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1. Introduction

Abstract

Infected bone defects pose significant clinical challenges due to impaired osteogen-
esis and persistent bacterial infections, with conventional therapies often proving
inadequate. To address this, we developed a multifunctional scaffold integrating
photothermal nanoparticles (PTNPs) and antimicrobial peptide LL-37 for synergis-
tic antibacterial and osteogenic effects. The study synthesized phthalocyanine-phe-
nylalanine dipeptide-LL-37 (Pc-FF-LL37) nanoparticles through molecular self-as-
sembly, exhibiting a 56.9 nm hydrodynamic diameter and 43.6% photothermal con-
version efficiency (PTCE) under 680 nm irradiation, as confirmed by dynamic light
scattering and UV-vis spectroscopy. Three-dimensional (3D) printed scaffolds
combining Pc-FF-LL37 with nano-hydroxyapatite/collagen (nHA/Col) demon-
strated concentration-dependent antibacterial activity, with 5% Pc-FF-LL37 scaf-
folds achieving complete MRSA eradication (p<0.05) in colony counting assays. In
vitro, these scaffolds enhanced bone marrow stromal cell (BMSC) osteogenesis,
showing elevated alkaline phosphatase (ALP) activity (2.1-fold increase), mineral-
ization (Alizarin Red staining), and upregulated osteogenic genes (Bmp-2, Runx-2,
Alp, Collal) versus controls (p<0.05). Micro-CT analysis of rat femoral condyle
defect models revealed superior bone regeneration with 5% Pc-FF-LL37 scaffolds,
exhibiting 38% greater bone volume fraction (BV/TV) and improved trabecular pa-
rameters (Tb.Th, Tb.N) compared to nHA/Col alone (p<0.05), while Gram staining
confirmed infection clearance. This dual-functional scaffold combines photother-
mal therapy (PTT)-mediated antibacterial action with pro-osteogenic capacity, of-
fering a promising solution for infected bone defects. Future studies should focus
on large-animal validation and clinical translation of this integrated therapeutic ap-
proach.
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Infection-related bone defects pose a significant clinical challenge, as impaired bone regeneration coexists with per-
sistent bacterial infections. Conventional treatments, like antibiotics and surgery, often fail due to poor local drug
penetration and antibiotic resistance. Recent advances in photothermal therapy (PTT) show promise in bactericidal
efficacy through localized hyperthermia, yet combining antimicrobial and osteoinductive properties remains a key
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challenge [1]. Phthalocyanine derivatives, with excellent photophysical properties [2], and antimicrobial peptides like
LL-37 are potential solutions [3]. However, current scaffolds fail to integrate efficient photothermal conversion, con-
trolled peptide release, and adequate mechanical support for bone regeneration.

This study introduces a novel approach by engineering phthalocyanine-diphenylalanine-LL-37 photothermal na-
noparticles through self-assembly and incorporating them into 3D-printed nano-hydroxyapatite/collagen scaffolds.
The scaffold’s precise pore geometry supports cell migration and vascular ingrowth. The platform combines photo-
thermal effects, antimicrobial peptide activity, and osteoconductive properties. A multidisciplinary approach involv-
ing supramolecular chemistry, materials science, and biomedical engineering will be used to synthesize nanoparticles,
fabricate scaffolds, and evaluate their biological efficacy in treating infection-related bone defects, aiming to bridge
the gap between nanomaterial design and clinical translation.

2. Methods
2.1 Synthesis of Phthalocyanine-Phenylalanine Dipeptide-LL-37 Photothermal Nanoparticles

Phthalocyanine and phenylalanine dipeptide molecules were dissolved in dichloromethane (1:1 ratio) and mixed. N’-
dicyclohexylcarbodiimide was added, and the mixture was stirred for 24 hours at room temperature. The resulting
solution was extracted with a mixture of ether and water, forming the phthalocyanine-phenylalanine dipeptide con-
jugate, which was dissolved in DMSO to a 20 mg/ml solution. This conjugate was mixed with ultrapure water and
NaOH to adjust the pH to 7. Then, dopamine, the conjugate solution, ethanol, triethanolamine, and LL-37 were mixed
and stirred for 4 hours. After centrifugation and washing with ethanol, the phthalocyanine-phenylalanine dipeptide-
LL-37 photothermal nanoparticles were obtained.

2.2 Hydrated Particle Size Analysis

The hydrated particle size of the nanoparticles was measured using dynamic light scattering (DLS). The ultraviolet-
visible absorption spectra and fluorescence emission spectra were recorded using a UV-vis spectrophotometer and
fluorescence spectrometer, respectively.

2.3 Photothermal Conversion Efficiency and Stability Testing

Different concentrations of the phthalocyanine-phenylalanine dipeptide-LL-37 nanoparticle suspension (1.0 mL)
were placed in quartz cuvettes, with ultrapure water as the control. The samples were irradiated with a 680 nm laser
(1.0 W-cm™) for 15 minutes at 25°C, with temperature monitored every second. The nanoparticle suspension under-
went 8 cycles of 15-minute irradiation followed by 15 minutes of cooling. Photothermal conversion efficiency (1)
was calculated using the following formula:
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In the formula, T4 is the maximum temperature during cooling, 7. is the ambient temperature, Quiss is the heat
dissipation, / is the laser light power, A4 is the sample’s absorbance at the excitation light, m is the sample mass, c is
the specific heat capacity of the solvent, and 7 is calculated using the following formula:
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In the formula, @ is the dimensionless driving factor, and # is the sample time.

Stability testing: Phthalocyanine-phenylalanine dipeptide-LL-37 nanoparticles were stored in the dark at room
temperature for two weeks, then their hydrated particle size was measured. Simulated physiological conditions were
used by diluting the nanoparticles 10 times and incubating them with 10% fetal bovine serum (FBS) at 37°C for 24
hours, followed by particle size measurement. The effect of proteins on nanoparticle fluorescence was tested by mix-
ing the nanoparticles with BSA solution (1:2 molar ratio) and analyzing the fluorescence emission spectra.
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2.4 3D Printing of Phthalocyanine-Phenylalanine Dipeptide-LL-37 Nanoparticles/Hydroxyapatite/Colla-
gen Bone Tissue Engineering Scaffold

A filament-free printing (FFP) printer (PC Printer; Particle Cloud Biotechnology, Xi’an, China) was used for 3D
printing as described previously [4]. Different mass ratios of phthalocyanine-phenylalanine dipeptide-LL-37 nano-
particles to hydroxyapatite (5:95; 10:90) were mixed. The mixture was transferred to an ultrasonic disperser to ensure
uniform mixing of the two powders. The mixture was then combined with collagen at a collagen-to-powder mass
ratio of 1:2, stirred, and transferred to a printing cartridge.

2.5 Surface Morphology and Compression Modulus

The surface morphology of the composite scaffold was observed by SEM. The compression modulus of the bone
tissue engineering scaffold was calculated by determining the slope of the stress-strain curve during the elastic phase.

2.6 Plate Colony Counting Method for Antibacterial Effect Evaluation

Sterilized scaffolds (10 mmx10 mmx3 mm) were placed in 6-well plates, with PBS solution added at 1.25 cm*mL,
and incubated at 37°C for 24 hours. The extracted solution was collected for further experiments. MRSA bacterial
suspension (10° CFU/mL) was centrifuged (5000 rpm for 5 minutes), and the pellet was resuspended in the extracted
solution or PBS. Each group was irradiated with a 680 nm laser (1.0 W/cm?) for 10 minutes at room temperature,
then incubated at 37°C for 10 minutes and centrifuged again. The bacterial suspension was spread onto LB agar plates,
which were incubated at 37°C for 8 hours to compare antibacterial efficacy.

2.7 Cytotoxicity and Osteogenesis Evaluation of the Composite Scaffold

(1) Sterilized scaffolds (10 mm>10 mmx=3 mm) were placed in 6-well plates, and osteogenic induction medium
(OIM) was added at 1.25 cm?/mL. The scaffolds were incubated with 2.56 mL of OIM at 37°C for 24 hours, and
the extracted solution was collected.

(2) Cytotoxicity was assessed by culturing bone marrow mesenchymal stem cells (BMSCs) and performing a CCK8
assay.

(3) Osteogenic differentiation was evaluated by measuring alkaline phosphatase (ALP) activity and performing Aliz-
arin Red S staining after 14 days.

The expression of osteogenic genes (4lp, COLIal, Bmp-2, Runx-2) in BMSCs after 14 days was measured by
qRT-PCR.

An infection-induced bone defect model was created in rat femoral condyles. Rats were anesthetized with 1%
pentobarbital sodium (5 ml/kg), and a 1.5 mm diameter, 3 mm deep bone defect was made on the left femoral condyle.
MRSA (5%107 CFU/mL) was injected into the defect, and a 1.6 mm x 3 mm titanium screw was implanted. After 4
weeks, the infection site was debrided, and a 3.5 mm spherical bone defect was created. Pure hydroxyapatite/collagen
or 5% phthalocyanine-phenylalanine dipeptide-LL-37 photothermal nanoparticles were implanted. After 6 weeks,
micro-CT and Gram staining were used to assess bone regeneration and infection clearance.

Statistical Analysis: Data are expressed as mean + standard deviation (X + SD). Differences between groups were
analyzed using one-way ANOVA followed by Tukey’s multiple comparisons test in SPSS 19.0 or GraphPad Prism 7.
P-values < 0.05 were considered significant.

3. Results

The average hydrated particle size of the phthalocyanine-phenylalanine dipeptide-LL-37 nanoparticles was 56.9 nm,
measured by DLS. UV-Vis spectra showed a blue shift and broadening of the Soret and Q bands, indicating H-aggre-
gation during self-assembly.

The photothermal conversion efficiency of the nanoparticles was 43.6%, higher than some inorganic nanoparticles.
The nanoparticles exhibited stable photothermal conversion over 8 heating-cooling cycles, indicating suitability for
long-term use in photothermal therapy.
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3.1 Antibacterial Effect
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Figure 1. (A) Particle size distribution; (B) UV-Vis absorption spectrum; (C) Fluorescence emission spectroscopy; (D) Tempera-
ture elevation profile of PF NPs with different concentrations under laser irradiation; (E) Temperature elevation profile of PF
NPs as a function of concentration; (F) Irradiation-cooling cycle profile; (G) Scanning Electron Microscope Image of scaffolds
combining Pc-FF-LL37 with nano-hydroxyapatite/collagen (nHA/Col) [scale bar: 1000 pm]. (H) Compression Modulus Meas-

urement; (I) Plate colony counting [scale bar: 3 cm].
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Figure 2. shows that SPF@LL-37 composite scaffold extracts enhance BMSC differentiation into osteoblasts in vitro. Scaffold
extracts were prepared by incubating HA/Col, SPF/HA/Col, 10PF/HA/Col, and SPF@LL-37/HA/Col scaffolds in osteogenic
induction medium for 24 hours. ALP staining (A), Alizarin Red S staining (B), CCKS8 assay (C), ALP activity (D), and qRT-
PCR analysis of osteogenesis-related genes in BMSCs cultured with the extracts for 14 days are shown [scale bar: 200 pm].

qRT-PCR results for Alp (E), Bmp-2 (F), Col-1a1 (G), and Runx-2 (H) are presented. Statistical significance: “P < 0.05 vs
HA/Col extracts;#P < 0.05 vs SPF/HA/Col extracts; 7P < 0.05 vs 10PF/HA/Col extracts.
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The composite scaffold containing 5% phthalocyanine-phenylalanine dipeptide-LL-37 nanoparticles demonstrated
the best antibacterial effect against MRSA, as confirmed by the plate colony counting method.

Osteogenesis and Cytotoxicity: The scaffold extracts promoted BMSC differentiation into osteoblasts, indicated
by increased ALP activity, deeper Alizarin Red S staining, and upregulated osteogenic-related genes (Alp, COLIal,
Bmp-2, Runx-2). Cytotoxicity testing showed no significant cytotoxicity in any scaffolds, confirming their suitability
for further in vivo studies.

S 5PF@LL-37+S Control

ThN(1/mm)
TbTh{mm)

Figure 3. (A-C) Micro-CT imaging of infected bone defect in the rat femoral condyle implanted with SPF@LL-37 composite
scaffold at 6 weeks postsurgery. HA/Col scaffolds were implanted in the S group. No scaffolds were implanted in the control
group. Newly formed bone is indicated in yellow; the scaffolds are shown in green [scale bar: 3 mm]. (C-E) Gram staining [red
arrow: MRSA] (F) Bone volume fraction. (G) Trabecular number (Th.N). (H) Trabecular thickness (Tbh.Th). (I) trabecular
spacing (Tb.Sp). “P < 0.05 vs scaffolds; /P < 0.05 vs SPF@LL-37 composite scaffold.

3.2 Micro-CT and Histological Evaluation

Micro-CT and histological evaluations revealed that the 5% phthalocyanine-phenylalanine dipeptide-LL-37 nanopar-
ticle composite scaffold group had significantly higher bone volume fraction (BV/TV), trabecular thickness (Tb.Th),
trabecular spacing (Tb.Sp), and trabecular number (Tb.N) compared to the pure scaffold group. Gram staining con-
firmed complete eradication of MRSA infection in the 5% nanoparticle scaffold group, demonstrating its effective-
ness for treating infectious bone defects.

4. Discussion

Infected bone defects are a significant challenge in orthopedic surgery, often resulting in poor outcomes due to com-
promised bone regeneration and persistent bacterial infections, especially with antibiotic-resistant pathogens like
MRSA [5]. Traditional treatments, such as antibiotics and surgery, often fail to simultaneously eradicate infection and
promote osteogenesis. This study develops a novel composite scaffold combining phthalocyanine-phenylalanine di-
peptide-LL-37 photothermal nanoparticles (PF@LL-37 NPs) with nano-hydroxyapatite/collagen, demonstrating dual
functionality for MRS A eradication and enhanced osteogenic differentiation of bone marrow mesenchymal stem cells
(BMSCs).
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The PF@LL-37 NPs exhibit efficient photothermal conversion (43.6%) and stability over eight heating-cooling
cycles. They also activate osteogenic signaling pathways, promoting osteoblast differentiation through upregulation
of genes like Bmp-2, Runx-2, and Alp in BMSCs. LL-37 enhances antibacterial activity by disrupting bacterial mem-
branes and modulating immune responses to reduce inflammation. The scaffold exhibits biocompatibility, as con-
firmed by CCK-8 assays, and enhances bone regeneration in vivo, as shown by micro-CT and histological analysis.

However, the study’s limitations include the use of a rat model, the lack of long-term biodegradability assessment,
and the need for optimization of laser irradiation parameters. Future studies should address these issues for clinical
translation.

5. Conclusion

In conclusion, the composite scaffold shows great promise as a multifunctional solution for treating infected bone
defects by combining antibacterial and osteogenic properties. Further studies are needed to refine the scaffold and
evaluate its clinical applicability.
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