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A 3D Bioprinted Nanoengineered Hydrogel with
Photoactivated Drug Delivery for Tumor Apoptosis and
Simultaneous Bone Regeneration via Macrophage

Immunomodulation

Sayan Deb Dutta, Keya Ganguly, Jin Hexiu, Aayushi Randhawa, Md Moniruzzaman,*

and Ki-Taek Lim*

One of the significant challenges in bone tissue engineering (BTE) is the
healing of traumatic tissue defects owing to the recruitment of local infection
and delayed angiogenesis. Herein, a 3D printable multi-functional hydrogel
composing polyphenolic carbon quantum dots (CQDs, 100 ug mL~") and
gelatin methacryloyl (GelMA, 12 wt%) is reported for robust angiogenesis,
bone regeneration and anti-tumor therapy. The CQDs are synthesized from a
plant-inspired bioactive molecule, 1, 3, 5-trihydroxybenzene. The 3D printed
GelMA-CQDs hydrogels display typical shear-thinning behavior with excellent
printability. The fabricated hydrogel displayed M2 polarization of macrophage
(Raw 264.7) cells via enhancing anti-inflammatory genes (e.g., IL-4 and IL10),
and induced angiogenesis and osteogenesis of human bone mesenchymal
stem cells (hBMSCs). The bioprinted hBMSCs are able to produce vessel-like
structures after 14 d of incubation. Furthermore, the 3D printed hydrogel
scaffolds also show remarkable near infra-red (NIR) responsive properties
under 808 nm NIR light (1.0 W cm~2) irradiation with controlled release of
antitumor drugs (~49%) at pH 6.5, and thereby killing the osteosarcoma cells.
Therefore, it is anticipated that the tissue regeneration and healing ability with
therapeutic potential of the GelMA-CQDs scaffolds may provide a promising
alternative for traumatic tissue regeneration via augmenting angiogenesis and
accelerated immunomodulation.

remains challenging in the clinic. The con-
ventional strategy for tissue regeneration of
exogenous or endogenous tissue requires
longer time and the healing rate is rela-
tively slow.'] One of the fundamental pro-
cesses of tissue regeneration is rapid pro-
liferation and migration of cells toward the
damaged tissue. Immune cells play vital
role in tissue healing via boosting the prolif-
eration of stem cells and neo-angiogenesis.
Among the various immune-associated
cells, macrophages play a considerable role
in the regeneration of damaged tissue via
the secretion of inflammatory factors.' 2!
The macrophages are derived from mono-
cyte cells which are originally the myeloid
progenitor cells of the adult bone marrow.!?!
Based on the nature and function, the
macrophage can be subdivided into two
main types: M1 and M2 type. The M1 or
pro-inflammatory macrophages are mainly
involved in necrosis, microbe removal, tu-
mor clearance, excessive fibrosis, and anti-
healing functions via secretion of pro-
inflammatory cytokines and chemokines
(e.g., TL-1pMeh TL-6Meh, and TNFaMeh, IL-
12high  [1-23Meh and IL-10°%). The M1

1. Introduction

Regeneration of damage tissue, such as skin or bone due to
accidental injury, trauma, bacterial infection or inflammation

phenotype typically metabolize arginine (Arg) and produce high
level of inducible nitric oxide synthase (iNOS or NOS2), followed
by secretion of toxic reactive oxygen species (ROS), and nitric
oxide (NO). Besides, the M2 macrophages are “alternatively
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activated” macrophages which mainly activated through various
intracellular (IL-4 or Il-10) or extracellular signals (nanoparti-
cles or proteins)®l and secrete anti-inflammatory factors (e.g.,
IL-4high  11.13high T1-10Meh, TL-6'°V, I1-12°%, and 11.23"%). The
M2 macrophages are mainly associated with tissue healing and
regeneration, such as osteogenesis, angiogenesis, melanogen-
esis, and among others.>* Thus, a balance between the M1
and M2 macrophage dictates the fate of tissue regeneration or
inflammation. Biomimetic scaffolds can be used to manipulate
the phenotypic plasticity of the macrophages. The scaffold’s
topology, surface function group, chemical composition, wet-
tability, self-assembly, and surface roughness chiefly regulates
the macrophage fate.l’! Therefore, a significant shift from
pro-inflammatory to anti-inflammatory response may affect
the alteration of IL-10, transforming growth factor-f (TGF-p),
bone morphogenic protein-2 (BMP-2), vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF) secretion,
respectively.!'® °P)

Bone is a highly specialized and complex tissue which is
mainly characterized by the rigidity and harness, and the har-
bor for osteogenic and hematopoietic progenitor cells. Several
pathological conditions including infection, swelling, fractures,
arthritis, osteoporosis, osteonecrosis, and osteosarcoma ( = bone
cancer) may damage the bone tissue. Among them, the effec-
tive strategy against fracture healing and osteosarcoma remain
challenging in the clinic owing to the lack of suitable orthope-
dic/theranostic implants.[®! Although several advances have been
encountered in past few years for treating bone defects;!”] how-
ever, most of the orthopedic implants failed to demonstrate the
quality control and in vivo safety concerns, making it inappropri-
ate for clinical trial.® For example, growth factor-loaded ortho-
pedic implants exert serious health issues including transplanta-
tion risks (e.g., host rejection), faulty immune response, immune
suppression, and organ damage. To some extent, the allogeneic
transplants may cause toxicity and chronic infection which ul-
timately lead to bone tumor formation.!'® ° To address this is-
sue, a “multi-functional immunomodulatory” scaffold combin-
ing all the necessary functions is highly desirable which could
surpass the existing barrier in bone healing/therapy. During frac-
ture healing, the monocyte cells infiltrated to the wound site
and repair the damaged tissue via promoting osteoblast migra-
tion through the secretion of various anti-inflammatory cytokines
and chemokines (M2 phenotype). The M2 macrophages also
stimulate the endothelial and osteoblast cells to secrete VEGF
and BMP-2 via paracrine signaling which promote the neo-
angiogenesis and osteogenesis.'” Recent studies indicate that
angiogenesis is one of the crucial factor during bone regenera-
tion, suggesting that there must a molecular cross-talk between
osteoblast and endothelial cells with immune cells.['"]

Nowadays, researchers are developing multi-functional bioac-
tive scaffolds through additive manufacturing (AM) technology
via tuning the surface chemistry,'? incorporation of bioactive
coating,**) drugs,** nanomaterials,[*®! and a variety of cells!*®!
to facilitate osteo-immunity. Among them, gelatin methacryloyl
(GelMA)-based bioprinted hydrogels have been gained enormous
attention owing to their exceptional bioactivity, cytocompatibility,
and mechanical property.'”] Also, various kinds of metal-based
nano-hydroxyapatite and their composites have been shown to
stimulate bone formation (Table S1, Supporting Information)
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through M2 macrophage polarization via extracellular receptor
kinase (ERK) or Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling pathway.['8] Li et al. reported
the use of lithium-doped HAp/heparin hydrogel loaded with
transforming growth factor-g (TGF-p) for M2 macrophage po-
larization and robust bone regeneration. Recently, carbon based
bioactive molecules, such as carbon quantum dots (CQDs), car-
bon nanotubes (CNTs) and MXene (M, ,;AX,)-based compos-
ites has been shown to have immunomodulatory properties.!*°]
These materials are extensively used as biomaterials owing to
their nano-dimensional size, excellent near-infrared (NIR) re-
sponsive property, and tunable surface functionality with supe-
rior biocompatibility.? However, the role of these carbon-based
materials in dynamic immunomodulation and bone regenera-
tion in a 3D printed hydrogel is still unknown. The CQDs with
tunable surface chemistry may also have tremendous applica-
tion in drug delivery for treating several cancers and malignant
carcinomas.?’ Thus, development of a multifaceted hydrogel in-
tegrating all the above-mentioned feature is highly desirable for
traumatic tissue healing and regeneration.

In this study, we reported a 3D printable “multi-functional”
nanohybrid scaffold composing gelatin methacryloyl (GelMA)
and polyphenolic carbon quantum dots (CQDs) for endogenous
(bone) tissue repair and therapy (Scheme 1). The CQDs were syn-
thesized from a plant-inspired bioactive molecule, phlorogluci-
nol (1, 3, 5-trihydroxybenzene) via facile wet chemistry method.
In an in vivo bone defect model, the fabricated GelMA-CQD
scaffold was able to accelerate the bone healing after 8 weeks
without any supplement of drugs/growth factors. The as-printed
scaffold was also able to promote osteogenesis of human bone
marrow-derived mesenchymal stem cells (h(BMSCs) through im-
mune cross-talk with macrophages in a 2D and 3D culture model.
The outstanding near infra-red (NIR)-responsive property of the
CQDs was utilized for in vitro osteosarcoma therapy via con-
trolled delivery of doxorubicin (Dox). Taken together, our devel-
oped scaffold holds many promises towards multi-modal tissue
regeneration for clinical practice, especially for treating malig-
nant bone tumors and restoration of bone matrix.

2. Results and Discussion

2.1. Physicochemical Properties of the Hydrogel Inks

The hydrogel inks were prepared using GelMA and CQDs under
natural atmospheric conditions. The morphological, structural,
and optical properties of the CQDs were evaluated using var-
ious microscopic and spectrometric techniques. The results
are described in Figures S1-S5, (Supporting Information).
For printable ink fabrication, predetermined amount (100 pg
mL™!) of G-CQD and Y-CQD were blended with 12 wt% GelMA
solution (in 1 x PBS), followed by addition of LAP photoinitiator
(0.25%). After that, the fabricated hydrogel inks were transferred
to a clean glass vial and irradiated with 365 nm UV light for 60 s.
The concentration of CQDs was used as reported in our previous
study.?!) The structural property of the pure GelMA and its com-
posite hydrogel scaffolds was evaluated using FE-SEM and the
results are displayed in Figure S6 (Supporting Information). The
freeze-dried GeIMA and GelMA-CQD scaffold showed compara-
ble microporous morphologies with unique porosity (Figure S6a,
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Scheme 1. Schematic illustration of the proposed mechanism of tissue repair and regeneration by the polyphenolic CQDs-incorporated hybrid scaffold.

Supporting Information). Notably, the addition of G-CQDs and
Y-CQDs significantly (“p < 0.01) increased the pore size com-
pared to the pure GelMA. The average pore size of the GelMA,
GelMA-G, and GelMA-Y scaffolds was calculated to be 90-155
+ 25 um, 122—- 320 + 60 um, and 230-400 + 56 um, respectively
(Figure S6b, Supporting Information). The porosity of GelMA
scaffold has great influence on stem cells proliferation and dif-
ferentiation. In particular, smaller pores (<50 um) may induce
higher osteogenesis, while larger pores (>200 um) facilitated
greater proliferation and metabolic enhancement owing to the
higher availability of soluble nutrients and superior oxygen
diffusion.[V® 22 According to prior findings, the rough and flaky
pure structures of the GelMA-CQD composites made with the G-

and Y-CQDs (GelMA-G and GelMA-Y) were comparable to those
of the pure GelMA scaffold. The GelMA-CQD scaffold’s flaky
and macroporous shape may increase swelling effectiveness and
promote cell infiltration and proliferation for wound healing.[?’!
The swelling behavior of the fabricated scaffolds was examined
in the presence of 1 X PBS at ambient temperature. One of
the most important characteristics of hydrogel composites
utilized in biological applications is their swelling behavior.[1¢24]

Macromol. Biosci. 2023, 2300096

2300096 (3 of 15)

Swelling performance indirectly discloses the structural char-
acteristics and mechanical stiffness of medical implants and is
closely correlated with the rehydration capability and durability
of the structures.??l As shown in Figure S6c (Supporting In-
formation), the GelMA-CQDs scaffold exhibited higher degree
of swelling compared to the pure GelMA, indicating that the
GelMA-CQDs scaffolds had greater hydration property. Thus,
the freeze-dried GelMA scaffold proved advantageous for bone
tissue regeneration because it successfully retains the mois-
ture of the surroundings.[”®! As anticipated, the GelMA-CQD
composite hydrogels had greater swelling properties than pure
GelMA. The ability for hydrogels to expand is substantially in-
fluenced by the presence of hydrophilic -OH groups, the degree
of crosslinking, and crystallinity.[2®) After 50 h of incubation, the
swelling efficiencies of the GeIMA-G and GelMA-Y composite
hydrogels were much greater than those of the pure GelMA
scaffold (~218%). The larger pores and numerous phenolic -OH
groups of the polyphenolic CQDs in the GeIMA-CQD composite
hydrogels, which encouraged the formation of hydrogen bonds
between the CQDs and GelMA scaffold, were attributed to the
GelMA-CQD composite hydrogels’ superior swelling potential
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compared to that of the pure GelMA. Because there were more
hydrophilic -OH groups accessible in the Y-CQDs than in the
G-CQDs, the GelMA-Y composite hydrogel could absorb more
water than the GeIMA-G composite hydrogel. Additionally, the
GelMA-Y composite hydrogel surpassed the GelMA-G compos-
ite hydrogel in terms of swelling behavior, expansion ratio, and
solid characteristics.[”’] In light of this, we predicted that the
developed GelIMA-CQD hydrogel would exhibit great swelling
effectiveness, unique porosity, and provide excellent spot for cell
proliferation, making them beneficial as ideal material for bone
tissue engineering.!?8!

2.2. Viscoelasticity and Bioprinting Properties

The viscoelastic nature and flow behavior of the composite hy-
drogel inks were evaluated using a rotational rheometer. Rhe-
ology is an important parameter for testing the bioinks quality
for 3D printing application. Figure 1a depicts an overview of the
characterization procedure of the developed bioinks. The bioinks
were characterized through frequency (w) sweep (0.1 to 100 Rad
s71) with 1% strain rate at 25 °C. The shear moduli, for exam-
ple, storage modulus (G’) and loss modulus (G’’) were calculated
and the result is displayed in Figure 1b. We examined the G’,
and G” values of the pure GeIMA and GelMA-CQD bioinks. In
comparison to pure GelMA, the G’ values of the GelMA-CQDs
samples increased more rapidly. At 100 Rad s7!, the G’ values
of the GeIMA-G (622 Pa) and GelMA-Y (1066 Pa) bioinks were
greater than those of pure GelMA (430 Pa). The G” values for
the GelMA, GelMA-G, and GeIMA-Y were calculated to be 110 Pa,
206 Pa, and 638 Pa, respectively. This was also reflected in the flow
curve of the bioinks. The flow behavior of the bioinks was mea-
sured in terms of viscosity (n) versus varying shear rate (y = 0.1 to
100 s7'). As shown in Figure 1c, all the fabricated bioinks exhib-
ited shear-dependent viscosity change within the measured shear
range. The bioinks displayed higher viscosity at low shear rate (y
=0.1s7"), followed by a sharp decrease at high shear rate (y = 100
s71), respectively. This indicates the typical shear-thinning nature
of a printable bioink.[?°! The low curve was further fitted to the
Herschel-Bulkley model to determine the value of shear-thinning
index (n). The value of n for GelMA, GelMA-G, and GelMA-Y
were calculated to be 0.824 (R? = 0.999), 0.667 (R* = 0.998), and
0.516 (R? = 0.999), respectively. Typically, an ideal bioink having
n < 1is considered as shear-thinning material, which is crucial
for 3D printing and bioprinting applications.*°! Next, we evalu-
ated the thixotropic behavior to understand the recovery potential
of the fabricated hydrogel inks. As indicated in Figure S7 (Sup-
porting Information), the GelMA-CQDs hydrogel inks displayed
higher recovery potential compared to pure GelMA after recov-
ery from high shear stress (100 s!). This could be due to the
strong interaction of the CQDs with the GelMA matrix, which
contributed to the superior elastic recovery of the GelMA-CQDs.
Taken together, our results indicated that the developed GelMA-
CQD bioinks were highly shear-thinning with superior recovery
strength and could be used as a printable biomaterial for tissue
engineering application.

Next, we evaluated the printing performance of the fabricated
bioinks in vitro. The GelMA-Y hydrogel ink was chosen for 3D
printing and bioprinting evaluation owing to its excellent vis-
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coelastic nature and mechanical stability. Figure 1d-i demon-
strates the effect of printing speed and pressure on the extrud-
ability of the GelMA-Y bioink. Prior to 3D printing, a CAD model
(20 X 20 x 5 mm) was constructed using the SolidWorks program
and sliced using the open source software. The GelMA-Y bioink
was carefully loaded onto the printing barrel and chilled at 4 °C
for 30 min. After 30 min, the 3D printing was conducted keeping
the print-bed temperature at 4-8 °C. Next, the printed constructs
were photo-crosslinked using 365 nm UV light for 60 s and tested
for printability. As shown in Figure 1d-ii, the printing speed and
pressure profoundly affected the filament diameter and printabil-
ity factor. The optimum printing pressure and speed for GelMA-Y
bioink were measured to be 65 kPa and 4.5 m s7!, respectively. A
summary of the printing parameter is given in Figure 1d-iii. We
tested the printing performance of the GelMA-Y hydrogel using
a square and hexagonal infill pattern and after UV crosslinking
the printed structures retained the shape of the CAD model (Fig-
ure le). Owing to the unique fluorescence property of the Y-CQD,
the printed hydrogel appeared to be yellow color under 561 nm
excitation laser. However, the hydrogel exhibited weak emission
at 405 nm and 488 nm excitations. The digital micrograph with
a corresponding macroscopic image of the printed construct is
given in Figure 1f. Being a part of natural ECM, the gelatin and
its composite bioinks were safe for encapsulating cells. Studies
have shown that 3D bioprinted GelMA hydrogel exhibited greater
visibility of encapsulated cells than other commercial bioinks.*!!
In accordance with previous reports and the exceptional biocom-
patibility of the GelMA-CQD hydrogel, we have chosen it for bio-
printing of dual-cell constructs. For this, the hECs and hBMSCs
(4 x 10* each) were labeled with Dil (50 x 10 M, Sigma-Aldrich,
USA) or FITC (1 pg mL™!, Sigma-Aldrich, USA) for 30 min
and mixed with 3 mL of GelMA-Y pre-gel solution. The cell-
encapsulated bioink was then chilled for 5-10 min, and quickly
bioprinted onto a 24-well plate ((Figure 1g-i). The cells were then
visualized using an FL microscope to check the homogeneity.
The dual cell-laden constructs were then incubated with suit-
able growth media (first 24 h supplemented with DMEM/F12
media, and then replaced with Opti-MEM media supplemented
with 100 ng mL~! VEGF) and cultured for 14 d. As shown in
Figure 1g-ii, the cells were mostly centered towards the printed
strands at day 3. Interestingly, the cells covered the whole area of
the hydrogel strand after 7 d of culture ((Figure 1g-iii). Moreover,
the hECP! tends to form vessel-like structure in cross-section of
the hydrogel after 14 d of culture. The hBMSC'™¢ were found
intermingled with hECP! vessel, which suggest that the devel-
oped bioink is capable of inducing the angiogenesis. None of the
cells were found toxic to the GelMA-CQD bioink during 14 d of
incubation.

Mechanical stability of hydrogel scaffold is an important
factor for biomedical application, especially for bone tissue
engineering.['7*17% Before conducting the in vitro experiments,
we tested the mechanical stability of the GelMA-Y hydrogels in
DMEM media up to 14 d and the results are depicted in Figure S8
(Supporting Information). Apart from outstanding bioprintablity
and biocompatibility, the GelMA-Y hydrogel exhibited excellent
mechanical strength with an elastic modulus of ~#34.6 + 0.87 kPa
at day 0. After immersing in DMEM for 7 and 14 d, we observed
a decrease in the compressive strength with gradual increase in
elastic modulus, meaning that the hydrogel tend to behave like
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Figure 1. Optimization of the GelMA-CQDs bioinks. a) Schematic diagram of the bioink formulation and optimization strategy. b) The shear moduli
(G’ and G"") of the fabricated GelMA, GelMA-G, and GelMA-Y bioinks within 0.1 to 100 Rad s~ range. ) Viscosity () as a function of shear rate (¥)
of the pure GelMA, GelMA-G, and GelMA-Y bioinks within 0.1 to 100 s~'. d) optimization of the extrusion speed and printing pressure on filament
formation with corresponding quantification data. e) The optimized printing parameter for the GelMA-Y bioink. Representative digital photographs and
microscopic images of the 3D printed GelMA-Y hydrogels with varying infill configuration. f) Representative FL microscopy images of hECP' (red) and
hBMSCFTC (green) after 14 d of culture in a bioprinted construct composing GelMA-Y. Scale bar: 100 um, 0.2 mm, and 0.4 mm.

a soft and elastic gel. The elastic modulus at day 7 and 14 was
calculated to be ~64.2 + 1.42 and ~71.6 + 0.74 kPa, respectively.
The GelMA-CQD-based soft hydrogel is ideal for bone marrow
replacement therapy.'””" Taken together, we anticipated that
the developed GelMA-Y bioink is superior among the various
formulations, and thus suitable for soft tissue engineering
applications.
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2.3. In Vitro Drug Delivery and NIR-Triggered Antiosteosarcoma
Therapy

Treatment of malignant bone tumor remains challenge owing
to the rapid growth and metastasis of the tumor tissue.l*?] Apart
from conventional therapy, the NIR-based nanotheranostic plat-
forms has gained significant attention nowadays.!**! In this study,
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Figure 2. In vitro anti-osteosarcoma effect of the engineered GelMA-Y scaffold. a) Schematic diagram of the NIR-responsiveness of the fabricated
scaffolds. b) Temperature profile as a function of time upon irradiation with 808 nm NIR laser (1 W cm~2). The corresponding thermal images are
shown for demonstration purpose. c) Temperature stability of the GelMA-Y hydrogels after three on/off cycles under 808 nm NIR light irradiation. d)
The photothermal conversion efficiency (PCE) of the developed hydrogels. e,f) Representative digital, fluorescent, and ultrastructural images of the drug
loaded 3DP scaffolds. g) The drug loading efficiency of the GelMA-Y scaffold. h) EPR spectra of the pure TEMPO, GelMA-Y@Dox, and laser-treated
GelMA-Y@ Dox showing the presence of singlet oxygen ('0,) peaks. i—k) Representative Dox release study in various pH buffer (pH 6.5 and 7.4) with or
without NIR light irradiation. Cumulative Dox release fitting data to Higuchi and Korsmeyer-Peppas kinetics model at 37 °C. |,m) Cytotoxicity evaluation
of the MG-63 cells after irradiation with 808 nm NIR laser. Representative FL microscopy images of the MG-63 cells showing the presence of live (green)
and dead (red) cells after 808 nm NIR light treatment. The cell viability was assessed using WST-8 assay. n) A hypothetical drawing of NIR-triggered
hypothermia and ROS-induced bone tumor irradiation. Scale bar: 20 um, 200 um, and 0.2 mm. Data are reported as mean + s.d. (n = 3), statistical
significance at “p < 0.05 and *p < 0.01.

the bioactive CQDs were utilized as a photothermal source ma-  The pure GelMA hydrogel exhibited no noticeable photothermal
terial for drug delivery and subsequent osteosarcoma therapy.  property even after 6 min of irradiation. Interestingly, the CQDs-
Figure 2a depicts an overview of the NIR-triggered drug release =~ loaded hydrogel exhibited a remarkable change of temperature
and phototherapy for osteosarcoma therapy. The photothermal  up to 6 min. The GeIMA-Y hydrogel exhibited highest degree of
performance of the GeIMA-CQDs hydrogel was evaluated using  surface temperature rise after irradiation for 6 minat 1.0 W cm—2.
an 808 nm NIR light with a power density of 1.0 W cm™2, re-  Since, the GelMA-Y hydrogel showed exceptional photothermal
spectively. As shown in Figure 2b, the hydrogel temperature was ~ properties, therefore it was chosen for rest of the experiments.

rapidly increased from 25 °C to 75 °C within 6 min of irradiation. = Notably, the GeIMA-Y hydrogel displayed temperature stability
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even after 3 cycles of heating and cooling (Figure 2c). The higher
photothermal performance and stability of the GelMA-Y hydro-
gel is probably due to the presence of Y-CQDs with large polyaro-
matic domain, which resulted in greater NIR responsive proper-
ties. The photothermal conversion efficiency (PCE) for GelMA,
GelMA-G, and GelMA-Y was calculated as 4.84%, 22.5%, and
49.52%, respectively (Figure 2d).

Based on the outstanding PCE of the GeIMA-Y, we have chosen
it for drug loading and release study. The 3D printed GelMA-Y
scaffold was loaded with chemotherapeutic drugs (Dox and PTX)
and used for photothermal therapy. The digital photographs with
corresponding FL images of the drug loaded GelMA-Y scaffolds
are shown in Figure 2e. Since both of the drugs used in this study
are fluorescent, therefore FL microscopy was used to monitor
the loading capability. The Dox-loaded and PTX-loaded GelMA-Y
scaffolds appeared red and green under 562 nm excitation, which
indicates the successful loading of the drugs. The FE-SEM mor-
phology of the GelMA-Y@Dox and GelMA-Y@PTX also exhib-
ited no noticeable change in the morphology. The distinct porous
morphology was observed in both the drug-loaded samples (Fig-
ure 2f). The drug loading efficiency for Dox and PTX were calcu-
lated as 64.28% and 41.54%, respectively (Figure 2g). The higher
Dox loading efficiency is probably due to the greater interaction
and affinity of Dox with CQDs and/or polymer matrix, since Dox
is a hydrophilic drug.

NIR irradiation often leads to the formation of intracellu-
lar reactive oxygen species (ROS) owing to the hyperthermia-
induced cell damage.** Using the electron paramagnetic reso-
nance (EPR) spectroscopy, we examined the ROS with or without
NIR light irradiation, and the result is shown in Figure 2h. The
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was used as spin
trapping agent for ROS experiment. The findings show that the
pure TEMPO and GelMA-Y@Dox had no apparent signals for
any radical. Surprisingly, the three distinct peak at 1:1:1 intensity
ratio was observed between 334 to 340 G after irradiation with
NIR light for 6 min, suggesting the presence of single oxygen
radicals (O,) as reported in the previous literature.**3 The sin-
gle oxygen generation through GelMA-Y @ Dox was probably due
to the conversion of 0, — 0, (type II energy transfer mecha-
nism) in the presence of molecular oxygen. The Therefore, we an-
ticipated that the GelMA-Y @ Dox scaffold alone had no capability
to produce ROS but produced significant amount of 10, radical
upon NIR irradiation, which could be utilized for hyperthermia-
triggered osteosarcoma therapy.

Next, we evaluated the in vitro Dox release study in various pH
buffer (pH 6.5 and 7.4) to examine the effect of NIR exposure on
release behavior of Dox. The Dox was judiciously chosen owing
to its greater loading efficiency. Figure 2i depicts the Dox release
profile from the GelMA-Y scaffold with or without NIR irradia-
tion as a function of time. It was interesting to note that, the Dox
release profile was nearly similar at both pH in the absence of
NIR light. Notably, the release profile of Dox was found higher
after periodic NIR light treatment. At pH 7.4, only 23% of Dox
was released at 24 h after NIR treatment. However, at pH 6.5,
around 38.5% Dox was released after 24 h of incubation under
NIR light irradiation. This suggest that NIR irradiation and local
hyperthermia owing the presence of Y-CQDs were responsible
for the fast release of Dox. Moreover, after 7 d, a slow or sus-
tained release of Dox was noticed in both the groups. This was
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Table 1. Doxorubicin release kinetic parameters used in this study (NIR,
near-infrared).

Experimental Higuchi model Korsmeyer-Peppas model
condition
pH 6.5 pH 7.4 pH 6.5 pH 7.4
Scaffold + NIR n=137 n=3.23 n=0.20 n=0.24
R?=0.98021 R?>=0.99307 R?=0.99594 R?=0.98937
Scaffold — NIR n=2.06 n=253 n=0.37 n=0.41
R?=0.99121 R?2=0.98901 R?=0.99417 R?=0.98709

probably due to the thermal response, scaffold degradation, and
concentration-dependent diffusion of Dox in the buffer media.

To gain an insight about the diffusion kinetics, various math-
ematical models have been employed to understand the effect of
nanofiller on drug diffusion.?®! In this study, we used Higuchi
and Korsmeyer-Peppas model to fit the experimental data. For a
certain amount of drug (Q) released in specific time (t), the re-
lease kinetics can be explained by following equations:

Q=kxt/? (1)
2 _ixp )
Q

where, k and n indicate the release constant and release exponent
of the respective drug. The Q, is the initial amount of drug in
the polymer scaffold. The Higuchi model (Equation 1) explains
a diffusion process according to the Fick’s law where the drug is
homogeneously dispersed in the polymer matrix. Conversely, the
Korsmeyer-Peppas model (Equation 2) explains drug release pro-
file with a combination of simple drug diffusion (Fickian diffu-
sion) and polymer-induced drug release (non-Fickian, controlled
by the polymer chain where the drug is tightly packed in the poly-
mer chain). In this study, we used both the models to predict the
diffusion phenomenon of the Dox. The fitting data and its values
are listed in Table 1. The best fitted release profile was chosen
based on the highest correlation coefficient (Pearson’s R? value)
and release exponent (n). As shown in Figure 2k, the Dox release
profile was best fitted to Korsmeyer-Peppas model with higher
R? value for both pH 6.5 and 7.4. However, the Higuchi model
doesn’t correspond to best fitting owing to the higher value of
n (n > 0.49) (Figure 2j). The value of n according to Korsmeyer-
Peppas model for pH 6.5 and pH 7.4 were calculated to be 0.2
and 0.24, respectively. It is well-known that a value of n <0.49
indicates the Fickian type diffusion and n > 0.49 correspond to
the anomalous or non-Fickian type diffusion.!?*] Thus, both the
samples (pH 6.5 and 7.4) after NIR irradiation exhibited the non-
Fickian type diffusion, where the CQDs-embedded GelMA ma-
trix controlled the release of the Dox via phototherapy. The hyper-
thermia effect induced the GelMA matrix to shrink and release
the drug molecule in the PBS buffer. This kind of drug release
phenomenon is suitable for delivery of chemotherapeutic drugs
for anti-infection therapy.3+> 36l

Based on excellent drug delivery property of the GelMA-Y
scaffold, we selected the GelMA-Y@Dox scaffold for in vitro
anti-osteosarcoma study. Since the tumor cell pH is slightly
acidic than the physiological pH,**" therefore, we assumed that
the GelMA-Y scaffold can effectively delivery the Dox at pH 6.5
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under NIR lightirradiation. The MG-63 cells were incubated with
GelMA-Y@Dox scaffold and irradiated with 1 W cm= NIR light
(808 nm) for 6 min. After 24 h, the viability of the MG-63 cells
was assessed using Live/Dead and WST-8 assay. The cells grow-
ing on TCPS (2D culture) were taken as negative control. The
plates with pure GelMA, GelMA-G, and GelMA-Y were taken as
positive control-1 group. The cells cultured with GelMA-Y @ Dox
but no NIR treatment was taken as positive control group-2.
As shown in Figure 21, the 2D culture group exhibited healthy
cells after 24 h of culture, indicated by green (live) color. The
cells growing on GelMA, GelMA-G, and GelMA-Y scaffold also
appeared to be live. Interestingly, the MG-63 cells growing on
GelMA-Y@Dox scaffold showed decreased viability, indicated by
the greater number of dead (red) and a few number of live cells
(green). Besides, the GeIMA-Y@Dox + laser group exhibited
higher number of dead cells (red), compared to GelMA-Y@Dox
(-laser) or other groups, suggesting that NIR treatment facilitated
the sustained release of Dox. A similar kind of result was also ob-
served in the WST-1 assay. Without Dox, the MG-63 viability was
significantly increased (144% than control), which is comparable
to the proliferation rate of hDFs (Figure 2m). However, after NIR
irradiation, the viability was decreased by ~70% compared to the
control, which was in agreement with the Live/Dead assay. The
primary cause of massive cell death was due to the controlled
release of Dox to the MG-63 cells and the hyperthermia-triggered
ROS amplification, a common phenomenon of phototherapy.!>’!
Therefore, we anticipated that the 3D printed GelMA-Y scaffold
is a smart delivery vehicle, where the controlled photothermal
property of Y-CQDs can be utilized for sustained release of
water-soluble chemotherapeutic drugs, such as Doxorubicin.
Figure 2n depicts an overview of the NIR-triggered drug delivery
and subsequent phototherapy for ant-osteosarcoma therapy.

2.4. Macrophage Phenotyping and Osteoimmunomodulation
Study

Macrophage cells play crucial role osteogenesis and angiogen-
esis owing to their phenotypic plasticity via secreting vari-
ous inflammatory factors during early bone and blood vessel
formation.*®] Compared to the M1 macrophages, the M2 polar-
ized macrophages exhibited higher efficacy of bone healing via
paracrine signaling of various growth factors and cytokines.l*”)
Figure 3a represents an overview of the 3D printed scaffold-
assisted macrophage polarization and osseointegration process
for bone regeneration. In this study, the fabricated scaffolds
(GelMA, GelMA-G, and GelMA-Y) exhibited better proliferation
and M2 polarization of the Raw 264.7 cells. As shown in Fig-
ure 3b, the Raw 264.7 cells grew properly onto the 3D printed
scaffolds after 24 h of incubation. The Raw 264.7 cells appeared
to be in cluster and tend to form spheroidal morphology in all
the fabricated samples. Interestingly, the average number of cell
mass and size was increased in the presence of Y-CQDs contain-
ing scaffold than other groups (Figure 3c,d). GelMA hydrogels
have been shown previously to enhance the macrophage viabil-
ity and polarization through various signaling pathways. To ex-
amine the actin morphology and macrophage differentiation, we
further cultured the Raw 264.7 cells in the scaffold leaching me-
dia. As shown in Figure 3, the Raw 264.7 cells differentiated into

Macromol. Biosci. 2023, 2300096

2300096 (8 of 15)

www.mbs-journal.de

macrophage (M0) phenotype in the presence of pure GelMA scaf-
folds, which is characterized by the extensive branching of the
F-actin filaments. The control Raw 264.7 cells exhibited reduced
branching pattern with round morphology indicating the undif-
ferentiated monocytes. Notably, the Raw 264.7 cells displayed
flattened and dumble-shaped morphology without any branches
in the presence of GelMA-G and GelMA-Y scaffolds, indicating
the M2 polarized macrophages. The presence of CQDs in the
GelMA scaffold affected the macrophage differentiation and is
further confirmed by optical microscopy, fluorescence activated
cell sorting (FACS), immunocytochemistry (ICC), and real-time
PCR (qRT-PCR) analysis. The results showed that the Raw 264.7
cells exhibited typical flat morphology in the presence of GelMA-
G and GelMA-Y scaffolds (M2 morphology) after 48 h of culture
(Figure 3f). However, the cells growing on pure GelMA scaffold
exhibited nearly round and/or branched morphology (M1 pheno-
type) with less number of M2 polarized cells. The average length
of the macrophages was found higher (%114 + 10.8 um) in the
presence of GelMA-Y scaffolds than other groups (Figure 3g),
suggesting that Y-CQDs had superior inducing effect on mono-
cytes towards M2 polarization.

The differentiated macrophage (M1 or M2) expresses a vari-
ety of surface or cellular markers with various kinds of cytokines
and chemokines.*"! As shown in Figure 3h, the Raw 264.7 cells
exhibited positive for CD163 (M2 marker, 38.64%) than NOS2
(M1 marker, 8.94%) in the presence of GeIMA-Y scaffolds. In
contrast, only 7.59% cells were found positive for CD163 and
around 12.96% cells were found positive for NOS2, indicating
the polarization towards M1 axis. To verify the intracellular local-
ization of NOS2 and CD163, we performed the ICC of Raw 264.7
cells after 24 h of incubation (Figure 3i). The results indicate that
Raw 264.7 cells were highly positive for NOS2 marker and neg-
ative for CD163 marker in the presence of GelMA. Conversely,
the GelMA-Y grown cells were found highly positive for CD163
marker than NOS2, indicating the polarization towards M2 axis.
These results confirmed that the pure GelMA scaffolds had less
ability to differentiate the Raw 264.7 cells towards M2 phenotype,
whereas the addition of Y-CQDs accelerated the Raw 264.7 cells
towards M2 phenotype with greater number. The qRT-PCR re-
sults showed similar trend as of morphometric observations. As
shown in Figure 3j, the Raw 264.7 cells displayed a downregu-
lation in TNF-a and IL-1f expression (pro-inflammatory mark-
ers), while showed an upregulation of IL-4 and IL-10 genes (anti-
inflammatory markers) in the presence of GelMA-Y scaffolds.
Similarly, the pure GelMA displayed an upregulation of TNF-
a and IL-1f genes with significantly less expression of IL-10
marker. These results suggest that the fabricated GeIMA-Y scaf-
fold is non-toxic to Raw 264.7 cells, promoted growth, and dif-
ferentiated into M2 phenotype which will be beneficial for osteo-
immunomodulation and improving bone regeneration.

2.5. 3D Printed GelMA-CQDs Scaffold Promoted In Vitro
Angiogenic and Osteogenic Capabilities of hBMSCs

Being a part of the hematopoietic lineage, the hBMSCs have
the capability to differentiate into angiogenic and osteogenic
lineages.[*!l A smart tissue-engineered scaffold that has the
property to induce both angiogenesis and osteogenesis is highly

© 2023 Wiley-VCH GmbH
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Figure 3. GelMA-CQDs scaffold enhanced macrophage viability and promoted M2 polarization in vitro. a) Schematic diagram for the M2 polarization
and osteo-immunomodulation. b) FL microscopy images of the Raw 264.7 cells showing the Live/Dead morphology in the presence of GelMA-CQDs
scaffolds after 24 h of culture. Dotted line indicates the printed strands. d,e) Quantification of the average cell mass and spheroids growing onto the
scaffolds. e) Representative FL images of Raw 264.7 cells showing the actin distribution and branching pattern. f) Optical micrographs of the Raw 264.7
cells showing the M2 polarization in the presence of various scaffolds. g) The average length (long axis) of the M2 macrophages in various treatment
groups after 24 and 48 h of incubation. h) Flow cytometric analysis of Raw 246.7 cells in the presence of 3D scaffolds for NOS2 (M1) and CD163 (M2)
markers. i) Immunocytochemical staining of NOS2 and CD163 markers after 24 h of culture. j) qRT-PCR results showing the expression of Tnf-a, IL-1b,
IL4, and IL10 after 24 h of culture. Scale bars: 50, 75, 150 um and 0.2 mm. Data are reported as mean + s.d. (n = 3), “p < 0.05 and ““p < 0.01.
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Figure 4. In vitro angiogenic and osteogenic potential of hBMSCs. a) Representative bright field and FL images of hBMSCs showing the angiogenic
sprouts in the presence of bioprinted constructs. b,c) Quantification of sprout number inside the bioprinted constructs. d,e) Quantification of the
Live/Dead assay of the angiogenic sprouts. f) Representative ARS staining with corresponding microscopic images showing the presence of ARS™ cells
in the presence of fabricated scaffolds. g) ALP activity of the hBMSCs in the presence of fabricated scaffolds after 14 d of incubation. h,i) The ARS
quantification test of the hBMSCs after 7 and 14 d of incubation. j,k) Quantification data of the calcium content assay. [) qRT-PCR analysis for the

osteogenesis-related gene markers after 14 d of incubation. m) FL images
(green), and OPN (red). Scale bar: 100 and 150 um. Data are reported as

desired in orthopedics, especially for traumatic injury repair.[*]
For the angiogenesis study, the hBMSCs (2.5 x 10* cells) were
bioprinted using GelMA-CQDs hydrogel and incubated with
Opti-MEM media without VEGF supplement for 24 h. The
Matrigel coated plates were considered as control. After 24 h, the
bioprinted constructs were photographed and the angiogenic po-

of the hBMSCs after staining with immunogenic markers: Runx2 (green), ALP
mean + s.d. (n=3), “p < 0.05 and ““p < 0.01.

tential was measured. As shown in Figure 4a, top, the hBMSCs
were appeared to form several branched networks. Among the
various formulations, the GelMA-Y hydrogel-laden hBMSCs ex-
hibited higher number of sprouts formation compared to other
groups (Figure 4a, bottom). Moreover, the % of cells, sprout
number, and average sprout volume were significantly elevated
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in the presence of GelMA-Y hydrogel (Figure 4b—e), suggesting
that GelMA-Y hydrogel had better angiogenic induction property
owing to the presence of bioactive Y-CQDs. Next, we evaluated
the osteogenic potential of the fabricated hydrogel scaffolds in
terms of ARS staining, ALP activity, calcium content assay, and
fluorescent marker staining, respectively. As indicated in Figure
4f, the ARS stained plates exhibited no significant difference
even after 14 d of incubation. However, the optical micrographs
displayed a significant change in mineral deposition. The
GelMA-Y treated hBMSCs exhibited higher mineral induction
efficiency after 14 d of osteo-induction. This was also reflected
in the ALP activity. Compared to the control, the GelMA-Y group
displayed higher ALP activity (“p < 0.05) after 14 d of treatment
(Figure 4g). The quantification test of mineralization test was
also found higher in the presence of GelMA-Y (Figure 4h,i). The
osteoblast cells have the ability to produce intracellular bone
apatite and the excess amount of apatite is secreted in the form
of inorganic Ca?* or PO, .[*] Based on the above-mentioned
results we investigated the Ca?* content from the cell culture
soup after 14 d of osteo-induction and the results are given in
Figure 4j k. It is interesting to note that the 3D printed scaffolds
raised the extracellular Ca?* level than the control group. Among
the treatment groups, the GelMA-Y scaffold promoted higher
Ca** production (“p < 0.01) in hBMSCs compared to the pure
GelMA and GelMA-G scaffolds. In light of this finding, we
further investigated the expression of various osteogenic gene
markers after 14 d of osteoinduction. As shown in Figure 41,
the expression of early gene markers (Runx2 and ALP) was
significantly ("p < 0.01) increased after treatment with GelMA-Y
scaffold than control, suggesting that the supplement of GelMA-
CQD had a positive role in osteogenesis. Similarly, the expression
of late gene markers (OCN and OPN) was also found higher
("p < 0.01) in the presence of GelMA-Y scaffold. To support
the above-mentioned findings, we also investigated the levels
of osteogenic protein markers (Runx2, ALP, OCN, and OPN)
through IF staining (Figure 4m) which indicate that both the
control and GelMA-Y scaffolds have positive role in osteogenic
differentiation of hBMSCs. The quantification data of IF staining
is given in Figure S9 (Supporting Information). Taken together,
our results demonstrated that the 3D printed GelMA-CQD hy-
drogel had better angiogenic and osteogenic induction property,
which could be utilized for developing smart orthopedic grafts.

2.6. Immunomodulation-Assisted Enhanced Osseointegration

Bone is a complex tissue which comprises a variety of cell
populations, such as osteoblast, osteoclast, osteocyte, immune
cells, and blood cells. After implantation of a scaffold, the new
bone formation profoundly affected by the continuous cross-talk
between bone and immune cells.*] Accordingly, the osteo-
immunomodulatory effects of the fabricated scaffolds were
evaluated in the presence of macrophage conditioned media
(M-CM). As discussed earlier, the GeIMA-Y scaffolds had better
anti-inflammatory function; therefore, the GelMA-Y scaffold was
chosen for osteo-immunomodulatory experiment. A schematic
design of the M-CM preparation and immunomodulation study
is shown in Figure S10 (Supporting Information). The im-
munomodulatory effects of the M-CM on hBMSCs is evaluated
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through ARS staining (for 2D and 3D culture), H&E (for 3D
culture) and Massion’s Trichrome staining (for 3D culture),
respectively. As shown in Figure 5a, the M-CM(GY) had better
osteo-immunomodulatory effect as documented by ARS staining
after 7 d. The intense and red color of the mineralized nodule
signifies the induction of osteogenesis. The percentage of ARS*
area was also increased significantly (ARSy cy@cm = 22% —
ARS\(cvacy = 41.6%, “p < 0.05) after treatment with M-CM
(GY) (Figure 5b). A similar kind of trend was observed after 14 d
of osteogenic induction, where more intense nodule formation
was observed in hBMSCs following M-CM (GY) treatment (Fig-
ure 5¢). The ARS starting area for M-CM (Ctrl) and M-CM (GY)
were calculated as 42% and 73%, respectively (Figure 5d). The 3D
cell culture also exhibited similar trend. For example, the ARS
staining of hBMSC spheroids exhibited highly mineralized and
intense red color after incubation with M-CM (GY) than M-CM
(Ctrl) after 14 d of osteoinduction (Figure 5e). The quantity of
nodule was found greater (3.2-fold) at 14 days in the presence of
M-CM (GY) as shown in Figure 5f. Therefore, we evaluated the
H&E and Trichrome staining to evaluate the growth of the whole
spheroids. The results are displayed in Figure 5g,h. It is interest-
ing to note that both the groups exhibited better growth and mor-
phology after 14 d of immune-modulation. The collagen content
(Trichrome staining) of the spheroid was significantly enhanced
following treatment with M-CM (GY). The IF staining (Figure 5i)
was further performed to examine the expression of Runx2 and
OCN markers. In 2D culture system, both the M-CM (Ctrl) and
M-CM (GY)-treated plates exhibited positive for Runx2 and OCN
after 14 d of treatment. Interestingly, the expression of Runx2 and
OCN markers were significantly upregulated after M-CM (GY)
treatment (Figure S11, Supporting Information) as per the quan-
titative evaluation. Collectively, our results demonstrated that the
anti-inflammatory macrophages regulate the hBMSC differenti-
ation via immune cross-talk and the 3D culture system depicted
better osteogenesis model in this study. Thus, we hypothesized
that a combination of M-CM (GY) with OIM may induce the
osteogenic potential of hBMSCs towards bone healing.

2.7. 3D Printed GelMA-Y Scaffold Promotes Bone Regeneration
In Vivo

Vascularized bone regeneration refers to the development of
neo-angiogenesis which indirectly facilitate the new bone forma-
tion via signaling through endothelial cells to osteoblast cells.
The angiogenic cells secrete the VEGF, FGF-2, PDGF, and IGF,
which contributes to osteoblast migration, osteocyte maturation,
and calcified bone matrix formation [99]. To investigate the in
vivo bone regeneration potential, we have randomly divided the
rats into three groups: 1) -ve control group (no scaffold treat-
ment; n = 3), 2) +ve control group (pure GelMA scaffold; n =
3), and 3) experimental group (GelMA-Y scaffold; n = 3), re-
spectively. The experimental timeline and digital photographs of
the surgical procedure are shown in Figure 6a. After 8 weeks’
post-implantation, the rat scull was harvested, decalcified, and
evaluated using micro-computed tomography (uCT), followed by
H&E staining. As shown in Figure 6b and Figure S12 (Support-
ing Information), the GelMA-Y treated groups exhibited signif-
icantly ("p < 0.01) higher rate of bone regeneration (~94.25 +
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Figure 5. Evaluation of osteo-immunomodulatory effects of macrophage-conditioned media (M-CM) on hBMSCs. a,c) Representative ARS stained plates
with optical micrographs of the 2D culture of hBMSCs after 7 and 14 d of incubation. b,d) The ARS quantification of 2D culture system. ) ARS staining
plates with optical micrographs of hBMSCs in 3D culture after 14 d of incubation. f) ARS quantification of 3D culture system. g,h) Representative H&E
and Massion’s Trichrome staining of hBMSC spheroids with corresponding quantification data after 14 d of osteo-immunomodulation. i) FL microscopy
images of hBMSCs in 2D and 3D culture showing the expression of Runx2 and OCN marker after 14 d of culture. Scale bar: Scale bars: 100 um. Data
are reported as mean + s.d. (n = 3), “p < 0.05 and ““p < 0.01.
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Figure 6. In vivo bone regeneration potential of the 3D printed scaffolds. a) The experimental timeline, digital photographs of the surgical procedure in
rats, and scaffold implantation procedure used in this study. The yellow dotted circle indicates the area of interest. b) Representative micro-computed
tomography (uCT) images of the decalcified rat skull showing the new bone formation (black dotted circle). c) Representative hematoxylin and eosin
(H&E) staining images of the calvaria defect region showing the vascularized bone regeneration. Rats without any scaffold treatment were considered as
-ve control. Rats with GelMA and GelMA-Y scaffold was considered as +ve control and experimental group. The black line indicates the area of interest.
The FT, 10, MO, NB, BV denotes fibrous tissue, immature osteocyte, mature osteocyte, new bone, and blood vessels, respectively. The yellow arrow
indicates the presence of osteoblast lining. Scale bar: 250 pm, 500 pm, 1 mm, and 2 cm.

0.82%) and bone mineralization (BMDgu sy = 0.48 g cm™3),
compared to the +ve (BMD = 0.25 g cm %) and -ve control (BMD
=0.18 g cm~?) groups. The gross morphology of the uCT images
showed that the regenerative potential of the GelMA-Y treated
scaffold was undoubtedly better than the +ve control groups,
which is not comparable to the -ve control group where rela-
tively poor regeneration potential was observed after 8 weeks of
treatment. These results demonstrated that the GelMA scaffold
alone indicated the cortical bone formation, which was signif-
icantly increased after addition of Y-CQDs ( = GelMA-Y scaf-
fold). The entire defect area was found to be covered with new
bone in case of GelMA-Y scaffold suggest that the CQDs in-
corporation had positive role in bone formation. To gain an in-
sight into the vascularized bone formation, we performed the
H&E staining and the results are shown in Figure 6¢. In the -
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ve control group, the poor cortical bone formation was charac-
terized by the presence of huge fibrous tissue (FT) with some
immature osteocytes (I0). Concurrently, the +ve control group
exhibited greater new bone regeneration potential which was
characterized by the presence of osteoblasts, mature osteocytes
(MO), and a few blood vessels (BV) in the defect area. Surpris-
ingly, the GeIMA-Y groups showed a huge difference from the
+ve and -ve control groups. The GelMA-Y treated group exhib-
ited robust bone regeneration, characterized by the formation of
many BVs, osteoblasts, MO, and a heavily calcified bone matrix. A
prominent osteoblast lining was observed in the defect area with
diffused blood vessel, suggesting that the new bone formation
was accomplished with extensive vascularization in the GelMA-
Y treated group. Therefore, we anticipate that the 3D bioprinted
and chemoprotective GelMA-Y scaffold not only promoted bone
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regeneration but also enhanced the vascularization during bone
remodeling.

3. Conclusion

In conclusion, this study demonstrates the fabrication of a
CQDs engineered hydrogel inks with both osteogenic and
immunomodulatory properties for improving osteo-immunity.
Moreover, the outstanding photothermal and light-induced
controlled drug release mechanism provides a new functional
strategy for osteosarcoma eradication and simultaneous bone
regeneration within a single hydrogel. The developed bioink is
highly shear-thinning and friendly to the hBMSCs and hECs,
and induced angiogenesis owing to the biocompatible and
proliferative nature of the CQDs. The composite bioink helped
to polarize the Raw 264.7 cells towards M2 phenotype which
facilitates the osteogenic differentiation of hBMSCs. The in vivo
results suggest that the as-fabricated GelMA-CQD scaffold had
positive role in new bone formation and provided sufficient me-
chanical stability during osteogenic differentiation. Overall, this
study highlights a new strategy of bone healing and regeneration
using nano-carbon materials via immunopolarization, tumor
apoptosis, sustained drug delivery, and osteo-immunity for better
osseointegration.

4. Experimental Section

Detailed methods are given in the Supporting Information file.

Materials and Instruments: ~ Gelatin type B from porcine skin (purity:
>98%), 1, 3, 5-trihydroxybenzene (phloroglucinol, C;HgO,), sulfuric acid
(H,S0Oy4), methacrylic anhydride (purity >94%), and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) were obtained from Sigma-Aldrich,
USA. All the materials were used as received unless stated elsewhere. Milli-
Q water (18.2 MQ cm~'@25 °C) was used for the synthesis of CQDs
and other polymer materials. HR-TEM (JEM 3010, Jeol, Japan) and FE-
SEM (Jeol, Japan) were used for evaluating the morphology of the CQDs
and polymer scaffolds. The UV-Vis spectrophotometer (Varian Cary 100,
Nevada, USA) and PL spectrometer (Quanta Master, photon Technol-
ogy International, New Jersey, USA) were used to evaluate the lumines-
cent properties of the CQDs. FT-IR spectrophotometer (Bruker Vertex 70,
Bruker, Massachusetts, USA) was used to measure the functional proper-
ties and chemical interaction of the CQDs and polymer scaffolds. The sur-
face functional group and interaction of the CQDs was investigated using
X-ray photoelectron spectroscopy (XPS) using an X-ray source with a twin-
anode (Al-Ka, hv = 1486.6 eV) gun and a monochromatic gun. The struc-
tural features of the CQDs was evaluated through an X-ray diffractometer
(XRD, Smart-Lab, Rigaku, Japan) equipped with a 4 kW X-ray generator
and a D/teX Ultra 250 detector system. The Raman spectra was recorded
using a micro-Raman spectrophotometer (ANDOR Monora500i, Oxford
Instruments, UK) with an excitation laser of 633 nm.

3D Bioprinting and Cell Culture: Cellink Bio-X (Cellink Corporation,
Sweden) 3D printer was used for bioprinting. Single-nozzle hydrogel car-
tridge was used to fabricate the constructs. The cell-laden bioinks were fab-
ricated by mixing the appropriate amount of cells (1 BMSCs or hECs) and
GelMA-CQD hydrogel solution (1:1 ratio). The 3D bioprinted constructs
were photo-crosslinked using 365 nm UV light. The bioprinted constructs
were cultured in DMEM media supplemented with 10% FBS and 1% an-
tibiotics. The old media was replaced every another day.

Ethical Statement:  All the animal experiments were conducted accord-
ing to the guidelines of IACUC (Permission No. KQYY-201912-003) of Cap-
ital Medical University, Beijing.

Statistical Analysis:  The statistical analysis was performed using Ori-
gin Pro v9.0 software (Origin Lab, USA). One-way analysis of variance
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(ANOVA) test was conducted to determine the significant difference be-
tween control and treated groups. Data are reported as mean + s.d. of
triplicated (n = 3) experiments, statistical significance at “p < 0.05 and
p <0.01.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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