
Academic Editor: Roberto Mandrioli

Received: 13 December 2025

Revised: 10 January 2026

Accepted: 3 February 2026

Published: 5 February 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Mechanical and Candida albicans Response of Bombyx mori Silk
Fibroin Nanoparticles Incorporated into Self-Curing
Poly(methylmethacrylate) (PMMA)
Letícia Pena Botelho 1, Daniele Morais Dias 2 , Karine Taís Aguiar Tavano 1 , Adriana da Silva Torres 1 ,
Moisés de Matos Torres 1 , Larissa Doalla Almeida e Silva 1 , Renan Leonardi de Oliveira Rigotti 2

and Rodrigo Galo 2,*

1 Department of Dentistry, Federal University of the Vales do Jequitinhonha e Mucuri,
Diamantina 39100-000, MG, Brazil; leticiapbotelho@gmail.com (L.P.B.);
karine.tavano@ufvjm.edu.br (K.T.A.T.); adriana.torres@ufvjm.edu.br (A.d.S.T.);
moises.torres@ufvjm.edu.br (M.d.M.T.); ldoalla@gmail.com (L.D.A.e.S.)

2 Department of Dental Materials and Prosthodontics, Ribeirão Preto School of Dentistry, University of São
Paulo, Ribeirão Preto 14040-904, SP, Brazil; danielemoraisd@usp.br (D.M.D.); renanrigotti@usp.br (R.L.d.O.R.)

* Correspondence: rogalo@forp.usp.br; Tel.: +55-16-3315-3973

Abstract

This study evaluated the effects of incorporating silk fibroin nanoparticles into self-curing
polymethyl methacrylate (PMMA) on the mechanical and Candida albicans responses of pro-
visional dental prostheses. Rectangular specimens (64 × 10 × 3 mm) were fabricated and
assigned to three groups (n = 10): G1 (control), PMMA without reinforcement; G2, PMMA
with 0.5% silk nanoparticles; and G3, PMMA with 1% silk nanoparticleScheme4. 4 × 6 mm)
were prepared. Scanning electron microscopy (SEM) was used to assess nanoparticle
incorporation within the polymer matrix. No significant differences were observed in sur-
face roughness (G1 = 0.4118 ± 0.100; G2 = 0.3245 ± 0.072; G3 = 0.3269 ± 0.076) or micro-
hardness (G1 = 12.21 ± 0.351; G2 = 12.72 ± 0.213; G3 = 12.53 ± 0.177). Flexural strength
differed significantly among the groups (p = 0.009), with higher values in nanoparticle-
reinforced specimens (G1 = 79.142 ± 3.202; G2 = 87.089 ± 2.756; G3 = 92.412 ± 1.963).
None of the tested concentrations exhibited antifungal activity against C. albicans. In
conclusion, the incorporation of silk fibroin nanoparticles enhanced the flexural strength
of self-curing PMMA without adversely affecting surface roughness or microhardness,
although no antifungal effect was detected at the evaluated concentrations.

Keywords: acrylic resins; polymethyl methacrylate; silk fibroin; Bombyx mori; Candida
albicans; mechanical properties

1. Introduction
Although advances in preventive strategies and restorative materials have led to mea-

surable improvements in oral health, edentulism and the need for prosthetic rehabilitation
remain ongoing challenges, especially in aging populations, where functional and esthetic
demands increasingly overlap [1]. In these cases, provisional prostheses play a vital role,
not just as temporary replacements but as therapeutic tools crucial for shaping soft-tissue
architecture, maintaining occlusal stability, and supporting staged or immediate implant
therapies [2,3].

Within this clinical framework, polymethyl methacrylate (PMMA) has established
itself as the primary material for provisional restorations, due to its easy handling, esthetic
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versatility, low weight, and affordability [4,5]. Its widespread use in denture bases, maxillo-
facial prostheses, relining procedures, artificial teeth, and provisional crowns shows both
its versatility and its key role in modern prosthodontics [2,6–8]. However, conventional
PMMA has inherent limitations, including moderate flexural and impact strength, thermal
instability, and a tendency for bacterial colonization [4,9,10] and fungal colonization, es-
pecially by Candida albicans, which is directly implicated in denture-related stomatitis, the
most prevalent secondary pathological condition affecting PMMA-based prostheses, which
may affect the durability and biocompatibility of provisional prostheses [11–13]. Given that
heat-polymerized PMMA systems exhibit higher flexural strength and improved clinical
durability, enhancing this parameter in self-polymerizing materials is a promising strategy
to approach the clinical performance of heat-polymerized PMMAs [14,15].

To address these limitations, many reinforcement strategies have been proposed,
including the addition of fibers, metallic particles, or bioactive fillers to improve mechanical
performance [16,17] and potentially provide antifungal properties [11,18]. Among the
materials studied, silk fibroin derived from Bombyx mori has become a promising option
due to its high tensile strength, toughness, excellent biocompatibility [17,19,20], slow
degradation in vivo, and impressive versatility, enabling its processing into fibers, gels,
films, and nanoparticles [20,21].

Given these advantageous properties, incorporating silk fibroin nanoparticles into
self-curing PMMA could be an innovative approach to enhancing mechanical performance
and exploring potential antifungal effects of provisional materials. Similarly, Torres et al.
(2023) [22] demonstrated that silk fibroin nanoparticles, due to their highly crystalline
β-sheet structure, reinforce the polymeric matrix and improve the mechanical properties of
dental composites. These findings, along with evidence that silk fibroin can render surfaces
less prone to microorganism adhesion, are related to reduced roughness and changes in
wettability [5,19,23], which could corroborate and promote antifungal properties by disrupt-
ing hydrophobic interactions and Als-mediated adhesion pathways involved in the initial
attachment of C. albicans to acrylic surfaces, thereby reducing fungal proliferation [24,25];
these results highlight the potential benefits of incorporating it into PMMA-based resins.

Therefore, this study aimed to assess the effect of adding silk nanoparticles extracted
from Bombyx mori to self-curing PMMA used in provisional prostheses, with emphasis on
the resulting mechanical properties and their response to C. albicans. The null hypothesis
was that adding silk fibroin nanoparticles would not produce significant improvements in
any of the evaluated outcomes.

2. Materials and Methods
2.1. Synthesis of Silk Fibroin Nanoparticles

Silk fibroin nanoparticles were synthesized following the protocol described by Rock-
wood et al. (2011) [20], with methodological adjustments to optimize purification. Initially,
5 g of cut Bombyxmori silk cocoons (raw material, Rio Grande do Sul, Brazil) was subjected to
a degumming process to remove sericin. The material was immersed in a solution contain-
ing 5 g of anhydrous sodium carbonate (Batch 88682, Dinâmica Química Contemporânea
Ltda., Indaiatuba, SP, Brazil) dissolved in 1 L of deionized water and heated at 100 ◦C
for 30 min. This procedure was repeated twice to ensure complete sericin removal. The
fibers were then rinsed thoroughly with deionized water and dried in an oven (SL-104/30,
SOLAB, Piracicaba, SP, Brazil) at 40 ◦C until completely dehydrated.

For fibroin dissolution, 5 g of dried, degummed fibers was immersed and stirred in
a ternary solvent system consisting of 1 mol of anhydrous calcium chloride (Lot 212377,
Synth Labsynth, Diadema, SP, Brazil), 2 mol of ethanol (Lot 140548, Dinâmica Química
Contemporânea Ltda., Indaiatuba, SP, Brazil), and 8 mol of deionized water. The mixture

https://doi.org/10.3390/compounds6010015

https://doi.org/10.3390/compounds6010015


Compounds 2026, 6, 15 3 of 13

was heated at 90 ◦C for 2 h using a heating mantle (TE-0851, Tecnal, Piracicaba, SP, Brazil).
A reflux apparatus was used to prevent ethanol evaporation during heating. The resulting
solution was briefly centrifuged (Sorvall Legend Mach 1.6R, Thermo Scientific, Waltham,
MA, USA) at 4000 rpm to sediment undissolved residues.

The supernatant was transferred to smaller flasks containing semipermeable cellulose
acetate membranes (UNIFIL, Membrana Filtrante, São Paulo, SP, Brazil) for dialysis. The
membranes were immersed in deionized water for 96 h, with the water renewed every
24 h, allowing complete removal of residual salts and solvents. The resulting purified
fibroin solution, at approximately 5% (w/v), was precipitated dropwise (one drop per
second) into 75% (v/v) aqueous acetone (Lot AC0224, Dinâmica Química Contemporânea
Ltda., Indaiatuba, SP, Brazil). The suspension was centrifuged at 4000 rpm for 1 h, and the
supernatant was discarded.

The precipitate was resuspended in a small volume of deionized water, vortexed
for 20 s (VX-28, Warmnes, Shenzhen, China), and sonicated (Q55 Sonicator, Qsonica,
Newtown, CT, USA) at 55 W and 40% amplitude for 30 s, twice, to ensure complete
nanoparticle dispersion. The suspension was centrifuged again at 4000 rpm for 1 h, and this
washing procedure was repeated once. The final nanoparticle suspension was lyophilized
to remove residual moisture before incorporation into acrylic resin. More than 85% of the
resulting nanoparticles were smaller than 100 nm, as verified by DLS and confirmed by
SEM morphology.

2.2. Incorporation of Silk Fibroin Nanoparticles into PMMA

Silk fibroin nanoparticles were incorporated into self-curing acrylic resin powder
(JET Clássico, Artigos Odontológicos Clássico Ltda., Campo Limpo Paulista, SP, Brazil) at
concentrations of 0.5% and 1% by weight, measured using an analytical precision balance
(AL204, Mettler Toledo, Columbus, OH, USA). The nanoparticle–powder mixtures were
homogenized in Eppendorf tubes using an amalgamator (YG-100 Digital Amalgamator,
Kondentech, São Carlos, SP, Brazil) for 30 s.

The powder-to-liquid ratio was prepared according to the manufacturer’s instructions.
Specimens were assigned to three groups (Table 1).

Table 1. Experimental groups and respective interventions.

Group n
(64.0 × 10.0 × 3.0 mm)

n
(4.0 × 6.0 mm) Intervention

G1 10 3 Self-curing acrylic resin without nanoparticle addition
G2 10 3 Self-curing acrylic resin modified with 0.5% silk fibroin nanoparticles
G3 10 3 Self-curing acrylic resin modified with 1% silk fibroin nanoparticles

2.3. Preparation of Acrylic Resin Specimens

Rectangular specimens were fabricated to final dimensions of 64.0 × 10.0 × 3.0 mm.
To ensure accurate final measurements, the specimens were initially fabricated with slightly
larger dimensions (65.0 × 11.0 × 4.0 mm). These specimens were allocated for flexural
strength testing, SEM analysis, and Knoop microhardness evaluation (n = 10 per group).
For the antifungal activity assay, cylindrical specimens (4.0 × 6.0 mm) were produced
(n = 3 per group). Silicone molds were obtained by duplicating an acrylic matrix using
condensation silicone (Perfil, Vigodent Ind. e Com. Ltda., Bonsucesso, RJ, Brazil) according
to the manufacturer’s instructions.

The resin mixture was inserted into the silicone molds during its plastic phase using a
No. 24 spatula (ABC Instrumentos Cirúrgicos, São João Clímaco, SP, Brazil). Ten molds
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were prepared, and specimens were fabricated in batches of five per group until the required
sample size was reached.

Following polymerization, the specimens were removed and finished by a calibrated
operator. Excess resin was removed using a fine-cut milling bur (Malleifer AS, Ballaiguer,
Switzerland). Final specimen dimensions were achieved using a horizontal polishing
device (Arotec, Arapol E, Cotia, SP, Brazil) with silicon carbide papers of grit sizes 120, 240,
400, 600, and 1200 (Norton Indústria Brasileira, São Paulo, SP, Brazil).

Final polishing was performed using white Spain paste (Asfer Indústria Química
Ltda., São Caetano do Sul, SP, Brazil) and a felt wheel (KOTA Indústria e Comércio Ltda.,
São Paulo, SP, Brazil) mounted on a polishing lathe (Nova OGP Indústria e Comércio,
Bragança Paulista, SP, Brazil). Dimensions were verified with a digital caliper (CD-6′′

CSX-B, Mitutoyo Sul Americana Ltda., Suzano, SP, Brazil). Each specimen was labeled with
a permanent marker and stored in distilled water at 37 ◦C for 24 h (Odontobrás Ind. e Com.
Equip. Med. Odont. Ltda., Ribeirão Preto, SP, Brazil) to eliminate residual monomer.

2.4. Scanning Electron Microscopy (SEM) Analysis

Nanoparticles were mounted on aluminum stubs using double-sided carbon tape and
sputter-coated with metal using a Q150RS coater (Quorum Technologies Ltd., Laughton,
East Sussex, UK). Morphology was evaluated using a JSM-610F SEM (JEOL, Tokyo, Japan)
operated at 30 kV.

Acrylic resin specimens were mounted on aluminum stubs with carbon adhesive tape
and sputter-coated with gold for 120 s, producing a 100 nm film (Q150RS, Quorum Tech-
nologies Ltd., Laughton, East Sussex, UK). Imaging was performed using a VEGA3 LMH
SEM (TESCAN, Brno, Czech Republic) at 30 kV, with magnifications of 100× and 50,000×.

2.5. Surface Roughness Measurement

Surface roughness was assessed at three locations on each specimen: a central point
and two lateral points, each 5 mm from the center. Three Ra measurements were obtained
per specimen, and the mean value was used for analysis. The profilometer was calibrated
using a standard reference block (1.80 µm Ra), yielding a calibration reading of 1.813 µm.
The Ra parameter represents the arithmetic mean deviation of the surface profile.

Measurements were performed using a contact profilometer (Surftest SJ-201P, Mitu-
toyo Corporation, Tokyo, Japan) with a 0.8 mm cut-off value. The stylus traversed 4.8 mm
during each reading.

2.6. Three-Point Bending Resistance Test

Specimen thickness was measured using a digital caliper. The three-point bending test
was performed on a universal testing machine (MEM 2000, EMIC, São José dos Pinhais, PR,
Brazil), using two supports spaced 50 mm apart and a centrally applied load. A crosshead
speed of 5 mm/min and a 50 kgf load cell were used. Flexural strength (σ) was calculated
according to the three-point bending formula σ = 3FL/2bd2, as specified in ISO 20795-1 [26],
where F is the maximum load at fracture (N), L is the span length (mm), b is the specimen
width (mm), and d is the specimen thickness (mm), expressed in megapascals (MPa).

2.7. Knoop Microhardness Test

Microhardness specimens were sectioned from the ends of the bending test sam-
ples. Surface microhardness was measured using a Knoop microhardness tester (HVS-50,
Laizhou Huayin Testing Instrument Co., Ltd., Laizhou, Shandong, China). Three indenta-
tions were made on each specimen surface, 10 mm from the margin and spaced 5 mm apart.
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Specimens were stabilized on utility wax (Clássico, Campo Limpo Paulista, SP, Brazil)
to ensure a flat testing plane. A 200 g load was applied for 15 s for each indentation. The
mean of the three indentations was used for statistical analysis.

2.8. Microbiological Test

Antifungal activity was evaluated at the Department of Dental Materials and Pros-
thesis (Ribeirão Preto School of Dentistry, University of São Paulo—USP) using C. albicans
(ATCC 10231) (antifungal activity was evaluated using C. albicans (ATCC 10231). The strain
was kindly provided by the Department of Clinical Analysis, Toxicology and Food Science,
Faculty of Pharmaceutical Sciences of Ribeirão Preto (FCFRP/USP), University of São
Paulo, Ribeirão Preto, SP, Brazil, having been originally acquired from the American Type
Culture Collection (Manassas, VA, USA).

The strain was reactivated in Brain Heart Infusion (BHI) agar (Laboratorios Conda
S.A., Spain) and then seeded onto Müller–Hinton agar using a swab saturated with a
standardized fungal suspension adjusted according to the McFarland scale. Specimens
were placed at equal intervals on the agar surface in sterile 75 mm2 Petri dishes.

Plates were incubated at 37 ◦C for 24 h. Inhibition zone diameters were measured
in millimeters along the most significant distance across the halo formed around each
specimen. All assays were performed in triplicate, and arithmetic means were used to
assess antifungal activity.

2.9. Statistical Analysis

Data normality was assessed using the Shapiro–Wilk test. Variables with normal distri-
butions were analyzed using one-way ANOVA followed by post hoc multiple-comparison
testing. At the same time, non-normally distributed data were evaluated using the Mann–
Whitney or Kruskal–Wallis tests. Additionally, effect size measures (Cohen’s d and Hedges’
g) were calculated to assess the practical magnitude of differences between groups, pro-
viding an additional interpretation beyond statistical significance. A significance level of
5% (α = 0.05) was adopted. SEM micrographs were analyzed qualitatively. All statistical
analyses were performed in SPSS for Windows, version 20.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. SEM Morphological Analysis

SEM analysis at low magnification (100×) revealed distinct surface patterns among
the groups (Figure 1). The control specimens (G1) exhibited a relatively homogeneous
and smooth surface, whereas the modified groups (G2 and G3) showed irregular features
compatible with the incorporation of silk fibroin nanoparticles. In G2 (0.5%), small and
discrete surface irregularities were visible, while G3 (1.0%) displayed more numerous and
pronounced agglomerate-like regions, indicating increased particulate accumulation. Al-
though individual nanoparticles were not discernible at this magnification, the progressive
surface heterogeneity was concentration dependent.

At higher magnification, the silk fibroin nanoparticles exhibited a densely aggregated
particulate morphology (Figure 2), forming an irregular three-dimensional network of
nanometric clusters characteristic of Bombyxmori-derived fibroin particulate systems. This
morphology confirms the heterogeneous and interconnected nature of the nanoparticle
population used for PMMA modification.

Together, these SEM findings confirm the successful incorporation of silk fibroin
nanoparticles into the PMMA matrix. Both experimental groups contained embedded
particulate clusters, and some degree of agglomeration persisted despite homogenization.
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Figure 1. Scanning electron microscopy (SEM) micrographs (magnification 100×) of the polished
surface of the resin specimens: (A) Control group (G1), (B) PMMA modified with 0.5% silk fibroin
nanoparticles (G2), and (C) PMMA modified with 1.0% silk fibroin nanoparticles (G3). Distinct
patterns of nanoparticle distribution and surface agglomerates can be observed as the concentra-
tion increases.

 

Figure 2. Scanning electron microscopy (SEM) images of silk fibroin nanoparticles derived from
Bombyxmori. Magnification 50,000×.

3.2. Surface Roughness Results

Surface roughness results are presented in Table 2. Mean roughness values (Ra) were
similar across all groups, and data normality allowed analysis by one-way ANOVA. No
statistically significant differences were detected among the control and experimental
groups (p = 0.707), although a slight numerical reduction in Ra was observed in the
nanoparticle-modified resins.

Table 2. Means and standard errors of the studied groups when subjected to the surface roughness
test (Ra).

Groups Means and Standard Errors (Ra)

Without nanoparticles 0.4118 ± 0.100 a

0.5% nanoparticles 0.3245 ± 0.072 a

1.0% nanoparticles 0.3269 ± 0.076 a

Identical lowercase letters indicate similarity between the groups.

Effect size analysis indicated that incorporating silk fibroin nanoparticles had a mini-
mal impact on surface roughness. Compared with the control, both 0.5% and 1.0% concen-
trations produced minor effects (Hedges g = −0.31 and −0.30, respectively), indicating that
fibroin addition did not meaningfully modify the topographic profile of PMMA.
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3.3. Flexural Strength

The flexural strength values obtained from the three-point bending test are presented
in Table 3. Since the data did not meet the assumption of homogeneity, the Kruskal–Wallis
test was applied, followed by pairwise comparisons using the Mann–Whitney test with
Bonferroni correction.

Table 3. Mean, standard deviation, median, and 95% confidence intervals of the flexural strength
values obtained from the three-point bending test.

Groups Mean ± SD (MPa) Median 95% CI (MPa)

Without nanoparticles 79.142 ± 3.202 a 78.275 76.85–81.43
0.5% nanoparticles 87.089 ± 2.756 b 86.635 85.12–89.06
1.0% nanoparticles 92.412 ± 1.963 b 91.737 91.01–93.82

Identical lowercase letters indicate no significant differences, whereas different letters indicate significant differ-
ences. (Mann–Whitney test with Bonferroni correction).

The incorporation of silk fibroin nanoparticles significantly increased the flexural
strength of PMMA (p = 0.009). The 0.5% and 1.0% nanoparticle groups exhibited higher
strength than the unmodified resin, and the two groups did not differ significantly from
each other. Specifically, the 1.0% concentration produced the highest mean flexural strength
(92.412 ± 1.963 MPa), followed by the 0.5% group (87.089 ± 2.756 MPa), whereas the control
group showed the lowest mean value (79.142 ± 3.202 MPa).

In addition to statistical significance, the magnitude of mechanical differences
among groups was quantified using effect size statistics. Compared with the control
PMMA, the incorporation of 0.5% silk fibroin nanoparticles produced a significant effect
(Cohen’s d = 0.84; Hedges g = 0.81), while 1.0% resulted in a very large effect (Cohen’s
d = 1.58; Hedges g = 1.52). These results demonstrate that the mechanical reinforcement
observed is not only statistically significant but also clinically meaningful.

3.4. Knoop Microhardness

The Knoop microhardness results, summarized in Table 4, showed a homogeneous dis-
tribution and were analyzed using one-way ANOVA. No statistically significant differences
were identified among the groups.

Table 4. Means and standard errors of the groups when subjected to the Knoop microhardness test.

Groups Means and Standard Errors (KN)

Without nanoparticles 12.21 ± 0.351 a

0.5% nanoparticles 12.72 ± 0.213 a

1.0% nanoparticles 12.53 ± 0.177 a

Identical lowercase letters indicate similarity between the groups.

Although one-way ANOVA did not reach statistical significance (F(2.27) = 3.23,
p = 0.053), effect size values ranged from small to moderate (Hedges g = 0.40–0.75).

Given the close similarity among group means and the low observed variability,
increasing the sample size would be unlikely to substantially alter the statistical outcome.
Accordingly, the lack of statistical significance suggests a negligible effect of silk fibroin
nanoparticles on microhardness at the tested concentrations.

3.5. Antifungal Activity by Inhibition Zones

The microbiological assay showed no inhibition halos in any of the tested groups,
indicating that neither 0.5% nor 1.0% silk fibroin nanoparticles conferred antifungal activity
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against C. albicans. Figure 3 shows the Petri dishes for the evaluated samples, in which no
inhibition zones were observed against C. albicans (shown in triplicate).

Figure 3. Petri dishes of the tested samples showing no inhibition zones against Candida albi-
cans, presented in triplicate: (A) control group; (B) 0.5% silk fibroin nanoparticles; (C) 1.0% silk
fibroin nanoparticles.

4. Discussion
Several strategies have been explored to enhance the performance of self-polymerizing

PMMA, particularly by incorporating fibers, fillers, and nanoparticles, yielding generally
favorable effects on mechanical and functional properties [5,27]. Gad et al. (2019) [28]
demonstrated, in a comprehensive review, that reinforcement systems based on glass fibers,
zirconia nanoparticles, carbon-based nanofillers, and silicate structures can significantly
improve the physical and mechanical properties of PMMA. Although numerous proposals
have been made to modify this polymer, studies using silk fibroin nanoparticles as reinforc-
ing agents remain limited, underscoring the originality and significance of this research.

Based on the study’s findings, the null hypothesis was only partially rejected. The
addition of silk fibroin nanoparticles significantly enhanced the flexural strength of
PMMA [29,30]. However, microhardness, roughness, surface roughness, and C. albicans
response did not differ significantly at the chosen significance level (α = 0.05). This result is
clinically significant because provisional prostheses are constantly exposed to functional
deformation, cyclic loading, and fatigue during mastication [2,31], and even moderate
increases in bending strength generally improve the clinical longevity of these devices.

The increase in flexural strength observed at both concentrations is consistent with
previously employed reinforcement strategies for polymeric materials. Mosharraf et al.
(2019) [32] demonstrated that reinforcing provisional restorative materials with glass fibers
enhances flexural performance by promoting a more uniform distribution of stress within
the matrix. Similarly, Algahtani (2020) [33] observed increases in the flexural strength of
PMMA modified with hexagonal boron nitride nanoparticles, supporting the idea that
nanoscale additives can promote load transfer and decrease stress concentrations. In this
context, the high specific surface area of nanoparticles enhances interfacial interactions with
the matrix, fills microvoids, and inhibits microcrack growth, thereby improving overall
mechanical performance. Studies on ZrO2, TiO2, and ZnO nanoparticles incorporated
into PMMA support this mechanism, highlighting consistent increases in flexural strength
attributable to modification of the composite’s internal microstructure [5,27,34].

In this context, nanoparticulate silk fibroin acts as an effective reinforcing agent due to
its hierarchical molecular structure, characterized by highly crystalline β-sheet domains
interspersed with flexible amorphous regions [29]. This organization confers high intrin-
sic mechanical strength and enables strong intermolecular interactions with polymeric
matrices, promoting efficient stress transfer across the nanoparticle–PMMA interface, as
demonstrated in classical studies by Hu, Kaplan, and Cebe (2006) [30] and recent reviews
by Dorishetty, Dutta, and Choudhury (2020) [35]. At the nanoscale, well-dispersed fibroin
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particles and controlled nanoparticulate clusters function as rigid heterogeneities within
the matrix, absorbing and redistributing applied stresses and thereby reducing stress con-
centration at critical sites, a phenomenon known as stress shielding [36,37]. Under flexural
loading, these mechanisms collectively delay crack initiation and propagation, which is
consistent with the progressive increase in flexural strength observed in this study. Notably,
the reinforcing effect was achieved without the use of coupling agents or particle pre-
impregnation, indicating an inherent physicochemical compatibility between silk fibroin
nanoparticles and the PMMA matrix.

The flexural strength values reported in the literature support this interpretation.
Barbosa et al. (2007) [31] stated that heat-polymerizable PMMA has an average strength of
90–110 MPa, while self-polymerizable PMMA ranges from 55 to 85 MPa, depending on the
polymerization conditions. Alla et al. (2013) [2] suggested that the superior performance of
thermopolymerizable PMMA systems is mainly associated with higher degrees of monomer
conversion and increased cross-linking density within the polymer network. In the present
study, the self-curing PMMA control exhibited flexural strength values within the range
commonly reported for autopolymerizing PMMA resins. Adding silk fibroin caused a
consistent increase, reaching 87.08 ± 2.75 MPa (0.5%) and 92.41 ± 1.96 MPa (1%), making
the composite’s mechanical properties more comparable to those of some unmodified
heat-polymerizable PMMAs. This pattern of response aligns with the growing interest in
fibroin as a polymeric reinforcement, supported by its high β-sheet organization, good
processability, and biocompatibility [30,35].

Considering the microstructural findings and their link to mechanical behavior, the
addition of fibroin nanoparticles appears to inhibit the formation, growth, and merging
of cracks in PMMA. SEM images showed the presence of nanoparticulate clusters in the
experimental groups but not in the control group. These clusters act as rigid heterogeneities
that locally redistribute applied stresses, thereby demonstrating a stress-shielding effect
in the polymer matrix [38]. Under flexural loading, these agglomerates serve as physical
barriers to crack propagation, triggering traditional toughening mechanisms such as crack
deflection, crack bridging, fracture path modification, and localized energy dissipation,
as observed in fiber- or nanoparticle-reinforced composites [36,39]. As a result, the com-
posite’s toughness increases without compromising the evaluated mechanical and surface
properties. Although ANOVA did not demonstrate statistically significant differences
in microhardness among groups (p > 0.05), the mean values were numerically close and
showed a slight increasing trend in the experimental groups. Effect size analysis revealed
small-to-moderate values (Hedges g = 0.40–0.75), which should be interpreted cautiously
and considered exploratory rather than confirmatory. Under the conditions of this study,
the incorporation of silk fibroin nanoparticles did not produce a statistically significant
change in microhardness; however, the observed numerical trend, together with the mi-
crostructural features identified by SEM, suggests that subtle reinforcement-related effects
cannot be excluded and may become more evident with refined dispersion control and
quantitative microstructural analyses [39].

Changes in surface roughness were clinically negligible, with minimal effects (Hedges
g = −0.30). Maintaining roughness values near the control, despite the presence of nanopar-
ticulate agglomerates observed in SEM, indicates that adding fibroin did not cause sig-
nificant surface changes, which is essential for the material’s clinical acceptance [5]. This
stability is crucial because roughness values greater than 0.2 µm are associated with greater
biofilm retention and bacterial plaque accumulation [40,41]. In nanocomposites, reductions
in microhardness can occur when particles interfere with polymer conversion or introduce
interfacial defects [39]; however, microhardness remained stable in this study, suggesting
that fibroin did not induce relevant molecular changes in the PMMA matrix. Furthermore,
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although they did not adversely affect the surface topography, the internal agglomerates
can act as stress-reducing microstructures under bending, thereby increasing mechanical
strength through stress shielding, a phenomenon intrinsically linked to the composite’s
internal architecture rather than its surface characteristics [36,37].

Regarding C. albicans response, several studies indicate that pure silk fibroin does not
exhibit intrinsic antifungal activity and primarily serves as a carrier matrix [42]. Reports
of antibacterial activity associated with fibroin generally involve its functionalization or
combination with metal ions or other bioactive additives, such as silver, zinc oxide, or
chitosan [43]. In this context, the incorporation of pure fibroin into the PMMA matrix
has not been previously explored from an antifungal standpoint, as its primary effect
is expected to be mechanical reinforcement of the composite. Nevertheless, given that
molecular interactions between fibroin and the polymeric matrix could, in principle, favor
the generation or release of reactive species with antifungal potential, the agar diffusion
assay was conducted as an exploratory study. It should be emphasized that the agar
diffusion assay is designed to detect antifungal activity exclusively mediated by the leaching
of diffusible compounds from the material into the surrounding medium [44].

On the other hand, no antifungal activity against C. albicans was detected by the
agar diffusion assay, suggesting that the incorporation of silk fibroin does not promote
the release of diffusible antifungal components, and that any interaction between the
material and fungal cells is likely governed by contact-dependent mechanisms at the
material surface [24,40–42]. Therefore, future studies should include quantitative assays in
direct contact (such as counting adhered CFU, biofilm analysis, and surface microscopy),
linking these results with topography and wettability parameters, as well as examining
the relationship between fibroin and previously studied antifungal agents, provided this
does not compromise the material’s physical–chemical, mechanical, or esthetic properties.
In this context, silk fibroin is a promising candidate for developing hybrid systems with
antifungal potential while maintaining the structural integrity and esthetics of PMMA.

Although the number of specimens per group in the agar diffusion assays (n = 3)
is relatively limited, it is consistent with exploratory screening approaches previously
described in the literature [45] and suitable as an initial evaluation step. Because the
PMMA/fibroin combination does not release substances with measurable antifungal effects
via diffusion, it is rational to consider additional strategies, such as doping with metal ions
or incorporating bioactive agents, to develop composites with enhanced antifungal activity.

In an integrated manner, the results of this study indicate that the main impact of incor-
porating fibroin nanoparticles is on mechanical performance, especially flexural strength,
without compromising critical surface properties and, in its pure form, without conferring
an antifungal effect measurable by the methods used. Flexural modulus was not evaluated,
as flexural strength remains the primary clinically relevant mechanical outcome for self-
polymerizing PMMA; however, stiffness-related parameters will be addressed in future
studies. This focus aligns with the prevalent emphasis in the dental literature on flexural
strength for provisional restorative materials, which is directly correlated with fracture
resistance under masticatory loads [31]. While flexural modulus offers valuable insights
into the elastic behavior of materials, its historical clinical relevance for conventional and
modified PMMA systems in dentistry has often centered on ultimate strength rather than
stiffness-related parameters. Thus, supported by the linear increase in flexural strength and
the preservation of the other evaluated properties, future investigations should explore
higher nanoparticle concentrations and hybrid or coupled reinforcement strategies, as well
as long-term aging and fatigue behavior using thermomechanical cycling and extended
water storage, in parallel with complementary analyses such as dye penetration, surface
functionalization approaches, and biological assessments. Finally, this in vitro study did
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not include artificial aging methods, such as thermocycling, mechanical fatigue, or pro-
longed water sorption, which are known to influence the long-term behavior of PMMA.
The findings of this study establish a consistent basis for the initial mechanical performance
of fibroin-reinforced PMMA, demonstrating significant gains in flexural strength without
compromising critical surface properties. Although simulated aging protocols were not
included at this stage, future studies incorporating these conditions will enable us to bet-
ter understand the composite’s long-term behavior in scenarios increasingly similar to
clinical reality.

5. Conclusions
The incorporation of silk fibroin nanoparticles into self-curing PMMA increased its

flexural strength, while microhardness and surface roughness remained statistically un-
changed. However, microhardness and surface roughness were statistically comparable
among the experimental groups, indicating that the incorporation of silk fibroin nanoparti-
cles preserved these surface characteristics. No antifungal activity against C. albicans was
observed at the tested concentrations. Within the limitations of this in vitro study, including
the evaluation of only two nanoparticle concentrations, the absence of coupling agents, and
the lack of long-term degradation or fatigue analyses, silk fibroin nanoparticles demon-
strated potential as reinforcing agents for provisional PMMA-based prostheses. Future
studies should explore additional concentrations, surface modification strategies, func-
tionalized nanoparticles with antifungal properties, and mechanical performance under
simulated long-term clinical conditions.
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DLS Dynamic Light Scattering
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◦C Degrees Celsius
rpm Revolutions per minute
w/v Weight/volume
v/v Volume/volume
α Significance level
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