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A B S T R A C T

Osteosarcoma is a malignant bone tumor occurring in adolescents. Surgery combined with adjuvant or neo-
adjuvant chemotherapy is the standard treatment. However, systemic chemotherapy is associated with serious
side effects and a high risk of postoperative tumor recurrence, leading to a high amputation rate and mortality in
cancer patients. Implant materials that can simultaneously repair large bone defects and prevent osteosarcoma
recurrence are in urgent need. Herein, an intelligent system comprising 3D-printed titanium scaffold (TS) and pH-
responsive PEGylated paclitaxel prodrugs was fabricated for bone defect reconstruction and recurrence preven-
tion following osteosarcoma surgery. The drug-loaded implants exhibited excellent stability and biocompatibility
for supporting the activity of bone stem cells under normal body fluid conditions and the rapid release of drugs in
response to faintly acidic environments. An in vitro study demonstrated that five human osteosarcoma cell lines
could be efficiently eradicated by paclitaxel released in an acidic microenvironment. Using mice models, we
demonstrated that the drug-loaded TS can enable a pH-responsive treatment of postoperative tumors and effec-
tively prevent osteosarcoma recurrence. Therefore, local implantation of this composite scaffold may be a
promising topical therapeutic method to prevent osteosarcoma recurrence.
1. Introduction

Osteosarcoma is the most common primary bone malignant tumor,
typically occurring in adolescents or in children under the age of 20; it is
highly malignant [1]. The annual incidence rate is approximately 5/1,
000,000, resulting in approximately 50,000 new cases each year
worldwide [2]. The total five-year survival rate of osteosarcoma patients
is in the range of 60%–80% [3]. The conventional treatment is preop-
erative chemotherapy, followed by surgical treatment and postoperative
chemotherapy [1]. Generally, incomplete or residual tumor resection
after surgical resection is the main reason for postoperative recurrence
and metastasis because the microenvironment following tumor resection
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may promote tumor growth and metastasis. Other existing clinical pro-
grams, such as long-term intravenous and systemic chemotherapy, are
often associated with serious side effects (e.g., gastrointestinal intoler-
ance, neutropenia, cardiotoxicity, nephrotoxicity, and neurotoxicity) as
well as a high amputation rate [1,2]. Even with proper surgery resection,
the local recurrence rate of osteosarcoma remains in the range of 15%–

30% [4], and the five-year survival rate after local recurrence is signifi-
cantly reduced [5]. This has led to a dilemma in terms of the clinical
treatment at this stage. Large bone defect repair after tumor resection and
in situ control of osteosarcoma recurrence are the two main issues
requiring urgent solutions.

After the surgical removal of osteosarcoma lesions, bone defect
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reconstruction must be performed to ensure the transmission of skeletal
muscle strength. Three-dimensional printed implants have been widely
used in clinical treatment, including vascular stents, fracture prostheses,
and tumor resection supports [6–9]. Among metal implants, prosthesis
made of 3D-printed titanium alloys has been proven safe after years of
clinical application and experimental research [10]. Several studies have
shown that the material used in this study has excellent mechanical
support, good biological safety, and physical-chemical properties [6,
10–13]. With the advantages of individualized adaptation and osteo-
genesis, 3D-printed porous alloys are becoming irreplaceable in the
clinical treatment of bone tumors.

In most cases, tumor recurrence stems from an incomplete surgical
resection of the original site. The remaining tumor cells regrow in the
body, resulting in tumor recurrence in situ [14,15]. Methods that can
help avoid this phenomenon have been a topic of related research. In the
clinical treatment of osteosarcoma, postoperative chemotherapies are
widely applied in patients with tumor resection. Paclitaxel (PTX) is an
effective drug for treating chemo-sensitive tumors [16,17]. However,
after the systemic application of chemotherapy drugs, side effects,
including weight loss, anorexia, diarrhea, and bone marrow suppression,
are inevitable [16,18]. Patients may die from these side effects rather
than the tumor recurrence. To solve this problem, targeted nanoparticles
(NPs) with a suitable size range (10–250 nm) are an ideal choice because
they can uptake and retain their function at the tumor site via enhanced
permeability and retention (EPR) [19]. The advantages of a localized
drug-delivery system lie in the direct delivery of high-concentration
drugs to the tumor sites, thereby improving the medication effect and
reducing the systemic side effects. Based on this advantage, many
advanced environmentally responsive NPs have been designed and
developed, such as polymeric NPs, micelles, vesicles, nanogels, and li-
posomes [20–22]. Among them, prodrug-based NPs have received much
attention owing to their simple structure and potential in clinical
Fig. 1. Schematic of the formation of a TS@PAP composite scaffold
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translation [23–25]. In the case of many malignant tumors, an acidic
environment is present locally in the microenvironment because of
glycolysis and lactic acid accumulation in the tumor [26,27]. This acidic
environment has been considered as an efficient trigger for drug release,
and prodrugs conjugated with a pH-responsive linker can be triggered in
the acidic environment of intracellular endosomal/lysosomal compart-
ments [28,29].

If a titanium alloy prosthesis can be imparted with an antitumor
function by surface loading with chemotherapeutic drugs, it may be
beneficial in reducing the local in situ recurrence rate following osteo-
sarcoma surgery. With the drug-carrying system of PTX on the surface of
a titanium alloy, a 3D-printed porous titanium alloy implant with a high
antitumor efficiency and controllable release system is urgently required
to prevent the local recurrence of osteosarcoma following surgery.

Hence, inspired by the clinical treatment of chemo-sensitive bone
tumors and corresponding drug delivery systems, in this study, we
developed a localized drug-delivery system with pH-responsive anti-
cancer prodrugs loaded onto a 3D-printed titanium scaffold (TS), to
prevent osteosarcoma recurrence. As illustrated in Fig. 1, an amphiphilic
polymer prodrug of poly (ethylene glycol)–acetal–paclitaxel
(PEG–acetal–PTX), denoted by PAP, is facilely prepared via simple
chemical reactions. As illustrated in a previous work [30], PAP can
self-assemble into the acid-labile micellar NPs in an aqueous medium,
thereby improving the solubility of the PTX drug and promoting the
plasma residence time. Therefore, PAP NPs could be used as a novel
delivery system with a rapid acid response and large drug-loading ca-
pacity. After anchoring onto the surface of the 3D-printed TS implant via
polydopamine (PDA), the TS@PAP composite scaffold was constructed
with simultaneous strength support for bone growth and pH-responsive
drug-release capability for tumor therapy. After implantation at the
surgical site, TS@PAP can potentially rapidly respond to the tumor
microenvironment, triggering drug release and effectively preventing
for tumor therapy and prevention of osteosarcoma recurrence.
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osteosarcoma recurrence. Thus, this delivery systemmay be developed as
an ideal therapeutic regimen to control the local tumor residual and
postoperative the tumor regeneration, while promoting the repair of
large bone defects without increasing the patient's treatment burden or
causing excessive contraction. Overall, this study illustrated a novel and
reliable tumor recurrence surveillance strategy based on the pH changes
in the tumor microenvironment, demonstrating effective control of local
tumor recurrence within a tumor recurrence animal model.
Fig. 2. (A) Synthesis route for the PEG–acetal–PTX prodrug. (B) 1H NMR spectra of
tribution of PAP NPs under pH values of (a) 7.4 and (b) 6.5. (E) General appearance a
(c) Quantitative elemental analysis (n ¼ 5, *P < 0.05, ***P < 0.01). (b, d) Energy spe
mm) and TS@PAP (c and d, scale bar: 100 μm).
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2. Results and discussion

2.1. Synthesis of PEG–acetal–PTX prodrug

The acetal-linked PEGylated PTX prodrug PAP was synthesized
following the synthetic route shown in Fig. 2A. After efficient anhydride
and esterification reactions, a PEG–vinyl ether derivative was obtained
by the reaction with PTX, yielding the targeted PAP in the presence of
pyridinium p-toluenesulfonate (PPTS). Precise attributes and integration
PEG–vinyl ether, PTX, and PEG–acetal–PTX. (C) TEM images and (D) size dis-
nd energy spectra analysis of the 3D-printed prosthesis. (a) General appearance;
ctra analysis of the surface elements. (F) SEM images of TS (a and b, scale bar: 1
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peak ratios of the ether-linked PEG derivative could be clearly seen in the
upper panel of Fig. 2B, demonstrating its successful synthesis. In addi-
tion, the new peaks emerging at δ ¼ 4.0–4.5 and 1.0–1.5 ppm in the 1H
NMR spectrum shown in the bottom panel of Fig. 2B could be attributed
to the acetal group, and the disappeared peaks at δ ¼ 5.5–6.5 ppm
indicated the successful conjugation of the targeted PAP with an explicit
chemical structure. The PTX content in the PAP prodrug was calculated
to be 48.1%, which is higher than those of most reported PTX prodrugs
[31,32].

2.2. Preparation, stability, and pH-responsive destabilization of PAP NPs

In aqueous solutions, the amphiphilic PAP polymer can self-assemble
into micelles. The transmission electron microscopy (TEM) image
(Fig. 2C–a) shows spherical structures with a size of ca. 110 nm, and the
dynamic light scattering (DLS) result (Fig. 2D–a) shows an average par-
ticle size of ca. 185 nm. This size difference is attributed to the swelling
state of PAP in an aqueous solution compared with the dry state, as
shown in the TEM image. Science the diameter is less than 200 nm, the
PAP NPs were suitable to maintain reduced reticule-endothelial system
(RES) uptake levels and minimal renal excretion, indicating their po-
tential application as a smart carrier to enhance the passive tumor-
targeting capacity via the EPR effect.

On account of the stable linkages between the hydrophobic PTX and
hydrophilic PEG under mild conditions, the PAP NPs maintained a
satisfactory storage stability for drug formulations. To ensure effective
intracellular drug release, it is important for stimuli-responsive prodrugs
to meet the requirements of precise targeting and controllable release
within the target cells upon changes in the physical and chemical envi-
ronments therein. The acid-labile acetal group between the hydrophobic
PTX and the hydrophilic PEG made the NPs breakable under weakly
acidic conditions. After incubating for 2 h in a solution with a pH of 6.5,
small blocks and large aggregates could be detected, as shown in
Fig. 2C–b and 2D-b, suggesting a pH-induced cleavage of the acetal
linkers and degradation of the polymeric NPs. These results demon-
strated that the PAP NPs can maintain colloidal stability under
Fig. 3. (A) Double staining of cytoskeleton and nucleus of mBMSC after co-cultivatio
10x (a, scale bar: 50 μm) and 40x (c, scale bar: 20 μm) magnification and for TS@PA
vitro short-term PTX release in solutions with pH values of 7.4 and 6.5. (C) In vitro lon
(D) Cell activity of co-cultured mBMSC with TS and TS@PAP implants (n ¼ 5, *P <

cultivation with TS (a, scale bar: 500 μm) and TS@PAP (b, scale bar: 500 μm) impl
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extracellular conditions and dissociate rapidly under pH-stimuli that
mimic intracellular conditions.

2.3. Characterization of TS@PAP composite scaffolds

The PAP prodrug was facilely anchored onto the surface of the TS
with the help of PDA [33,34]. Dopamine can undergo auto-oxidative
polymerization under alkaline aerobic conditions, forming an adhesive
continuous PDA coating on the surface of the scaffold (TS@PDA).
Therefore, the PAP NPs could be co-loaded onto the TS surface to form a
TS@PAP composite scaffold. The attachment of spherical NPs can be
clearly seen under the scanning electron microscopy (SEM) images. The
energy dispersive spectroscopy (EDS) results revealed a significant in-
crease in the C and O contents, indicating the successful coating of the
organic compounds or polymeric prodrugs onto the TS scaffolds (Fig. 2E
and F).

2.4. In vitro drug release from the TS@PAP scaffold

With a quantitative detection performed using high-performance
liquid chromatography (HPLC), the in vitro drug release profile of the
TS@PAP composite scaffold was assessed under physiological phosphate
buffer solution (PBS, pH of 7.4) and acidic conditions (PBS, pH of 6.5) to
simulate an endo-lysosomal environment at a temperature of 37 �C. As
depicted in Fig. 3A, a negligible amount of PTX is released from the
TS@PAP composite scaffold into the solution with a pH of 7.4 at a cu-
mulative release rate of 11.28 � 0.47% at 72 h. In comparison, a much
faster release of PTX is observed in the solution with a pH of 6.5, at a high
release rate of 85.33 � 0.66%; this is attributed to the cleavage of the
acetal bonds and accelerated release of PTX. The loading capacity of PTX
in the TS@PAP composite scaffold was tested by HPLC treated with
mixture of 1 N HCl and acetonitrile (v/v¼ 1/1). The PTX loading content
per TS were 173.82 � 8.34 μg, which met the drug concentration re-
quirements. This pH change from an extracellular environment (pH of
7.4) to endosomal compartments (pH of 6.5) suggested that the PAP NPs
would remain stable and avoid any premature burst release into the
n with TS and TS@PAP implants for 48 h. Confocal microscopy images for TS at
P at 10x (b, scale bar: 50 μm) and 40x (d, scale bar: 20 μm) magnification. (B) In
g-term release of free PTX from TS@PAP implants after incubation at a pH of 6.5.
0.05). (E) Confocal microscopy images of live-dead staining of mBMSC after co-
ants for 48 h.
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blood stream, while effectively promoting the release of PTX from its
prodrug during intracellular trafficking. The sustained release of PTX at a
pH of 7.4 could last for more than 1month; however, upon exposure to an
acidic environment, the drug carriers could quickly respond to accelerate
the drug release, as shown in Fig. 3B and C. This indicates their potential
role in effectively killing tumors in the initial period and continuously
exerting a pH-sensitive effect to prevent tumor recurrence over a longer
period. Unlike the conventional liposomal PTX, which is associated with
poor stability and premature burst release, pH-responsive NPs exhibit a
high drug-loading capacity, favorable stability, passive targeting, and
tailored PTX release behavior when required, thus significantly pro-
moting tumor endocytosis and enhancing the therapeutic effect.

2.5. In vitro cytotoxicity and antitumor efficiency of TS@PAP scaffold

Fig. 3D shows a comparison of the cell viability of the TS@PAP and
blank TS groups at 24, 48, and 72 h. After co-cultivation with mouse bone
marrow mesenchymal stem cells (mBMSC) for 24 h, the cell activity of
the TS@PAP group became slightly lower than that of the TS group, with
statistical significance (P < 0.05). However, when the incubation time
was extended to 48 and 72 h, there was no statistically significant dif-
ference in the cell activity between the two groups. Titanium alloy
(Ti6Al4V) has been used as an orthopedic implant in clinical applications
for many years. For PDA coatings, there have been many related research
reports proving their biosafety [35–37]. Therefore, the PAP NPs fully
determined the in vitro cytotoxicity. To the best of our knowledge, the
direct release of PTX into a body fluid environment has a negative impact
on the healing of local normal tissues; PEGylated paclitaxel prodrugs
exhibited a good stability in the solution with a pH of 7.4 and did not
have a significantly negative impact on the mBMSC activity or tissue
growth. In addition, previous studies have shown that the release of trace
amounts of PTX in normal environments would not significantly affect
normal cell formation or healing after local surgical trauma [38,39].

Cell live/dead staining is a green fluorescent labeling technique using
Calcein-AM as a dye to identify the death/live status of cells [40]. After
co-cultivation with TS and TS@PAP scaffolds for 48 h, most of the cells
could crawl along the 3D-printed implant pillars to form a 3D solid ad-
hesive morphology. Fig. 3E–a and b show that most of the cells were
stained with green fluorescence, and very few dead cells were stained
with PI in red, verifying that the cells could effectively survive on the
surface of drug-loaded implants under normal conditions. Compared
with the TS group, the cells in the TS@PAP group also maintained a good
survival status. In particular, there were fewer dead cells stained with
propidium iodide than in the TS group in some areas. There was no
statistical difference in the fluorescence intensity quantification between
the two groups. However, a simple cell live/dead staining cannot pre-
cisely reflect the entire situation, because cells may appear to be stained
with Calcein-AM but their activity may not be ideal. Therefore, to
determine the survival status of the cells and observe the microscopic
morphology on the TS and TS@PAP scaffolds, the cytoskeleton was
stained with rhodamine-phalloidin-labeled F-actin, and the nucleus was
stained blue using 40,6-diamidino-2-phenylindole (DAPI). Paclitaxel af-
fects cell mitosis, causing intracellular denaturation of F-actin protein
and apoptosis [41]. Fig. 3A–a and b showed that the nucleus was well
distributed in the mBMSC without any of the following observations:
multiple nuclei, nuclear shrinkage, cytoskeletal defect, or cytoskeleton
fragmentation. This further proved the negligible escape of PTX from the
scaffolds and good biosafety of the TS@PAP composite scaffold in terms
of cell and tissue growths under normal conditions. Fig. S1 showed the
cell images of the co-cultured osteosarcoma cells with 3D-printed tita-
nium alloy implants in different pH culture media. With a high PAP
loading solution for TS@PAP composite scaffolds, the cell viability of
BMSCs would be significantly affected. While osteosarcoma cells (143 B)
could not be efficiently killed with low PAP loading solutions. To effec-
tively balance the ability of the TS@PAP scaffold to kill tumor cells
without unduly affecting normal tissue healing, a PAP concentration of 5
5

mmol/L was thus chosen in the study (Fig. S2). The osteogenesis and
osseointegration activities of TS@PAP scaffolds have been characterized
in vitro. As illustrated in supporting information, TS@PAP presented the
acceptable impact on osteogenesis and osseointegration activities by
comparing with TS and Control group (Fig. S3).

CCK-8 was used to assess the cell proliferation and cytotoxicity assays
after co-cultivation with the drug-loaded 3D-printed titanium alloy im-
plants for 24, 48, and 72 h. All the prostheses in the control, TS, and
TS@PAP groups were co-cultured with five types of human osteosarcoma
cells (143 B, MG63, HOS, U2OS, and SAOS2) in a culture environment
with a pH of 6.5. Fig. 4B–F shows that TS and TS@PAP are not toxic to the
cells, whereas TS@PAP exhibits a significant antitumor effect via the PTX
released from the titanium alloy implant under acidic conditions.
TS@PAP could reduce the cell activity to approximately 50%, which was
significantly different from that observed in the TS group. After co-
cultivation for 72 h, the cell activity of the five osteosarcoma cell lines
decreased to less than 5% of the original value. For a more intuitive
observation of the effect of PTX, 143 B osteosarcoma cells were selected
to further observe the cell survival status using the live/dead staining
technique. After co-cultivation with TS@PAP for 24 h, the living 143 B
cell exhibited green fluorescence in the solution with a pH of 7.4, while a
large number of dead cells exhibited red fluorescence in the solution with
a pH of 6.5. As shown in Fig. 4A, living cells are scarce after co-cultivation
for 72 h, indicating an inhibitory effect on osteosarcoma cell activity.

The five osteosarcoma cells were co-cultured with drug-loaded im-
plants for apoptosis detection. After co-cultivation for 48 h, the cells in
the control group were mostly alive, accounting for 77.68%–91.36% of
the total cells. The TS@PAP group was dominated by late apoptotic cells,
accounting for 20.31%–58.21% of the total cells. Consistent with this
result, the late-stage apoptotic cells accounted for 24.31%–59.64% in the
PTX drug-treated group (Fig. 5A). In all the osteosarcoma cell lines, the
quantitative results of the apoptotic cells caused by TS@PAP implants
and PTX were statistically significant (P < 0.01) compared with the
control group (Fig. 5B–F). The quantitative results of the apoptotic cells
caused by the drug-loaded implants and free PTX in the HOS, MG63, and
SAOS2 cell lines were not statistically significant (P > 0.05). Similarly,
these osteosarcoma cells were concentrated during late apoptosis in both
TS@PAP and free PTX. Paclitaxel can reduce the activity of osteosarcoma
cells, because it acts as a microtubule stabilizer, significantly affecting the
stability of intracellular microtubule bundles by promoting tubulin
polymerization, leading to spindles during cell mitosis [42,43]. Forma-
tion is hindered, causing cell cycle arrest and apoptosis [42,44]. Related
studies on this mechanism have confirmed that this effect can occur in
the treatment of osteosarcoma, breast cancer, ovarian cancer, and other
tumors [45–47]. In this study, flow cytometry was used to detect the
apoptosis of five types of osteosarcoma cells. The results showed that
under the action of drug release from drug-loaded implants, these five
osteosarcoma cells exhibited different degrees of apoptosis, with all of
them being mainly late-stage apoptosis. This was consistent with the
apoptosis of PTX alone as well as with the results of previous studies on
the action mechanism of PTX [14,48].

2.6. In vivo effectiveness of drug-loaded 3D-printed titanium alloy implants

After the establishment of the osteosarcoma model, the nude mice
were randomly divided into control, TS, TS&PTX, and TS@PAP groups.
The prepared implants were inserted into the subcutaneous tissue adja-
cent to the tumor in the TS, TS@PAP, and TS&PTX groups (Fig. 6A).
Paclitaxel was injected in the TS&PTX group through the tail vein, while
the same amount of saline was injected in the control, TS, and TS@PAP
groups. After implantation of the prosthesis, basic information related to
the physiological state of eachmouse was recorded, including the weight,
skinfold thickness, tumor size, and survival time. The tumor volume in
the TS and control groups was considerable at 28 d, and there was no
evident difference between the two groups. Although the tumor volume
in the TS&PTX group was significantly reduced, there were still evident



Fig. 4. (A) Live/dead staining of TS@PAP implants co-cultured with the 143 B osteosarcoma cell line, scale bar: 500 μm. (B–F) Cell viability of co-cultured 3D-printed
titanium alloy implants with osteosarcoma cells in a solution with a pH of 6.5 (n ¼ 5, *P < 0.05, ***P < 0.01).
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tumors. While the tumors in the TS@PAP group were significantly
smaller than those in the TS and control groups, the tumors were almost
invisible to the naked eye (Fig. 6B and C). X-ray imaging and tumor
measurement of the four groups of mice confirmed that both the TS&PTX
and TS@PAP groups could achieve a certain tumor suppression effect
(Fig. 6D and E).

Combined with the comparative analysis of the tumor volume
changes in the different groups, the tumor volume in the control and TS
groups increased significantly; on day 28, the tumor volumes were
1683.94 � 108.43 mm3 and 1721.26 � 105.34 mm3, respectively, and
the difference was not statistically significant (P > 0.05). In comparison,
the increase in the tumor volume was less in the TS@PAP and TS&PTX
groups, with values of 73.82 � 57.4 mm3 and 33.89 � 24.5 mm3 on day
28, respectively. Compared with the control group, the differences were
statistically significant (P < 0.01) (Fig. 6F).

The mice in the TS@PAP group had the most significant increase in
the body weight, from 14.31 � 0.66 g to 19.21 � 0.65 g, whereas the
mice in the TS&PTX group had the most significant decrease, from 14.27
� 0.59 g to 13.54 � 0.58 g. There was no statistically significant dif-
ference between the TS and control groups (P > 0.05), and the weight
difference between the TS@PAP and TS&PTX groups was statistically
significant (P< 0.01) (Fig. 6G). In addition, the mice were systematically
recorded and analyzed for the survival time; 62.5% (5/8) of the mice in
the TS@PAP group were still alive on day 60 at the end of the observa-
tion. The longest survival time was 60 d in the TS@PAP group, with a
6

median survival time of 59.25 d. The longest survival times of the mice in
the control and TS groups were 29 and 30 d, respectively. The longest
survival times of the mice in the TS&PTX and PTX groups were 38 and 37
d, respectively, with median survival times of 34.38 and 33.13
d (Fig. 6H). Figs. S4 and S5 showed the X-ray bone map images and a
comparative analysis of the tumor volume in the different groups.

Among the five types of osteosarcoma cells, namely 143 B, HOS,
MG63, SAOS2, and U2OS, the drug-loaded titanium alloy implants
showed significant cell activity inhibition. To explore the tumor sup-
pression effect in vivo, a subcutaneous model of the human-derived os-
teosarcoma was established in nude mice, simulating the process of local
tumors with size ranging from small to large in the case of incomplete
tumor resection and relapse [49,50]. The construction of the experi-
mental model is consistent with the widely-established building schemes
employed for subcutaneous tumor models, and the 143 B human osteo-
sarcoma cell line was selected to evaluate the response of the model to
the drug closer to the actual clinical situation [51,52]. In this experiment,
a comparison between the drug-loaded implants and blank implants þ
systemic chemotherapy (PTX intravenous injection) was made. The
comparison between the groups helped simulate the first-line clinical
treatment plan, that is, surgical treatment þ postoperative systemic
chemotherapy [1,2]. The results showed that the systemic chemotherapy
group experienced severe systemic side effects, particularly significant
weight loss, which ultimately led to a certain level of tumor treatment,
and the overall survival could not be effectively improved. The locally



Fig. 5. (A) Apoptosis detection after co-cultivation of TS, TS@PAP or PTX with osteosarcoma cells in a solution with a pH of 6.5. (B–F) Quantitative analysis of
apoptosis detection after co-cultivation with osteosarcoma cells for 48 h in a solution with a pH of 6.5 (n ¼ 5, *P < 0.05, ***P < 0.01).

Fig. 6. (A) In vivo treatment of osteosarcoma in each group of mice. (B) Tumor in vivo. (C) Tumor in vitro. (D) X-ray orthoimaging and measurement of experimental
mice. (E) X-ray lateral view film and measurement of the changes in the tumor size. Changes in the (F) body weight, (G) tumor size, and (H) survival curves of the mice
in each group (n ¼ 6, *P < 0.05, ***P < 0.01). (I) In vivo anti-recurrence efficacy of the drug-loaded TS@PAP in the recurrent osteosarcoma model with Luc-labeled
143 B cells injected around the implant. (a) Third-day post cell injection, in vivo animal living fluorescence observation. (b) Tumor recurrence was fully controlled after
another six days. (c) Following another cell injection, tumor recurrence was observed on day 12. (d) Tumor recurrence was partly controlled after another six days.
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implanted drug-loaded 3D-printed titanium alloy implants had an
advantage in local drug delivery. The drug directly affected the tumor
localities to kill tumor cells, inhibit tumor growth, and prevent
7

osteosarcoma recurrence. Therefore, based on the response to changes in
the local pH during tumor growth, this study confirmed that drug-loaded
3D-printed titanium alloy implants are effective for systemic



Fig. 7. TUNEL (scale bar: 100 μm) and HE (scale bar: 25 μm) staining images of tumor sections in each group. The scale bar in the HE staining images of TS-tumor
interface sections represents 50 μm.
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chemotherapy and can be applied to resolve the contradiction between
local tumor control and normal tissue growth as a future direction for
related research.

2.7. In vivo anti-recurrence efficacy of TS@PAP

Based on the above results, we hypothesized that drug-loaded
TS@PAP could be sensitive to pH variations caused by osteosarcoma
recurrence and PTX drug release. With the tumor recurrence models
described above, TS@PAP implants were implanted subcutaneously in
nude mice and sutured. Seven days after surgery, the incision healed well
and the implant was surrounded by soft tissue. With 5 � 107 Luc-labeled
143 B cells injected around the implant, the mice were observed with an
in vivo animal living fluorescence observer, as shown in Fig. 6I. On the
third day after cell injection, the formation of a clear tumor recurrence
state could be confirmed by the bioluminescence signals. Interestingly,
the tumor recurrence was effectively controlled after another six days. To
fully explore the limitation of the effect of TS@PAP on the treatment of
tumor recurrence, Luc-labeled 143 B cells were again locally injected.
Tumor recurrence was observed on day 12. After another six days, tumor
recurrence was effectively controlled in most of the mice (4/6). Unfor-
tunately, two mice had uncontrolled tumors at the time of observation.
All these tumors continued to develop without being re-controlled during
subsequent feedings of the mice. Overall, TS@PAP could eliminate at
least one local tumor recurrence. In some cases, we believe two local
tumor recurrences can be eliminated.

2.8. Histological analysis of the test samples of animal models

The analysis of the antitumor effectiveness is limited to the size of the
tumor. Simply recording and analyzing body weight is insufficient. It is
necessary to fully analyze the actual changes in the tumor. Therefore, a
reasonable histological analysis is necessary. On day 28 of the experi-
ment, nude mice were sacrificed, and their heart, liver, spleen, lungs, and
kidneys were harvested. Hematoxylin and eosin (HE) staining revealed
no evident organ injury in any group. Myocardial cells, hepatocytes,
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spleen cells, lung cells, glomerulus, and tubules were stained and washed
without any evident abnormality (Fig. S6). A large number of deeply
stained tumor cells were distributed in the control and TS groups, and
there were many tumor cells distributed in the tumor body and at the
interface with the TS implant. In the TS&PTX group, the number of deep-
stained nuclear cells was reduced, and the distribution was sparser than
that in the previous two groups. In the TS@PAP group, the deep-stained
tumor cells inside the tumor were significantly reduced, andmore fibrous
tissues were generated in the tissue. Particularly when the tumor was
exposed to TS@PAP at the implant interface, a large amount of fibrous
tissues could be observed without evident tumor cells (Fig. 7).

During apoptosis, some endonucleases will cut the DNA between
nucleosomes, and the broken DNA will expose 30-OH. Terminal deoxy-
nucleotidyl transferase (TdT) can achieve catalytic band fluorescence
(FITC), while dUTP is combined with 30-OH to achieve fluorescent la-
beling [53,54]. This technique can effectively detect apoptosis; therefore,
in this study, in addition to the HE staining of tumors, TUNEL staining
was performed. The most evident fluorescent label was observed in the
tumor sections of the TS@PAP group. Compared with the control and TS
groups, the drug-loaded 3D-printed titanium alloy implants showed a
significantly more prominent tumor cell apoptosis phenomenon. Com-
bined with the drug release of the drug-loaded implant and the verifi-
cation of the action mechanism of PTX in the previous experiment, it was
confirmed that the drug-loaded titanium alloy implant achieves tumor
growth inhibition in vivo.

3. Conclusions

In summary, we fabricated an intelligent system mainly composed of
a 3D-printed TS and pH-responsive PTX-loaded NPs; the system exhibited
excellent mechanical support and biological performance for effective
tumor inhibition and recurrence prevention following osteosarcoma
surgery. When co-cultivating with drug-loaded materials, bone stem cells
could maintain good activity under normal body fluid conditions, while
human osteosarcoma cells could be efficiently eradicated in an acidic
microenvironment, demonstrating the excellent antitumor effect. From a
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novelty perspective, our drug-loaded implants could help treat post-
operative tumor recurrence in a mice model of osteosarcoma. The novel
3D-printed titanium alloy implant exhibited the dual functions of tumor
therapy and osteosarcoma recurrence prevention, showing great poten-
tial in curing bone tumors and providing a new research direction to cure
tumor-related bone complex diseases.

4. Experimental section

Materials: Acrylic chloride, 2-hydroxyethyl vinyl ether, PPTS, PTX,
polyethylene glycol (PEG-OH), succinic anhydride, dichloromethane
(DCM), triethylamine (TEA), dopamine hydrochloride, para-
formaldehyde (2%), and methanol were purchased from J&K Scientific
Ltd. High-sugar Dulbecco's modified eagle medium (DMEM), 1640 me-
dium, α-MEM medium, fetal bovine serum (FBS), hanks' balanced salt
solution, pancreatin with EDTA (0.25%), and penicillin-Streptomycin
double antibiotic were purchased from Thermo Fisher Scientific Ltd.
The CCK-8 kit, cell live/dead staining kit, cell apoptosis kit, and cell
cytoskeleton (F-actin) staining kit were purchased from Solarbio Life
Science Ltd. Cell lines 143 B, Hos and MG63 were purchased from
American type culture collection (ATCC). Cell lines Saos2 and U2OSwere
supplied by China Infrastructure of Cell Line Resources. All other re-
agents were purchased from Beijing Chemical Reagent Company and
used without further purification.

Preparation of the titanium scaffold: 3D-printed macroporous Ti6Al4V
scaffolds (Ø¼ 10 mm,H¼ 5 mm) were designed using computer assisted
design software (Magics, Materialise, Belgium) and fabricated layer by
layer using electron beam melting printing technology (Q10plus, GE,
America). The porous architecture was designed based on a dodecahe-
dron unit cell with a pore size of 640 μm, strut diameter of 400 μm, and
porosity of 73% [55–57], which was beneficial for the in-growth of bone
and blood vessels. All the specimens were subjected to air blasting and
successively washed in acetone, alcohol, and deionized water (DIW) in an
ultrasonic cleaner for 20 min each and dried at 60 �C overnight. For
simplicity, the Ti6Al4V scaffold is denoted by TS.

Synthesis of PEG-COOH: PEG-OH (Mn ¼ 750 g/mol, 3.75 g, 5 mmol)
and TEA (0.7 mL, 5 mmol) were dissolved in 60 mL of freshly distilled
CH2Cl2, and then succinic anhydride (0.8 g, 8 mmol) was added to the
solution. After stirring at room temperature for 8 h, the mixture was
washed with 2 M aqueous HCl, saturated aqueous NaCl, and DIW several
times and dried over anhydrous MgSO4. After evaporating the solvent,
the residue was precipitated in cold ether thrice to afford the white solid
of PEG-COOH. 1H NMR (CDCl3, 400 MHz, ppm): δ 2.59–2.63 (m, 4H),
3.38 (s, 3H), 4.21 (t, 2H).

Synthesis of modified PTX prodrug: PEG-COOH (2.65 g, 3 mmol), 2-
hydroxyethyl vinyl ether (0.27 g, 3 mmol), 1-Ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (0.7 g, 3.6 mmol), and 4-dimethyla-
minopyridine (68 mg, 0.6 mmol) were added to a 100 mL round-
bottomed flask equipped with a magnetic stirring bar, followed by the
addition of 50 mL of freshly distilled CH2Cl2 to fully dissolve all the
solids. The solution was cooled to 0 �C for 30 min and allowed to reach
room temperature, and then further stirred for another 24 h to complete
the reaction. Subsequently, the solution was washed with 2 M aqueous
HCl, saturated aqueous NaCl, and DIW thrice and dried over anhydrous
MgSO4. The final product was precipitated into ether several times to
afford the white powder of PEG–vinyl ether derivative. Under a nitrogen
atmosphere, PEG–vinyl derivative (0.92 g, 1 mmol) was added dropwise
into a dry DCM solution of PTX (1.71 g, 2 mmol) and PPTS (51 mg, 0.2
mmol) at 0 �C. After stirring for 24 h at room temperature, the reaction
was quenched by adding K2CO3. The mixture was filtered through a pad
of celite, and the filtrate was evaporated to obtain the crude product,
followed by precipitating in ether several times to obtain the PAP
prodrug.

Preparation of PAP NPs and PAP-loaded TS: The nano-precipitation
technique was employed to prepare the NPs. Typically, 5 mg of PAP
was dissolved in 1 mL of ethanol and added to 4 mL of DIW under stirring
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through a syringe within 1 h. Subsequently, the solution was dialyzed
against DIW for 24 h (MWCO 3500 Da), and the samples were freeze-
dried and stored at room temperature for further experiments. For PTX
immobilization, scaffolds were first soaked in 10 mL of a freshly prepared
dopamine hydrochloride solution (2 mg/mL, a pH of 8.5) in 10 mmol/L
Tris buffer for 24 h to form a PDA layer on the surfaces. Different solu-
tions of PAP have been tested for the coating on TS scaffolds including 1
mmol/L, 3 mmol/L, 5 mmol/L and 6 mmol/L. Thereafter, the samples
were oscillated in a mixed solution of PAP (5 mmol/L, pH 7.4) for 6 h,
denoted by TS@PAP.

Characterizations of PAP NPs: TEM images were captured using a JEM-
2200FS microscope (JEOL, Japan). A 5 μL droplet of the assembled so-
lution was dropped onto a copper grid (300 mesh) coated with a carbon
film, followed by drying at room temperature. The size distribution and
zeta potentials of the PAP NPs were characterized by DLS using a Zeta-
sizer (Nano-ZS, Malvern, UK) with a 632.8 nm laser light set at a scat-
tering angle of 173�. Each measurement was performed in triplicate, and
the results were processed with Zetasizer Software (version 7.02).

Microstructure and composition: To determine the changes in the TS
surface and microstructure, SEM and EDS were performed [58]. All
samples were first freeze-dried at 50 �C and 1.95 mbar for three days in a
vacuum freeze drier (MD-230; Thermo Fischer, USA). Thereafter, SEM
was used to determine the surface morphology. EDS was attached to the
SEM apparatus and used to characterize the chemical composition.

Drug concentration and bioactivity observation: The PTX concentration
was measured by HPLC on a Shimadzu LC-20AT system with UV detec-
tion at 227 nm. A mixture of acetonitrile and DIW at 1/1 (v/v) was used
as the mobile phase at a flow rate of 1.0 mL/min. Fluorescence spectra
were recorded on a Hitachi F4600 photoluminescent spectrometer with a
xenon lamp as the light source. Confocal laser scanning microscopy
(CLSM) images were obtained using a TCS SP8 microscope (Leica
Germany).

In vitro drug release of TS@PAP: The release profile of PTX from
TS@PAP was studied using a dialysis tube (MWCO 3500 Da) under
shaking (100 rpm) at a temperature of 37 �C in a phosphate buffer with a
pH of 7.4 and acetate buffer with a pH of 6.5. Typically, 2 mL of the NP
solution was dialyzed against 30 mL of the release media. At pre-
determined intervals, 10 mL of the release medium was withdrawn and
refilled with an equal volume of fresh medium. Subsequently, the con-
centration of PTX in the medium was determined by HPLC measure-
ments. The cumulative release ratio of PTX was calculated using the
following formula:

Ri ¼

V0Ci

mdrug
� 100% ði ¼ 1Þ

V0Ci þ Ve

Xi�1

1
Ci�1

mdrug
� 100% ði � 2Þ

8>>>><
>>>>:

Here, Ri is the cumulative release ratio of PTX (%), mdrug is the total
mass of PTX in the NPs (μg), V0 and Ve are the volumes of the total release
medium and exchanged medium, respectively (mL), and Ci is the PTX
concentration in the release medium withdrawn at the ith time (μg/mL).

Stability and pH-responsive degradation of PAP: The storage stability
and pH-responsive degradation behavior of the NPs were investigated by
determining their size distributions using DLS before and after treating in
the pH solutions (pH values of 7.4 and 6.5) at room temperature. After
incubation of 4 h, their morphology and size variation were character-
ized by TEM and DLS.

In vitro cytotoxicity and antitumor efficiency of TS@PAP: Bone marrow
mesenchymal stem cells of sprague dawley rats were applied in the in
vitro cytotoxicity evaluation of the TS@PAP group compared with the TS
control group without drug loading. The cells were incubated at 37 �C in
Gibco α-MEM medium (pH of 7.4) supplemented with 10% FBS in a 5%
CO2 incubator. The cells were seeded on the surface of TS and TS@PAP in
24-well plates at a seeding density of 5 � 104 cells/well. After culturing
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for 12 h, the medium was replaced by 100 μL of fresh medium, and 10 μL
of CCK-8 was added to each well, followed by incubation at 37 �C with
5% CO2 for 3 h. The absorbance of the resulting solutions was measured
using a micro-plate reader at 570 nm. The relative cell viability was
determined by comparing the absorbance at 570 nm with that of the
control wells with untreated cells. The same procedure was applied to the
scaffold and cells with co-culture times of 48 and 72 h. The data are
presented as average � SD (n ¼ 5). Another group of scaffolds was co-
cultured with cells in the 24-well plate for 48 h. The cytoskeletal state
was reflected with F-actin stained by kit TRITC Phalloidin. The CLSM
images were stored with the cytoskeletal status of the cells on the surface
of scaffolds. Osteoblast precursor cells (MC3T3-E1 cell lines) were
cultured in leach liquor of TS scaffolds, TS@PAP scaffolds and 0.1 μmol/L
of paclitaxel solution for 7 days. After differentiation, alkaline phos-
phatase staining and alizarin red staining were performed, while RUNX2
and ALP genes were detected by PCR in another test.

The in vitro anticancer activity of TS@PAP was evaluated using
human osteosarcoma cells 143 B as the model cells. The cells were
incubated at 37 �C in HyClone DMEM supplemented with 10% FBS in a
5% CO2 incubator. The cells were seeded in 96-well plates at a seeding
density of 5 � 103 cells/well. After 48 h, the medium was replaced by
100 μL of fresh medium, and 10 μL of CCK-8 was added to each well,
followed by incubation at 37 �C with 5% CO2 for 3 h. The absorbance of
the resulted solutions was measured using a micro-plate reader at 570
nm. The relative cell viability was determined by comparing the absor-
bance at 570 nm with that of the control wells with untreated cells. The
data are presented as average � SD (n ¼ 5).

In vivo antitumor efficiency: A total of 30 BABL/C nude mice were used
as model animals with a body weight in the range of 10–12 g in the initial
test. Osteosarcoma models were established with 1 � 106 143 B osteo-
sarcoma cells mixed in 100 μL of PBS injected directly under the skin on
the lower right side of the back of the nude mice. When the average
volume of the tumor site reached approximately 100 mm3, the tumor-
bearing mice were divided into four groups (six mice/group) and
treated with saline, TS, TS&PTX, and TS@PAP. For the TS&PTX group, 4
μg equivalent concentration of free PTX per gram of the mice body
weight was injected every three days. For the control, TS, and TS@PAP
groups, the same volume of saline was injected through the tail vein. The
tumor size and body weight of the mice were measured every three days.
The tumor volume was calculated using the formula: volume¼ (length�
width2)/2. All the surgical interventions and postoperative animal care
procedures were approved by the Animal Research Committee of Peking
University (LA2020465).

To further validate the therapeutic effects of TS@PAP, we established
a tumor recurrence model by repeatedly injecting osteosarcoma cells
subcutaneously in BALB/c nude mice. TS@PAP implants were implanted
subcutaneously in the nude mice and sutured for the first-time treatment
based on the same tumor model described above. Seven days post-
surgery, the incision healed well and the implant was surrounded by
soft tissue. To fully simulate the tumor local recurrence scenario, 5� 107

Luc-labeled 143 B cells were injected around the implant. The mice were
observed using an in vivo animal living fluorescence observer every three
days after cell injection. Once the in-vivo fluorescence could not be
effectively observed, we proceeded to the next osteosarcoma cell
injection.

Immunohistochemistry and immunofluorescence: After treatments, the
tumors and major organs, including the heart, liver, spleen, lungs, and
kidneys, were harvested and fixed in 4% paraformaldehyde solution.
Subsequently, all the tissues were dehydrated with ethanol at serial
concentrations, transparentized with xylene, and embedded in paraffin.
Paraffin sections (7 μm) were dewaxed, rehydrated, and incubated with
0.3% H2O2 in methanol. For HE staining, the tissue sections were stained
with Mayer's hematoxylin for 3 min and eosin Y for 2 min and observed
under a light microscope (Leica, Germany). For immunofluorescence, the
tumor sections were incubated with protease K (10 μg/mL, a pH of 7.4) at
37 �C for 15 min. After being rinsed twice with PBS, the slices were
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incubated with a FITC-labeled TUNEL reaction reagent for 1 h at 37 �C in
a humidified atmosphere in the dark. After being washed five times with
PBS, the slices were stained with DAPI and examined using CLSM.
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