolism (Figure 1).
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Figure 1. Work hypothesis: Collagen hydrogels with Hibiscus-loaded SiNPs enhance scaffold properties

and stimulate cell metabolism

This work aims to evaluate how varying the content of hibiscus extract (1-3 wt.%) within the SiNPs affects the

physicochemical, structural, and biological properties of the resulting scaffolds. In vitro assays will focus on

assessing metabolic activity in a range of cell types relevant to soft and hard tissue regeneration, including immune

cells, fibroblasts, bone-derived cells and cancer cells.
1.1. Study objectives
The following are the main objectives on this study:

1) To synthesize of Hibiscus-loaded Silica Nanoparticles (NpsSHS).
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2) To evaluate of physicochemical characterization of NpsSHS-Collagen hydrogels.

3) To analyze the surface microstructure of the biomatrices of collagen-based scaffolds with increasing Hibiscus—
SiNPs content.

4) To evaluate the thermal stability of composite scalffolds using TGA and DTG analysis.

5) To evaluate the influence of scaffold composition—collagen, SiNPs, and Hibiscus extract—on the metabolic
activity of different cell types.

2. Materials and Methods
2.1. Preparation of Hibiscus sabdariffa extracts

Dried calyces of Hibiscus sabdariffa were purchased from a certified local supplier and stored in a desiccator prior
to extraction. To prepare the extract, 10 grams of powdered hibiscus calyces were accurately weighed and
transferred into a 250 mL amber glass flask. A solvent mixture of ethanol: distilled water (70:30 v/v) was added at
a ratio of 1:20 (w/v), resulting in 200 mL of total extraction volume. The suspension was stirred continuously at
room temperature (25 £ 2 °C) for 24 hours under light-protected conditions to prevent degradation of photosensitive
compounds. After extraction, the mixture was filtered through Whatman No. 1 filter paper to remove solid residues.
After extraction, the mixture was filtered through Whatman No. 1 filter paper to remove plant residues. The filtrate
was then poured into a wide glass container and left to dry at room temperature in a well-ventilated for several days
until complete solvent evaporation was achieved. The resulting dry extract was gently scraped, weighed, and stored
in airtight containers until further use. This method yielded stable dry extract rich in phytochemicals such as

anthocyanins, flavonoids, and organic acids, known for their antioxidant and bioactive properties [19,20].
2.2. Synthesis of Hibiscus-loaded Silica Nanoparticles (NpsSHS)

SiNPs containing Hibiscus sabdariffa extract were synthesized via a modified Stober sol-gel method. Tetraethyl
orthosilicate (TEOS, 98%, Sigma-Aldrich) was used as the silica precursor. Ethanol (EtOH, CTR Scientific),
ammonium hydroxide (NH+OH, 28-30%, CTR Scientific), and distilled water were used as solvents and catalyst.
To prepare the reaction mixture, 80 mL of absolute ethanol were mixed with 10 mL of distilled water and 5 mL of
NH+OH under vigorous magnetic stirring. Once a homogeneous solution was obtained, 5 mL of TEOS were added

dropwise to initiate the hydrolysis and condensation reaction.

Separately, Hibiscus sabdariffa extract (previously dried and stored) was dissolved in a minimal volume of ethanol
and added to the reaction mixture at three different weight ratios relative to the total silica precursor: 1%, 2%, and
3% wiw (NpsSHS1, NpsSHS2, and NpsSHS3, respectively). The reaction was allowed to proceed for 12 hours at
room temperature under constant stirring. After the reaction, the resulting nanoparticle suspensions were
centrifuged at 5,000 rpm for 15 minutes. The collected precipitates were washed three times with ethanol to remove
unreacted extract and reagents. The purified NpsSHS were dried at room temperature in the dark for 48 hours and
stored in sealed containers until further use. This method allows for the incorporation of phytochemical compounds

into the silica matrix during particle formation, enabling controlled release and bioactivity modulation [21].
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2.3. Encapsulation of NpsSHS in collagen hydrogels

Collagen-based hydrogels were prepared by mixing sterile Type | collagen derived from bovine tendon (6 mg/mL
in 0.01M hydrochloric acid) [22], phosphate-buffered saline (PBS 10x), a hydrophilic waterborne polyurethane
crosslinker, and NpsSHS at different concentrations. The reference hydrogel (B) contained no nanoparticles, while
experimental formulations contained the different NpsSHS were formulated. To prepare each formulation, 100 mg
of NpsSHS (either 1%, 2%, or 3% loaded) were dispersed in 10 mL of collagen solution under sterile conditions,
corresponding to a final concentration of 10 mg/mL of nanoparticles in the hydrogel precursor. The components
were gently mixed in sterile culture plates at the proportions listed in Table 1. After homogenization, the culture

plates were sealed using sterile adhesive tape and incubated at 37 °C for 24 hours to allow for gelation and

crosslinking.
Table 1. Hydrogel formulations with Hibiscus-loaded silica nanoparticles
Formulation Collagen (mg) Polyurethane Type of NpsSHS Final content of Hibiscus
code crosslinker (mg) extract (Q)
B 6.0 mg 1.8 mg None 0.0
1% 6.0 mg 1.8 mg NpsSHS1 100
2% 6.0 mg 1.8 mg NpsSHS2 200
3% 6.0 mg 1.8 mg NpsSHS3 300

This encapsulation strategy allows for uniform dispersion of NpsSHS within the collagen matrix and facilitates

subsequent evaluation of physicochemical and biological performance [12].
2.4. Physicochemical characterization of NpsSHS-Collagen hydrogels

The physicochemical properties of the collagen hydrogels incorporating Hibiscus sabdariffa-loaded silica
nanoparticles were assessed using a combination of microstructural, spectroscopic, and thermal techniques.
Scanning Electron Microscopy (SEM) was employed to evaluate the surface morphology and nanoparticle
dispersion within the hydrogel matrix. Hydrogels were dried at room temperature to form xerogels and
subsequently mounted on carbon tape. The analysis was carried out using a JEOL JSM-6510LV/LGS microscope,
providing high-resolution images to visualize the integration and distribution of NpsSHS within the fibrillary

collagen structure.

Fourier-Transform Infrared Spectroscopy (FTIR) was used to identify functional groups and confirm the successful
incorporation of NpsSHS into the collagen-polyurethane hydrogel network. The xerogels were analyzed in ATR
mode using a Perkin Elmer Frontier spectrometer. Spectra were recorded over a range of 4000-600 cm™ at a
resolution of 16 cm™, enabling the detection of characteristic interactions between the collagen matrix,
polyurethane crosslinker, and phytochemical components from the Hibiscus extract. Wide-Angle X-ray Scattering
(WAXS) was performed to determine the crystallinity and long-range structural organization of the hydrogels.
Samples were dried and analyzed using an Anton Paar SAXS-Emc2 diffractometer equipped with a Cu Ka X-ray
source (A = 1.54 A). The analysis enabled the identification of semi-crystalline phases and the effect of increasing

NpsSHS content on structural ordering.
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Ninhydrin Assay was applied to quantify the degree of collagen crosslinking by measuring the availability of free
amino groups [5]. Hydrogels from each formulation were incubated with 1 mL of a 1% (w/v) ninhydrin solution in
the presence of 3 mL of deionized water. Samples were heated at 90 °C for 30 minutes. After cooling, 200 pL
aliquots were transferred into a 96-well plate, and the absorbance was measured at 567 nm using a UV-Vis
spectrophotometer (MultiSkan Sky, Thermo Scientific). Crosslinking efficiency was calculated by comparing the
absorbance of each formulation with a non-crosslinked collagen control (0%). Swelling Capacity was determined to
evaluate the hydrogels’ water absorption behavior, which is influenced by the degree of crosslinking and the
incorporation of NpsSHS. Hydrogels were weighed before drying (minitial) and then dried at room temperature for

24 h to obtain the xerogel mass (mx). Swelling percentage was calculated using the formula (1):
. _ (Minitial~ Mx
Swelling, (%) = (—mx )x 100 )

Thermogravimetric Analysis (TGA) was carried out to examine the thermal stability and degradation profile of the
semi-interpenetrating polymer network (semi-IPN) hydrogels. Dried hydrogel samples (~5 mg) were placed in
platinum pans and analyzed using a TGA4000 thermogravimetric analyzer (Perkin Elmer). The analysis was
conducted under nitrogen atmosphere, with a heating rate of 20 °C/min from 30 to 800 °C. Weight loss (%) was
recorded as a function of temperature to identify moisture loss, organic degradation, and residual mass.
Additionally, the first derivative thermogravimetric (DTG) curves were calculated to determine the maximum
decomposition rate (Tmax) and identify overlapping thermal events. DTG analysis provided precise information on
the thermal transitions and decomposition stages associated with the organic matrix, collagen, polyurethane
crosslinker, and phytochemicals adsorbed in the NpsSHS. These thermal parameters were compared across the

different formulations to evaluate the effect of NpsSHS content on the thermal behavior of the hydrogels.
2.5. Biological evaluation of NpsSHS-collagen hydrogels

The biocompatibility and cytotoxicity of NpsSHS/collagen-based hydrogels were evaluated using different cell
types, including human monocytes, porcine fibroblasts, porcine bone-derived cells and human colon cancer cells.
Cell cultures were prepared following the methodology described by Caldera-Villalobos et al. (2024) [23], with
modifications detailed below.

2.5.1. Cell culture preparation

All cell types were cultured under sterile conditions at 37 °C in a humidified atmosphere containing 5% CO..
Roswell Park Memorial Institute medium (RPMI) and Dulbecco’s Modified Eagle Medium (DMEM) were used as
the standard culture medium unless otherwise specified, and was supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (200 pL per 100 mL). Cell concentrations were standardized to 30,000 cells/mL

using a Neubauer counting chamber.
2.5.2. Human monocyte isolation and culture

Peripheral blood was obtained from healthy donors. The blood sample was centrifuged at 3000 rpm for 30 minutes

to separate plasma, which was discarded. The remaining cellular fraction was washed with (PBS 1x) for 10 minutes,
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then resuspended in RPMI-1640 medium (10.44 g/L) supplemented with antibiotics. The monocytes were
incubated at 37 °C and reseeded every 48 hours in DMEM to maintain viability [23].

2.5.3. Bone marrow cell Co-Culture

Porcine bone marrow was obtained from freshly slaughtered animals at the local abattoir. A total of 15 g of bone
marrow was processed for cell extraction. The tissue was digested proteolytically using a mixture of 60 mL PBS 1x,
10 mL papain, and 2 mL trypsin per 5 g of marrow. The sample was manually ground in a sterile mortar and
incubated at 37 °C with continuous agitation for 1 hour. Post-incubation, the suspension was centrifuged at 3000
rpm for 20 minutes. The resulting pellet, containing osteoblasts, osteocytes, and bone marrow stem cells, was
resuspended in 45 mL of DMEM supplemented with 500 pL of simulated body fluid (SBF) and 200 pL of
antibiotics. The cells were incubated at 37 °C and reseeded every 48 hours in DMEM to maintain viability [24].

2.5.4. Porcine fibroblast isolation

Fibroblasts were isolated from porcine dermis. Skin tissue was cleaned, sectioned, and minced into small
fragments, followed by enzymatic digestion using collagenase type | (1 mg/mL) in PBS at 37 °C for 1 hour under
gentle agitation. The cell suspension was centrifuged at 2000 rpm for 10 minutes, and the resulting pellet was
resuspended in complete DMEM medium. The cells were incubated at 37 °C and reseeded every 48 hours in
DMEM to maintain viability [23].

2.5.5. Human colon cancer cells

Colon adenocarcinoma cell line HCT 116 (ATCC® CCL-247™) was used. This cell line was cultured in DMEM
supplemented with 10% FBS and 1% antibiotics. Cells were maintained at 37 °C, subcultured at ~80% confluence,

and seeded at 30,000 cells/mL for experimental use [25].
2.5.6. Cell Viability Assay

To assess cell viability, 100 mg of each hydrogel formulation were added to wells of 96-well culture plates at a 1:10
ratio with 100 pL of each cell suspension. Cultures were incubated for 24 and 48 hours at 37 °C. PBS-1x was used
as a positive control. After the incubation period, 10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (5 mg/mL) was added to each well and incubated for 3 hours to allow the formation of
formazan crystals by metabolically active cells. Then, 100 pL of propan-2-ol (isopropanol) was added to dissolve
the crystals. From this solution, 30 pL was transferred and diluted in 170 pL of fresh isopropanol. Absorbance was
measured at 570 nm using a microplate reader (MultiSkan Sky, Thermo Scientific). Metabolic activity was
calculated using the following equation (2):

Metabolic activity, (%) = (jsaﬂ) x 100 )

control

Where Asample is the absorbance of the hydrogel-treated sample, and Acontrol is the absorbance of the control
(PBS-1x-treated cells). Viability below 60% was interpreted as cytotoxic, indicating a significant reduction in

cellular metabolic activity [23-25].
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2.6. Statistical analysis

All experiments were conducted independently in triplicate. Data are expressed as mean values + standard deviation
(SD). To evaluate statistically significant differences between groups, a one-way analysis of variance (ANOVA)
was performed, followed by Fisher's Least Significant Difference (LSD) post hoc test for pairwise comparisons.
Statistical significance was considered at p < 0.05 (*, **).

7% 3. Results and Discussion

3.1. Structural and physicochemical characteristics of the Scaffolds

Figure 2a shows the WAXS diffractograms of collagen hydrogels incorporating silica nanoparticles loaded with
Hibiscus sabdariffa extract (NpsSHS).
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Figure 2. (a) WAXS patterns showing structural transitions, and (b) FTIR spectra of collagen hydrogels with

Hibiscus sabdariffa extract-SiNPs

The scaffold without SiNPs (B) exhibits a characteristic broad amorphous halo centered around 22°, along with
crystalline signals at 12°, 24°, 35.5°, and 48°, which are attributed to the ordered fibrillar architecture of type |
collagen derived from bovine tendon [26]. As the concentration of Hibiscus extract increases within the fibrillar
matrix, a progressive reduction in the intensity of collagen's crystalline reflections is observed, particularly in the
1% scaffold. This suggests that short-range interactions (e.g., hydrogen bonding) between polyphenolic/glycosidic
phytochemicals and collagen’s polar groups disrupt molecular ordering. At higher extract contents (2% and 3%),
the crystalline features associated with collagen disappear entirely. Instead, two broad amorphous halos appear,
centered at approximately 8° and 20°, corresponding to the disordered, mesoporous silica network formed through
the sol-gel synthesis process. These halos are attributed to the mesoporous silica framework, suggesting the
incorporation of silica with an ordered mesostructure, potentially resembling MCM-41 or SBA-15 type materials
[27]. These findings indicate that the increasing incorporation of Hibiscus interferes with the self-assembly and

crystallinity of the collagen fibrils, promoting the formation of a hybrid amorphous matrix. Such molecular-level
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disorganization may influence both the mechanical properties and the bioactivity of the scaffold, offering potential

benefits for modulating cell-matrix interactions and metabolic responses [23].

Based on the WAXS structural data, the presence of a semicrystalline organization in scaffolds containing
NpsSHS1 suggests the formation of an internal network with higher molecular order, induced by the integration of
mesoporous silica nanoparticles. The development of such ordered domains is likely due to interactions between
the silica surface and collagen fibrils, which promote local alignment or reinforcement within the polymeric matrix.
This molecular-level organization not only reflects improved structural definition but also could lead to distinct
physicochemical properties—such as increased surface area, stiffness, and diffusional control—that can
significantly influence cell-material interactions [28]. In the context of biomedical applications, scaffolds with
semicrystalline/amorphous features offer a promising strategy for modulating cellular metabolism [29]. The
increased surface order and mesoporosity associated with silica nanoparticles can enhance the adsorption and
gradual release of bioactive molecules of Hibiscus, thus creating a microenvironment that supports regulated
metabolic responses. Furthermore, these structural features may influence cell behavior through
mechanotransduction pathways, affecting mitochondrial activity, proliferation, or differentiation depending on the
cell type [30]. Therefore, the design of scaffolds with molecularly ordered architectures represents a valuable tool in

engineering platforms aimed at metabolic regulation and functional tissue regeneration.

Figure 2b shows the FTIR spectra highlighting the main functional groups present in the scaffolds. The pure
collagen hydrogel (B) exhibits characteristic stretching vibrations of -OH and —NH groups at ~3600 cm™, aliphatic
—CH at ~2700 cm™!, and a urea linkage band at 1720 cm™. The latter arises from the reaction between primary
amine groups on collagen fibrils and terminal isocyanate groups from the polyurethane crosslinker [5].
Additionally, the spectra display the amide I (~1650 cm™), amide II (~1560 ¢cm™), and amide III (~1480 cm™)
vibrations corresponding to peptide bonds within the collagen structure [23,29]. The in-plane deformation of -CH
bonds, especially abundant in proline and hydroxyproline residues, appears at 1240 cm™, while the ether C—O-C

stretching vibration at 1100 cm™ is associated with the polyurethane network [5,23,29].

As the content of Hibiscus sabdariffa extract increases within the fibrillar scaffold, a progressive decrease in the
intensity of the —-OH, -NH, —CH, urea, and amide I-111 bands is observed. This suggests the formation of hydrogen
bonds between the polyphenolic and flavonoid constituents of the extract and the collagen matrix, altering the
vibrational modes of the protein. Notably, the scaffold containing 3 wt.% extract shows a significant enhancement
of the band at ~1100 cm™*, which corresponds to glycosidic C—O stretching. This indicates the presence of a high
concentration of bioactive glycosides, such as hibiscoside, delphinidin-3-sambubioside, and cyanidin-3-
sambubioside, all known for their antioxidant and anti-inflammatory activities [16-18]. Furthermore, scaffolds with
NpsSHS2 y NpsSHS3 exhibit a distinct band at ~780 cm™, assigned to Si—O-Si stretching vibrations, confirming
the successful incorporation and homogeneous dispersion of mesoporous silica nanoparticles within the collagen

matrix.

The attenuation of characteristic collagen vibrational bands in the FTIR spectra—especially those related to amide

linkages and polar groups—suggests the formation of non-covalent interactions, likely involving hydrogen bonding
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and n—n stacking between collagen fibrils and phytochemicals such as polyphenols, flavonoids, and glycosides.
This molecular reorganization aligns with the WAXS profiles, which demonstrate a progressive transition from a
partially ordered to a predominantly amorphous structure as the Hibiscus extract content increases. This shift
implies a disordered, yet stabilized, network driven by short-range interactions. Such molecular-level structuring is
particularly relevant for influencing the diffusion of bioactive compounds and the spatial presentation of
biochemical cues. These scaffold characteristics are advantageous for modulating cellular metabolism, as they
contribute to a tunable microenvironment that regulates the availability of nutrients, signaling molecules, and
mechanical stimuli—all of which critically affect cell proliferation, differentiation, and metabolic activity [5,
23,29].

Microstructural characteristics of the scaffolds, as analyzed by SEM, are shown in Figure 3a. The control collagen
hydrogel without NpsSHS exhibits a porous fibrillar morphology typical of type I collagen-based hydrogels.
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Figure 3. (a) SEM images showing surface morphology of collagen-based scaffolds with increasing Hibiscus—

SiNPs content, and (b) swelling ratio and crosslinking index profiles

As the concentration of Hibiscus sabdariffa extract increases (1-3 wt%), distinct surface features emerge. The
NpsSHS1 scaffold (1 wt%) shows disorganized fibrillar alignment with visibly thicker fibers compared to B,
consistent with the decreased intensity of the crystalline signals associated with the collagen fibrillar structure in
WAXS patterns. This scaffold also exhibits increased surface porosity. The 2% scaffold (NpsSHS2) displays
spherical nanoparticles distributed on a reduced fibrillar matrix, suggesting that the NpsSHS are embedded and
homogeneously dispersed within the collagen network. This dispersion is likely facilitated by short-range
interactions revealed by FTIR and WAXS. In the 3% scaffold (NpsSHS3), the spherical morphology of the SiNPs
becomes less defined due to encapsulation by phytochemical components of the Hibiscus sabdariffa extract—
particularly glycosides, exhibiting an increasingly amorphous character. This scaffold also presents an
interconnected porous structure favorable for mass transport and biological integration. These microstructural
findings support the potential of these scaffolds for modulating cellular metabolism. The observed increase in
surface porosity, fiber rearrangement, and the homogeneous distribution of SiNPs—especially in the presence of
glycoside-rich phytochemicals—enhance the scaffold’s surface area and chemical functionality. These features can
facilitate nutrient exchange, support selective molecular interactions, and create favorable microenvironments that

influence cell adhesion, signaling, and metabolic activity [5,23,29]. The interconnected porous network observed in
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the 3% scaffold, combined with the presence of bioactive compounds, may further promote sustained metabolic

stimulation, making these systems promising for bioactive scaffold design in tissue engineering.

The swelling profiles of the scaffolds are shown in Figure 3b. Swelling capacities of 1660%, 1680%, 1490%, and
1295% were recorded for B, 1%, 2%, and 3%, respectively. Statistically significant differences were observed when
comparing the swelling of scaffold B to those containing higher concentrations of NpsSHS (2% and 3%), indicating
that the increased incorporation of Hibiscus sabdariffa extract into the fibrillar matrix tends to reduce the scaffold’s
water absorption capacity. This behavior may be attributed to the presence of occluded NpsSHS aggregates
enriched with phytochemicals, where the hydrocarbon-rich regions of the extract generate partial hydrophobic
zones that hinder water uptake. Additionally, the progressive loss of molecular ordering and increased amorphous
character, as evidenced by WAXS, suggest a disruption of the native collagen fibrillar architecture. This
disorganization likely results in tighter entanglement of the matrix components and reduced free volume, which in
turn limits the scaffold’s ability to swell [5,23,29]. Nevertheless, all scaffolds exhibited swelling capacities above
1200%, highlighting their excellent water absorption potential and suitability for applications requiring highly
hydrophilic and biofunctional biomaterials. These results highlight how the modulation of swelling behavior
through Hibiscus sabdariffa extract incorporation may be leveraged to influence cellular metabolic responses. The
reduced swelling ratio observed in the 2% and 3% scaffolds suggests a denser and more compact amorphous
microenvironment. This structural rearrangement may hinder water uptake and restrict the diffusion of nutrients
and metabolic waste, as well as alter localized mechanical cues—all of which are critical regulators of cellular
metabolism [31]. Moreover, the presence of phytochemical-enriched regions with controlled hydrophilicity
provides a tunable interface that can modulate hydration layers and interfacial interactions with cell membranes
[32]. This structural control opens new possibilities for designing scaffolds that direct specific metabolic pathways

through the engineered regulation of water transport and biochemical microenvironments.

Crosslinking indices of the scaffolds are shown in Figure 3b, revealing values of 55%, 63%, 64%, and 68% for
scaffolds B, 1%, 2%, and 3%, respectively. A statistically significant increase in crosslinking was observed in the
3% scaffold compared to B. This enhancement is attributed to short-range interactions between phytochemical
components of the Hibiscus sabdariffa extract and polar groups present on collagen fibers. These interactions likely
involve hydrogen bonding and van der Waals forces, which promote additional physical crosslinking beyond the
covalent urea bonds formed with the polyurethane network. Moreover, the increased amorphous character observed
in scaffolds with higher extract content suggests a disordered yet compact molecular arrangement that may stabilize
the network through dense packing and non-covalent interactions. Together, these findings demonstrate that
phytochemical incorporation not only modulates chemical functionality but also contributes to improved scaffold
structural integrity by reinforcing inter- and intramolecular interactions within the fibrillar matrix. These
crosslinking results align with the microstructural features observed in SEM analysis. As the content of Hibiscus
sabdariffa extract increases, the scaffolds exhibit reduced fibrillar definition, more compact morphologies, and the
appearance of spherical SiNP-rich domains—particularly evident in the 2% and 3% scaffolds. These morphological
changes support the presence of enhanced crosslinking and localized molecular densification, as phytochemical-

rich regions promote entrapment of SiNPs and restrict collagen fiber mobility. Although WAXS analysis indicates
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a transition toward a more amorphous structure, this disordered molecular arrangement is likely stabilized through
dense packing and short-range interactions, such as hydrogen bonding and n—= stacking. In the context of cellular
metabolism control, the higher crosslinking degree and resulting structural compaction can modulate the scaffold’s
permeability to nutrients, signaling molecules, and metabolic byproducts—ultimately offering a tunable
microenvironment for directing cellular responses such as proliferation, differentiation, and metabolic activation

[33]. Figure 4a shows the TGA thermograms of the scaffolds.
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Figure 4. TGA (a) and DTG (b) thermograms of scaffolds with increasing Hibiscus extract content

All biomaterials exhibit three distinct mass loss regions: (i) the evaporation of water physically entrapped within the
matrix, observed between 30—110 °C; (ii) the endothermic degradation of the scaffold's polymeric components and
the phytochemicals present in the Hibiscus extract, occurring between 300-500 °C; and (iii) the exothermic
degradation of residual components, observed between 600-800 °C. The encapsulation of SiNPs with Hibiscus
extract reduces the thermal degradation of the scaffolds, suggesting that short-range interactions between NpsSHS
and type | collagen fibers enhance the thermal stability of the composite. Notably, scaffolds containing 3 wt.% of
Hibiscus extract exhibited the highest thermal resistance, as evidenced by a small final residual mass. The residual
mass increased proportionally with the content of Hibiscus extract in the scaffolds, with values of 11%, 42%, 41%,
and 44% for B, and formulations with 1%, 2%, and 3% of Hibiscus extract, respectively. The formation of
amorphous matrices likely facilitates heat transfer and dissipation, thereby contributing to improved resistance

against thermal degradation.

Figure 4b displays the DTG curves, which reveal the temperatures at which maximum decomposition of the
chemical components within the scaffolds occurs. In general, water molecules and volatile compounds from the

Hibiscus extract are evaporated at a maximum temperature of approximately 90 °C (region i in the DTG curve). In
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the endothermic decomposition region, two distinct degradation peaks can be observed: one with a maximum at
376 °C (region ii), corresponding to the degradation of collagen and phytochemicals such as glycosides and
polyphenols; and a second peak at 470 °C (region iii), associated with the thermal degradation of the polyurethane.
Notably, the area under the endothermic degradation peaks is larger for the scaffold without NpsSHS, indicating
greater mass loss. In contrast, the formulations containing NpsSHS show reduced peak areas, suggesting that
hydrogen bonding and van der Waals interactions between the SiNPs, phytochemicals, and the fibrillar matrix play
a critical role in reducing thermal decomposition and enhancing scaffold stability. The enhanced thermal stability
observed in scaffolds containing NpsSHS not only indicates greater resistance to structural degradation but also
suggests a more controlled and sustained release of the bioactive compounds from the Hibiscus extract [34]. This
gradual release can more effectively modulate the scaffold’s microenvironment, allowing for precise regulation of
cellular metabolism—particularly important in applications aimed at promoting regenerative processes or
minimizing inflammatory responses [35]. Therefore, these thermally stable scaffolds represent a promising
platform for tissue engineering and advanced therapeutic applications, where both structural integrity and
controlled bioactive delivery are essential for eliciting a favorable biological response [34, 35].

3.2. Influence of scaffold composition on cell metabolism

Figure 5 shows the results of evaluating the influence of scaffold composition—collagen, SiNPs, and Hibiscus
extract—on the metabolic activity of different cell types.

a) b)
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Figure 5. Mitochondrial function of different cell types cultured on collagen-based scaffolds with
SiNPs and Hibiscus extract at 24 and 48 hours: a) monocytes, b) fibroblasts,

c) bone marrow-derived cells, and d) colon cancer cells
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For monocytes (Figure. 5a), after 24 hours, metabolic activity values above 80% were recorded for all conditions,
indicating no cytotoxic effects. Statistically significant differences were observed for the 1% and 2% scaffolds
compared to the control, B, and 3% groups, suggesting that intermediate concentrations of Hibiscus extract (1% and
2%) enhance monocyte metabolic activity at this early time point. After 48 hours, a notable increase in metabolic
activity was observed in monocytes cultured on NpsSHS-containing scaffolds, reaching up to 183% compared to
the control (3%).

These results indicate that higher Hibiscus extract content further promotes metabolic stimulation over time. This
improvement is promoted by the amorphous characteristics of the matrices with high Hibiscus extract content. The
enhanced mitochondrial function of monocytes in response to scaffolds containing NpsSHS can be attributed to the

synergistic effects of the Hibiscus phytochemicals and the silica nanoparticles.

The bioactive compounds present in the extract—such as polyphenols and glycosides—are known to possess
immunomodulatory and antioxidant properties, which can promote cell activation and survival [16-18].
Additionally, the presence of SiNPs contributes to improved scaffold stability and provides favorable surface
interactions that support cell adhesion and signaling [9-15]. Together, these factors create a bioactive
microenvironment that not only preserves cell viability but actively stimulates cellular metabolism. This response is
particularly relevant for biomedical applications involving immune regulation and tissue repair, such as in wound
healing or inflammatory modulation, where enhancing monocyte activity can accelerate the initiation of

regenerative processes [36].

Fibroblasts cultured on these scaffolds (Figure 5b) exhibited metabolic activity comparable to the control at 24
hours; however, the 1% formulation showed a statistically significant increase in metabolic activity compared to the
other groups. This effect is likely due to the fibrillar structure of the scaffold, which actively supports fibroblast
function and facilitates the uptake of phytochemicals from the Hibiscus extract. After 48 hours, no cytotoxic effects
were observed, and a stimulation of fibroblast metabolic activity was evident in all scaffolds containing Hibiscus
extract, following a concentration-dependent trend. Significant differences were found in the mitochondrial
function of fibroblasts grown on the 2% and 3% scaffolds compared to both the control and the extract-free
scaffold, indicating that higher extract content enhances cellular activation over time. The fibrillar matrix promotes
fibroblast adhesion, alignment, and growth, which in turn stimulates cellular metabolism [5,23,25]. Additionally,
the phytochemicals in the extract, such as polyphenols and glycosides, contribute to this metabolic boost by
influencing cellular signaling pathways that promote proliferation and ECM production [16-18]. At higher extract
concentrations (2% and 3%), the increased presence of these bioactive molecules further enhances fibroblast
activity, likely accelerating tissue regeneration processes [37]. These findings are highly relevant to biomedical
applications, especially in tissue engineering and wound healing, where fibroblasts play a key role in collagen
synthesis and tissue repair [38]. By improving fibroblast activity and promoting ECM formation, these scaffolds

may significantly enhance the effectiveness of regenerative therapies.

Bone marrow-derived cells (Figure 5¢) showed mitochondrial function comparable to the control after 24 hours,

indicating no cytotoxic effects across all scaffold formulations. However, no statistically significant differences
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were detected at this early time point. After 48 hours of culture, a marked stimulation of metabolic activity was
observed in cells grown on scaffolds containing higher concentrations of Hibiscus extract (2% and 3%) (up 155%).

These values were significantly greater than those for the 1%, B, and control groups, highlighting a positive
correlation between extract content and cellular metabolic activation in bone-derived cells. The enhanced
mitochondrial function observed in bone marrow-derived cells after 48 hours, particularly in scaffolds containing
higher concentrations of Hibiscus extract (2% and 3%), suggests a time- and dose-dependent bioactivation effect.
This improvement can be attributed to the bioactive phytochemicals in the extract, which may promote osteogenic
cell function through antioxidant and anti-inflammatory mechanisms, as well as by modulating signaling pathways
involved in cellular proliferation and differentiation [16-18]. The fibrillar scaffold structure further facilitates cell-
material interactions, enhancing nutrient diffusion and cellular anchorage. These findings are particularly relevant
for bone tissue engineering and regenerative medicine, where early metabolic activation of progenitor cells is
critical for subsequent differentiation, matrix deposition, and bone remodeling [33,39]. Thus, incorporating
phytochemical-rich extracts into bioengineered scaffolds offers a promising strategy for developing bioactive

materials capable of supporting and accelerating bone repair.

Finally, the response of human colon cancer cells was evaluated (Figure 5d). At 24 hours, the scaffold without
NpsSHS (B) significantly stimulated the metabolic activity of these cancer cells compared to both the control and
the NpsSHS-containing formulations. However, no cytotoxic effects or reduction in mitochondrial function were
observed in the presence of NpsSHS. After 48 hours, a slight decrease in metabolic activity was recorded across all
treatments, but again without signs of cytotoxicity. Interestingly, scaffolds containing Hibiscus extract and SiNPs
still induced significantly higher metabolic activity than the control. Despite the known antioxidant properties of
polyphenolic compounds present in the extract, no inhibitory effect on cancer cell metabolism was detected under
the conditions tested. This lack of inhibitory effect may be due to insufficient concentration, limited bioavailability,
or rapid metabolic adaptation of cancer cells to phytochemicals in the scaffold [40]. To enhance the therapeutic
potential of these scaffolds for anticancer applications, future strategies could involve the incorporation of higher
doses or more potent phytochemical fractions from Hibiscus, combination with known chemotherapeutic agents or
photosensitizers for synergistic effects [41], or the design of stimuli-responsive scaffolds that release bioactive
molecules in response to tumor-specific microenvironmental cues (e.g., pH, enzymes, redox conditions) [41].
Additionally, surface modification of SiNPs to improve selective cellular uptake by cancer cells or to co-deliver
gene-silencing agents (e.g., SiIRNA) could further improve efficacy [42,43]. These approaches could transform the
scaffold system into a multifunctional platform capable of both supporting tissue regeneration and providing

localized anticancer therapy with reduced systemic toxicity.
“4. Conclusions

This study demonstrated the successful development of bioactive and structurally reinforced collagen-based
scaffolds through the incorporation of silica nanoparticles loaded with Hibiscus sabdariffa extract. The increase in
extract content led to the formation of amorphous matrices with enhanced thermal stability, higher crosslinking

density, and highly absorbent behavior. The phytochemical—collagen interactions played a key role in improving
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the physicochemical properties of the scaffolds. Importantly, the in vitro results confirmed that these hybrid
scaffolds significantly stimulated the metabolic activity of immune, connective, and bone cells, particularly at
higher concentrations of the extract. Although no cytotoxic effects were observed on colon cancer cells, the system
showed no inhibitory impact either, indicating the need for further functionalization to enable selective anticancer
responses. Overall, the findings validated the potential of these scaffolds as a versatile platform for promoting cell
activity and supporting regenerative processes, offering a promising foundation for future applications in tissue
engineering and phytochemical-based therapeutic strategies.

“75. Future Suggestions

The following are some future suggestions of this present study:

(1) To target anticancer functionalization.

(2) To study and optimize the release of H. sabdariffa extract from silica nanoparticles within the hydrogel matrix.
(3) To study immunodulatory response of the hydrogel in relevant animal model.

(4) To study the rheology of hydrogels.

(5) To study the drug release of the hydrogels of H. sabdariffa.
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