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Abstract

Zero-dimensional carbon dots (CD) and their effects on osteogenesis have been rarely studied in
bone repair scaffolds. Here, we fabricate a novel CD doped chitosan/nanohydroxyapatite
(CS/nHAJ/CD) scaffold with full potential to promote bone regeneration by a facile freeze-drying
method. The CS/nHA/CD scaffolds enhanced cell adhesion and osteoinductivity in rat bone
mesenchymal stem cells by up-regulating genes involved in focal adhesion and osteo-genesis /n
vitro, which significantly improved the formation of vascularized new bone tissue at 4 weeks
compared to pure CS/nHA scaffolds /n vivo. Inspired by the excellent photo-thermal effect of CD,
the scaffolds were applied in tumor photothermal therapy (PTT) under near-infrared (NIR)
irradiation (808 nm, 1 W/cm?). The scaffolds significantly inhibited osteosarcoma cell
proliferation /in vitro and effectively suppressed tumor growth /n vivo. Moreover, the CS/nHA/CD
scaffolds possessed distinct antibacterial properties toward clinically collected S. aureusand E.
colf, and their antibacterial activity was further enhanced under NIR irradiation. This work
demonstrates that zero-dimensional CD can enhance the osteogenesis-inducing property of bone
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repair scaffolds and that CD doped scaffolds have potential for use in PTT for tumors and
infections.
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INTRODUCTION

Bone defects and their repair are one of the most common global health issues. Current
therapies include autografts, allografts, and xenografts, but limitations, such as donor
shortage, pathogen transfer, and immune response, still exist.1 In recent years, biocompatible
three-dimensional scaffolds for bone tissue engineering have attracted considerable
attention,2:3 and various materials, such as metals,* ceramics,® and polymers,® have been
explored to synthesize scaffolds to fill the missing bone. Bone is a natural organic—inorganic
biocomposite mainly composed of collagen and nanohydroxyapatite (nHA,
Ca19(PO4)g(OH),)). Organic—inorganic composite scaffolds have been developed to mimic
bone constituents and structures. Chitosan (CS) is a natural polysaccharide with numerous
advantages, such as biocompatibility, biodegradability, and low immunogenicity.”:8 Unlike
collagen, the CS has a rigid crystalline structure that promotes mesenchymal stem cells to
differentiate into osteoblasts.®19 Moreover, CS has notable biofunctions, including
antimicrobial, antifungal, and antioxidant activities.11-13 nHA constitutes 50-70% of human
bone and is also histocompatible and osteoinductive.1 Hence, CS and nHA composites are
appropriate candidates for basic bone repair scaffolds.

One approach to enhancing the osteogenic performance of the scaffolds is to use growth
factors and chemical reagents in the scaffolds, such as bone morphogenetic proteins,
vesicular endothelial growth factors, and dexamethasone.1516 Recently, carbon-based
nanomaterials, such as single-walled carbon nanotubes (SWNT), multiwalled carbon
nanotubes (MWNT), and graphene/graphene oxide (GO), have demonstrated efficacy in
tissue engineering, especially with regard to the ability of their specific surface properties to
guide mesenchymal stem cell osteogenesis.1”18 Zero-dimensional carbon dots (CD) are
cost-effective carbon-based nanomaterials that can be cheaply produced by various methods.
19 For example, microwave synthesis is a popular method because its low cost and ability to
be simply achieved in a few minutes.20 In addition, CD also show apparent advantages for
bioapplications, namely, low cytotoxicity and water solubility.21:22
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Very recently, CD synthesized from carbon nanopowder were reported to specifically bind to
calcified bones /n vivo.23 Citric acid-base CD are also found to track and enhance
differentiation of rat bone mesenchymal stem cells (rBMSCs).24 Erdal et al.25 have prepared
nanographene oxide (r-nGO) CD incorporated poly(e-caprolactone) (PCL) films with better
formation of hydroxyapatite minerals on the surface. Khajuria et al.28 have reported nitrogen
doped CD/hydroxyapatite (NCDs-HA) can promote osteoblast cells (MC3T3-E1) osteogenic
differentiation and bone regeneration in a zebrafish model. However, CD have been rarely
used in the three-dimensional bone scaffolds, and their influence on the stem cell behavior
and /n vivo osteoinductivity has not been well studied. In addition, bone defects can be
caused by various etiologies, such as trauma, tumor resection, and infections. CD can exhibit
photothermal effects under near-infrared (NIR) irradiation,2’ giving CD doped scaffolds
potential in photo-thermal therapy (PTT) for tumors and infections in bone and then filling
and repairing bone defects simultaneously.

Herein, we report a novel CS/nHA/CD scaffold prepared by facile physical mixing and
lyophilization. In a series of /n vitro and in vivo studies, the as-synthesized scaffolds showed
a porous structure favoring rat bone mesenchymal stem cells (rBMSCs) adhesion by
promoting gene expression of the focal adhesion pathway. Furthermore, the CS/nHA/CD
scaffold enhanced /n vitro osteogenesis of rBMSCs by up-regulating their expression of
osteogenic genes and significantly facilitated the formation of vascularized new bone tissue
in vivo compared to the pure CS/nHA scaffold. The scaffold exhibited outstanding
photothermal effects under NIR laser irradiation and effectively induced tumor cell death /n
vitro due to the doping of CD. After implanting the scaffold into an osteosarcoma-bearing
mouse model, the highly malignant tumor was significantly inhibited /n vivo under NIR
irradiation. Moreover, their antibacterial properties toward clinical pathogenic bacteria can
be significantly strengthened both /n vitroand in vivo after NIR irradiation. Consequently,
CS/nHA/CD scaffolds with enhanced osteogenesis-inducing ability can be used to fill bone
defects, ablate tumors, and kill clinically derived bacteria.

RESULTS AND DISCUSSION

Fabricating and Characterization of the Scaffolds.

CD were synthesized by a classic microwave method,2? and the size was about 5 nm (Figure
S1, Supporting Information). Figure 1a and Figure S2 show the morphology of the prepared
scaffolds. All scaffolds had porous and highly interconnected structures with similar pore
sizes (ranging from 30 to 70 um). CD could be found in the TEM image of the CS/nHA/CD
scaffolds (Figure 1b). The FTIR spectra of CD, CS/nHA, and CS/nHA/CD were also
investigated. In the spectra of CD, the broad absorption bands at 3368-3564 cm™1 were
assigned to OH/NH,, vibration, which ensure their hydrophilic and stability. Absorption at
1547 and 1706 cm~1 were assigned to the vibration of C=0. The zeta potential of CD is
=74.7 mV (Figure S1, Supporting Information), owning to the abundant negative OH and
COO- on the CD surface. After doping the negative CD into the cationic CS polymer, the
corresponding vibration peaks of CS/nHA/CD scaffolds exhibit enhancement and redshift
compared to the CS/nHA scaffolds. These results indicate the successful binding of CD into
the scaffolds.
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To further prove the electrostatic binding, the CS/nHA/CD scaffolds were immersed into
gradient concentrations (0, 0.1, 0.5, 1, 2 M) of NaCl solution. As shown in Figure S3, there
was almost no CD absorption found in the pure water and 0.1 M NaCl solution during 24 h,
illustrating negligible impact on the integrity of the scaffolds. When the ionic strength
increased to the range of 0.5-2 M, some CD released into the solution from the scaffolds.
Moreover, the release amount of CD was closely correlated with the ionic strength and
immersing time.

The temperature changes of various CS/nHA/CD and CS/nHA scaffolds under 808 nm NIR
laser (1 W/cm?) were carefully investigated. Taking advantage of the excellent photothermal
effects of CD (Figure S4, Supporting Information), the CS/nHA/CD scaffolds possessed
satisfactory photothermal performance. The photothermal effect was concentration and time
dependent. As shown in Figure 2a—b and Figure S5a-b (Supporting Information), the
temperatures of the CS/nHA/CD scaffolds (made with 3, 2, 1 mg/mL CD) in a wet state
reached up to 68.4, 65.6, and 62.8 °C, respectively, whereas the temperature of the pure
CS/nHA scaffold only rose to 31.4 °C after 10 min of irradiation (808 nm, 1 W/cm2). The
photothermal effect was also measured, while the scaffolds were soaking in PBS solution.
As shown in Figure 2c and Figure S5c, the temperature of the solution around the
CS/NnHA/CD scaffolds (made with 3, 2, 1 mg/mL CD) reached 52.6, 47.5, and 41.8 °C,
respectively, whereas it was only 30.7 °C around the pure CS/nHA scaffold after 10 min of
NIR irradiation (808 nm, 1 W/cm?).

Hyperthermia over 50 °C can damage DNA and cause irreversible protein denaturation in
tumor cells.28 After considering the potential application /7 vivo including tumor and
infection treatment, 3 mg/mL was chosen as the best concentration of CD for producing
CS/nHA/CD scaffolds in this study because of their appropriate photothermal performance.
We further performed the /n vivo photothermal study by implanting the CS/nHA/CD and
CS/nHA scaffolds into the tumor-bearing mice. Then the tumor site was treated with 10 min
of NIR (1 W/cm?) irradiation, and the temperature change was captured by the IR camera.
As shown in Figure 2de, the temperature of the tumor center could reach 51.4 °C in the
CS/nHA/CD+NIR group even when the scaffolds were implanted under the tumor. However,
the center temperature was only 36.1 °C in the treatment of pure CS/nHA with NIR.

Biocompatibility and Cell Adhesion.

We tested the cytotoxicity of the scaffolds toward rBMSCs, and the results are shown in
Figure S6 (Supporting Information). The optical densities (OD) values of the CS/nHA/CD
scaffolds were similar to the CS/nHA scaffolds, and the OD values increased with culture
time, showing good cell proliferation in all scaffolds. The hemolytic results (Figure S7,
Supporting Information) showed that the supernatants of the prepared scaffolds and PBS
were transparent, whereas a red color (the presence of released hemoglobin) was produced
in DI water, suggesting that the scaffolds were nearly nonhemolytic to human red blood
cells.

Interestingly, we found the morphologies of cell adhesion were different in the scaffolds. As
presented in Figure 3a, rBMSCs in the CS/nHA/CD scaffolds showed a typical spindle-
shape and discrete filopodia anchored stably on the surface of scaffold, whereas sphere-like
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rBMSCs with unclear filopodia were found in the CS/nHA scaffolds. According to a
previous study,2® human mesenchymal stem cells (nMSCs) and human osteoblasts
respectively showed spindle-shape and fibroblast-like morphology when grown on graphene
substrates, whereas polygonal-shape and round-shaped cells were observed on SiO,
substrates, respectively. Kilian et al.3% have reported that h(MSCs were stretched on the
aligned SWNT networks and their high skeletal tension triggered mechanotransduction
pathways, including adhesion mediated signaling or noncanonical Wnt signaling. We
examined the adhesion- and cytoskeleton-related gene expression of rBMSCs in the
scaffolds after 24 h of culture to further investigate the mechanism of enhanced cell adhesion
in the CD doped scaffolds. Shown in Figure 3b, focal adhesion kinase (FAK) and vinculin
(VCL) expression were significantly higher in the CS/nHA/CD scaffolds compared to the
CS/nHA scaffolds (p< 0.01 and 0.05, respectively). Paxillin (PXN) expression was also
higher in the CS/nHA/CD scaffolds than the CS/nHA scaffolds at the margin of statistical
significance (p = 0.054). These results demonstrated that CD doped scaffolds promoted
rBMSCs adhesion performance through the focal adhesion and actin cytoskeleton pathways.

Focal adhesion complexes are composed of transmembrane integrin receptors and
intracellular proteins, including FAK, PXN, and VCL.3! FAK can recruit other focal contact
proteins or their regulators, promote changes in actin and microtubule structures, and
regulate cell—cell contacts.32 PXL interacts with FAK and/or VCL and is associated with cell
adhesion, actin-based cytoskeletons, and cell growth.33 VVCL is also important in cell
adhesion, morphology, and growth, interacting with actin, tensin, and PXL.34 Up-regulation
of these genes in focal signaling pathways results in focal adhesion formation, changes in
actin cytoskeleton structures, and cell spreading.3® In addition, a previous study confirmed
that rBMSCs adhered in a flattened, spread out shape benefit osteogenesis.38

In Vitro Osteogenesis and in vivo Osteoinductivity.

The good biocompatibility and enhanced cell adhesion effect of CS/nHA/CD scaffolds
encouraged us to evaluate their osteogenic property. Figure 3¢ and 3d show the mRNA
expression level of osteogenesis-related genes of rBMSCs in the scaffolds after 7 and 14
days of culture, respectively. On day 7, the expression level of alkaline phosphatase (ALP)
genes was significantly higher in the CS/nHA/CD scaffolds compared to the CS/nHA
scaffolds (p < 0.05). Early stage ALP activity is a key marker of the osteogenic
differentiation,3” suggesting that rBMSCs in the CS/nHA/CD scaffolds started
differentiating into osteoblasts earlier than those in the pure CS/nHA scaffolds. On day 14,
the expression of type I collagen (COL-I) and osteocalcin (OCN) was significantly higher in
the pure CS/nHA/CD scaffolds compared to the CS/nHA scaffolds (0 < 0.01 and 0.05,
respectively). The up-regulated expression of these late-stage osteoblast differentiation- and
bone matrix mineralization-related genes suggested the addition of CD enhanced bone
matrix formation.

We further study the osteoinductivity of CS/nHA/CD scaffolds /n vivo by using a classic rat
model for porous scaffolds.38 Figure 3e presents the three-dimensional reconstructed Micro-
CT images of new bone formation in the scaffolds. Obviously, there was more new bone
formation in the CS/nHA/CD scaffolds at 4 weeks after implantation compared to the

Bioconjug Chem. Author manuscript; available in PMC 2019 February 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luetal.

In Vitro and i

Page 6

CS/nHA scaffolds. Furthermore, bone mineral density (BMD) analysis found that the
average BMD was 205.55 and 183.9 mg/cm3 in the CS/nHA/CD and CS/nHA scaffolds,
respectively. BMD was significantly higher (o < 0.05) in the CS/nHA/CD scaffolds after 4
weeks of implantation (Figure 3f).

Correspondingly, histology study also confirmed better bone formation in the CS/nHA/CD
scaffolds. Figure 4a shows the H&E staining of the scaffolds after 4 weeks of implantation.
No lobulated neutrophils were found, and more osteocytes (green arrows) were observed in
CS/nHA/CD scaffold scaffolds, suggesting that the scaffolds had good tissue compatibility
and osteoinductivity. Moreover, collagen formation and vascularization in the scaffolds were
stained with Masson’s trichrome staining. As Figure 4b shows, collagen (stained in blue,
yellow arrows) appeared and small blood vessels (red arrows) formed in both scaffolds. It is
noteworthy that there was more collagen and vessel formation in the CS/nHA/CD scaffolds
compared to the CS/nHA scaffolds.

Bone repair materials using carbon-based nanomaterials, such as carbon nanotubes and
graphene/GO, are proven to induce stem cell differentiation into an osteogenic lineage.17-3°
Pan et al.#0 have fabricated multiwall MWNT/polycaprolac-tone scaffolds. The adding of
MWNT into the scaffolds can enhanced the ALP level of r BMSCs. Another study by Ruan
et al.*! has found that the GO/carboxymethy! chitosan (CMC) scaffolds can up-regulate the
osteogenesis-related genes and repair rat calvarial defects after implantation. The
mechanism behind CD induced osteogensis is still unclear. Shao et al.2* have reported citric
acid-based CD and their derivative could promote osteogenic gene expression and enhance
matrix mineralization. Moreover, CD exhibited better osteogenic performance through the
mitogen-activated protein kinase (MAPK) pathway. CD are likely to increase ROS
generation and then activate the expression of MAPK family members, including c-Jun-N-
terminal kinases (JNKSs), protein kinase 38 (p38), and runt-related transcription factor 2
(RUNX2) to promote the osteogenic differentiation of rBMSCs.

n vivo PTT for Osteosarcoma.

Bone tumors are one of the most prevalent tumors with the lowest long-term survival rate,
representing a serious threat to human health and life.%2 Moreover, bone destruction and
local recurrence following primary tumor surgery are common complications in bone tumor
therapy.*3 In recent years, PTT, which is based on localized heating and utilizes
photothermal conversion agents to absorb near-infrared (NIR, 700-1300 nm) light, has
attracted increasing attention in cancer therapy applications.28:44-47 This concept was lately
introduced for three-dimensional scaffolds, but until recently, very few scaffolds have been
fabricated with compositions or surface modifications using PTT agents to obtain
photothermal effects.#8-52 These reports suggest that photothermal scaffolds can be ideal
biomaterials for bone tumor therapy and tumor-induced bone defect repair.

CS/NnHA/CD scaffolds were treated with NIR irradiation to detect the effectiveness of PTT
toward osteosarcoma cells and tumor tissues. As shown in Figure 5a, cell viability was
significantly lower in the CS/nHA/CD scaffolds under 1 W/cm? NIR irradiation compared to
the other treatment groups. Live/dead staining (Figure 5b) further confirmed that almost all
cells were dead (red) and that the remaining live cells (green) were vaguely observed in the
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CS/nHA/CD+NIR group. In contrast, there were negligible dead cells (red) among the
CS/nHA/CD, CS/nHA+NIR, and CS/nHA groups, which was consistent with the CCK-8
results. The morphology of UMR-106 cells in the CS/nHA/CD and CS/nHA scaffolds with
or without NIR irradiation are shown in Figure 6¢. The tumor cells in the CS/nHA/CD
scaffolds showed typical characteristics of necrotic cells,>3 such as swollen and severe cell
membrane damage, whereas the tumor cells had normal shapes in the other groups. These
results illustrated outstanding tumor ablation /n vitro by the CS/nHA/CD scaffolds in
combination with PTT.

To date, there are no suitable models to evaluate bone tumor therapeutic effect and
osteoinductivity at the same time.*8 Bone tumors can hardly establish in large animal models
due to the immunological rejection. On the other hand, the bone size in the most used tumor
models (e.g., nude mice) is too small. Moreover, surgical damage to highly malignant
osteosarcoma may result in extensive bleeding and tumor systemic metastasis. Therefore, the
in vivo PPT was studied by implanting the scaffold under the tumor in osteosarcoma-bearing
mice. Figure 6a—b presents the visual images of tumors in different groups after 14 days of
treatment. In the CS/nHA/CD, CS/nHA+NIR, and CS/nHA groups, the tumors were huge
due to the highly malignant nature of osteosarcoma, whereas there were only small scars on
the back of the mice and the tumors were effectively suppressed in the CS/nHA/CD+NIR
group. A more detailed dynamic tumor volume was evaluated in Figure 6¢. The tumors grew
rapidly in the CS/nHA/CD, CS/nHA+NIR, and CS/nHA groups, but they were completely
suppressed over time in the CS/nHA/CD+NIR group.

The histology changes in the scaffolds and tumors were also studied by H&E staining
(Figure 7a). In the CS/nHA/CD, CS/nHA+NIR, and CS/nHA groups, tumor cells showed
the typical pathological characteristics of osteosarcoma and had already invaded the
scaffolds. However, severe damage at the tumor site can be found around the scaffold of the
CS/nHA/CD+NIR group, such as the disappearance of cell nuclei, ambiguous intercellular
gaps, and vague tumor structures. Moreover, tumor cell proliferation in vivo was measured
by K;.67 immunohistochemistry (IHC) staining (Figure 7b). It can be easily seen that the
cells around the scaffolds in the CS/nHA/CD, CS/nHA+NIR, and CS/nHA groups
overexpressed K;-67 (dark brown color), indicating the fast growth of the osteosarcoma. For
the CS/nHA/CD+NIR group, Kj-67 expression was negative (blue) in the tissue around the
scaffold, suggesting the proliferation of osteosarcoma was effectively inhibited.

The in vivo safety of the CS/nHA/CD scaffolds was studied by H&E staining of the main
organs in mice. As shown in Figure S8 (Supporting Information), main organs including
heart, liver, spleen, lung, and kidney showed no damage or inflammation. All these results
suggest that PTT with the CS/nHA/CD scaffold has advantages over traditional therapy,
where NIR can exhibit strong penetrative ability in deep tissue, and that the scaffold can
precisely ablate tumor tissue without damaging normal tissues by acting as a localized
photothermal agent.

However, owing to the limited bone tumor model, the efficacy of photothermal scaffolds was
currently investigated in a subcutaneous osteosarcoma rather than in bone.8:50.52 For
example, previously, Letfullin et al.>* have simulated the photothermal behavior of gold
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nanoparticles in biological hard tissue and found that it can be controlled by characteristics
of the nanoparticles as well as laser wavelength and intensity. In regard to hard tissue
irradiation, different approaches including placing optical fiber within hollow metal needle
and sharpening silica fiber to create microneedles were made.>°%6 NIR based photothermal
scaffolds were shown to be as effective in hard tissues as in soft tissues but remain to be
further studied in a better model (e.g., orthotopic model).

In Vitro and in vivo Antibacterial Properties.

Bone infection and the related bone defects are other pressing problems in clinic. Current
treatments include the removal of necrotic bone, administration of antibiotics, and
reconstruction of the bone defects. However, these treatments are time-consuming, and their
outcomes are unsatisfied. Therefore, bone scaffolds, which can kill clinical bacteria and fill
the defect to promote bone formation at the same time, are desired to treat these defects. CS
is a natural antibiotic, killing bacteria by preventing DNA replication or blocking transport
of nutrient substance.11:57 Thanks to the presence of CS, all scaffolds showed good
antibacterial properties toward clinical bacteria /n7 vitro (Figure S9, Supporting Information).
Furthermore, PTT is also useful in the treatment of infection. Teng et al. reported that gold
nanocrosses can efficiently eradicate bacteria by localized photothermal effect under NIR
irradiation.®8 In the present study, the results regarding the antibacterial properties of the
scaffolds with or without NIR are depicted in Figure 8a. The CS/nHA/CD+NIR group had
significantly higher antibacterial activity toward pathogenic S. aureusand E. coli (with an
antibacterial rate of 99% and 97%, respectively), whereas the antibacterial rates were
approximately 75% in the other groups.

We further assessed the /n vivo antibacterial effect by PTT using the CS/nHA/CD and
CS/nHA scaffolds. As shown in Figure 8b. After 1 week of treatment, there was still a large
number of S. aureusand E. colicolonies in the CS/nHA+NIR group, whereas the bacterial
levels were significantly reduced in the CD/nHA/CD+NIR group. H&E staining of the
samples (Figure 9a) showed many lobulated neutrophils (orange arrows) in the CS/nHA
+NIR group due to inflammation and the injected bacteria. However, only minor
inflammation occurred in the CS/nHA/CD+NIR group because of an enhanced antibacterial
effect after NIR irradiation. Moreover, bacteria were observed in the CS/nHA+NIR groups
by Giemsa staining (Figure 9b), but no obvious bacteria were found in the CS/nHA/CD
+NIR groups, indicating that hyperthermia was also beneficial to the inhibition of bacterial
growth. Therefore, CS/nHA/CD scaffolds with NIR irradiation exhibit enhanced
antibacterial properties that can efficiently eliminate clinically relevant bacterial infections.

CONCLUSION

In this study, we successfully developed a novel CD doped CS/nHA (CS/nHA/CD) scaffold
for bone regeneration and found that CD can promote osteogenesis within scaffolds.
Notably, the CD doped scaffolds enhanced rBMSCs adhesion and osteogenic differentiation
and promoted the formation of vascularized bone tissue. Moreover, simultaneous PTT based
on a CS/nHA/CD scaffold under NIR laser can efficiently ablate tumors and guarantee the
scaffold’s antibacterial properties in clinical infections. Hence, CS/nHA/CD scaffolds with
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multifunctional characteristics can be used to repair bone defects and treat tumors and
bacterial infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Characterization of the scaffolds. (a) SEM analysis of the CS/nHA/CD and the CS/nHA

scaffolds. (b) TEM analysis of the CS/nHA/CD and the CS/nHA scaffolds. The white arrows
show the CD in the CS/nHA/CD scaffolds. (c) FTIR spectra of the scaffolds.
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Figure 2.

In vitroand in vivo photothermal effect of the scaffolds. (a) Quantitative temperature
changes of the CS/nHA/CD and the CS/nHA scaffolds in a wet state under 1 W/cm?2, 808
nm laser irradiation for 10 min derived from the IR camera measurements shown in (b). (b)
IR image of the scaffolds in a wet state captured every 2 min (from left to right) under 1
W/cm?, 808 nm laser irradiation for 10 min. (c) Quantitative temperature changes of the
PBS solution around the soaked scaffolds under 1 W/cm?, 808 nm laser irradiation for 10
min. (d) Quantitative temperature changes of the mouse tumor sites under 1 W/cm2, 808 nm
laser irradiation for 10 min after implantation of the scaffolds derived from the IR camera
measurements shown in (e). (e) IR images of the mice captured every 2 min (from left to
right) showing the temperature change at tumor sites under 1 W/cm2, 808 nm laser
irradiation. The light was only applied to the tumors during the measurements, which were
made after implantation of the CS/nHA/CD and CS/nHA scaffolds.
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Figure 3.
Cell adhesion and osteogenesis. (a) Cell morphology within the scaffolds. (i), (i) rBMSCs in

the CS/nHA/CD and the CS/nHA scaffolds, respectively. rBMSCs (white arrows) exhibited
more obvious spindle shapes and discrete filopodia in the CS/nHA/CD scaffolds than in the
CS/nHA scaffolds. (b) The relative expression levels of genes related to cell adhesion in the
scaffolds. Focal adhesion pathway genes expression of FAK and VCL was significantly
higher in the CS/nHA/CD scaffolds. PXN expression was also higher in the CS/nHA/CD
scaffolds. (c-d) Relative expression of osteogenesis-related genes after 7 and 14 days of
culture, respectively. The expression level of ALP was significantly higher in the
CS/nHA/CD scaffolds compared to the CS/nHA scaffolds on day 7, and the expression
levels of COL-1 and OCN were significantly higher in the CS/nHA/CD scaffolds compared
to the CS/nHA scaffolds on day 14. (e) Micro-CT 3D reconstruction models of the newly
formed bone in the scaffolds. More new bone formation was found in CS/nHA/CD scaffolds
at 4 weeks. (f) BMD of the new formed bone in the scaffolds. BMD was significantly higher
in the CS/nHA/Cu scaffolds after 4 weeks of implantation. Each value is the mean
standard deviation; *p < 0.05, **p < 0.01 compared to the CS/nHA scaffolds.
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Figure 4.
Histological photographs of the harvested samples. (a) H&E staining showing that there

were no lobulated neutrophils in any scaffolds, and there were more osteocytes (green
arrows) in the CS/nHA/CD scaffolds than in the CS/nHA scaffolds. Many more vessels (red
arrows) were found in the CS/nHA/CD scaffolds than in the CS/nHA scaffolds. (b)
Masson’s trichrome staining showed that more collagen (yellow arrows) and vessels (red
arrows) were found in the CS/nHA/CD scaffolds than in the CS/nHA scaffolds. S represents
the scaffolds.
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Figure5.
In vitro PTT with the scaffolds. (a) Tumor cell killing effect of the CS/nHA/CD and

CS/nHA scaffolds with or without 808 nm laser irradiation for 10 min. (b) Confocal laser
scanning microscopy images of live/dead stained tumor cells with different treatments. (i-iv)
CS/INHA/CD+NIR, CS/nHA+NIR, CS/nHA/CD, and CS/nHA, respectively. Most cells were
dead (red) in the CS/nHA/CD+NIR group, indicating an excellent tumor ablation effect. (c)
SEM images of the tumor cells with different treatments. (i-iv) CS/nHA/CD+NIR, CS/nHA
+NIR, CS/nHA/CD, and CS/nHA, respectively. Tumor cells were swollen, and the cell
membrane was damaged (highlighted by white arrows) in the CS/nHA/CD +NIR group,
whereas they showed normal morphology in the other groups. Each value is the mean
standard deviation; *p < 0.05, **p < 0.01.
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Figure 6.
in vivo PTT with the scaffolds. (a) Representative photos of tumor-bearing nude mice in

different groups 14 days after treatment. In the CS/nHA/CD+NIR group, there was only a
small scar on the back of the mouse, and the tumor had disappeared. (b) Tumors collected
from different groups of mice 14 days after treatment. In the CS/nHA/CD+NIR group,
tumors were totally suppressed. (¢) Tumor volume growth curves of different treatment
groups over a period of 14 days. The tumor volume of the CS/nHA/CD+NIR group was
significantly lower than those of the other groups. *p < 0.05, **p < 0.01.
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Figure7.
Histological photographs of the scaffolds and tumors. (a) H&E staining of the scaffolds and

tumors harvested from different mouse groups. Tumor cells were severely damaged in the
CS/nHA/CD+NIR group. (b) K;-67 IHC staining of the scaffolds and tumor tissues. K;-67
was negatively expressed in the CS/nHA/CD+NIR group but was highly expressed in the
other groups. S represents the scaffolds.
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Antibacterial properties of the scaffolds. (a) /n7 vitro antibacterial rate against clinically
relevant S. aureus (left) and E. coli (right) of the different groups. The CS/nHA/CD+NIR
group showed significantly higher antibacterial activity against clinical bacteria. (b) Number
of clinically relevant S. aureus (top) and E. coli (bottom) bacterial colonies after bacteria
from the harvested samples was cultured for 24 h after 1 week treatments /7 vivo. Each
value is the mean * standard deviation; *p < 0.05, **p < 0.01.
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Figure.
Histological photographs of the scaffolds and bacteria. (a) H&E staining of the samples

harvested from the different groups. A small amount of lobulated neutrophils (orange
arrows) was found in the CS/nHA/CD+NIR group, whereas many lobulated neutrophils
were seen in the CS/NnHA+NIR group. (b) Giemsa staining of the samples. Very few bacteria
(pink arrows) were found in the CS/nHA/CD+NIR group, but much more bacteria were
observed in the CS/nHA+NIR group. S represents the scaffolds.
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