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ABSTRACT 
Osteosarcoma, a highly aggressive bone tumor commonly diagnosed in adolescence, has major 
treatment challenges due to metastasis and chemoresistance. This study presents the develop
ment of bone-targeted, pH-sensitive polymeric dual drug delivery systems based on a triblock 
copolymer, P(BPMA-b-OEGMEMA-b-FPMA), synthesized via reversible addition-fragmentation chain 
transfer (RAFT) polymerization. After deprotection of the BPMA segments, the chemotherapeutic 
agent doxorubicin (Dox) and/or the bone-targeting drug alendronate (Aln) were loaded onto the 
polymer, resulting in self-assembled nanomicelles. Dynamic light scattering (DLS) analysis showed 
that the hydrodynamic diameters of the Dox-loaded (M1), Aln-loaded (M2), and dual drug-loaded 
(M3) micelles were approximately 100.00 ± 6.34 nm, 97.70 ± 4.39 nm, and 89.86 ± 4.77 nm, respect
ively, with narrow size distributions. In vitro cytotoxicity assays demonstrated that the dual-loaded 
micelles (M3) exhibited significantly higher selective toxicity against SAOS-2 osteosarcoma cells 
compared to free drugs, while maintaining low toxicity toward healthy HUVEC endothelial cells. 
Cellular uptake studies confirmed enhanced internalization of the bone-targeted nanocarriers by 
SAOS-2 cells. These findings highlight the potential of this novel polymeric system to improve 
therapeutic outcomes by effectively targeting bone tumor cells and minimizing side effects 
through controlled and selective drug delivery.
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1. Introduction

Osteosarcoma (OS) is a primary malignant tumor of the bone 
that occurs in children and the elderly, with a slightly higher 
incidence in men.[1] Increasing survival rates has been chal
lenging as OS is an aggressive cancer with unknown molecular 
pathways of both etiology and pathophysiology. The prevail
ing therapeutic modality constitutes a multifaceted, multidis
ciplinary regime encompassing radiotherapy, chemotherapy, 
surgical intervention, and subsequent adjuvant chemotherapy. 

Treatment strategies mostly involve surgical removal of the 
tumor at some point, supported by adjuvant or neoadjuvant 
chemotherapy.[2] Currently, with limited chemotherapy, the 
long-term survival rate for a newly diagnosed resectable OS 
patient is 60-70%, which has remained largely unchanged 
over the past decades. The chemotherapy regimens include 
various combinations of doxorubicin (Dox), high-dose 
methotrexate, cisplatin, and ifosfamide.[3,4] However, these 
treatments have severe side effects because most of the drugs 
have only a limited selectivity for malignant tissue. 
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Consequently, the primary goal of OS therapy is currently to 
treat malignant cells specifically without damaging healthy tis
sue. Alendronate sodium is a member of the bisphosphonate 
class of drugs, which have an inhibitory effect on bone resorp
tion by osteoclasts. It binds to the surface of the bone and has 
a high affinity for the hydroxyapatite (HA) crystals of the 
bone matrix. It is mainly used in the pharmacotherapy of 
bone diseases such as osteoporosis, Paget’s disease, and bone 
cancer, making it a potential bone-targeting molecule.[5,6] A 
unique treatment for OS is represented by the coupling of the 
chemotherapeutic agents with targeting ligands, whereby the 
aforementioned challenges can be overcome by active 
targeting.

Bone-targeted drug delivery systems are designed to 
achieve better drug distribution than conventional pharmaco
therapy, which faces bone tissue barriers such as poor perme
ability and bone remodeling that limit local drug 
accumulation.[7,8] In recent years, the controlled delivery of 
therapeutics to bone tissue with specific bone-targeting 
ligands has attracted increasing attention for the treatment of 
bone-related diseases as an effective strategy to improve effi
cacy with reduced side effects. Ligands such as bisphospho
nates, oligopeptides, and aptamers have been conjugated 
to the surface of drug-loaded nanomedicines, resulting in 
improved targeting.[9–14] Among various bone-targeting 
ligands, bisphosphonates are promising materials compared 
to small molecules and peptides, mainly due to the ease of 
large-scale preparation and the high molecular weight prop
erty to serve as independent drug carriers.[15–18] In controlled 
drug delivery systems, the use of polymers is particularly 
advantageous. Synthetic polymer structures are generally pre
ferred and they are more useful than biological polymers 
because of the design of the carrier system and the availability 
of modifications to its physicochemical properties. Synthetic 
polymeric drug delivery systems (PDDS) can be designed to 
be activated in the target tissue, have long term stability in the 
blood circulation, have low toxicity and immunogenicity and 
protect drugs from degradation. In a PDDS, the active mol
ecule can be entrapped in the polymer, encapsulated in it or 
simply conjugated to it. Stimuli-responsive PDDS are often 
preferred because they can provide controlled drug release at 
the desired site, time, and concentration. Acidic environments 
(pH 6.5–7.2), which are known to be specific for the tumor 
microenvironment, or enhanced enzymatic activations are 
used to ensure target-specific release of the carrier system, 
especially when designing for the tumor region. For this rea
son, many pH-sensitive DDS structures have been designed to 
have covalent bonds between the drug and polymeric back
bone which degrade under acidic conditions.[19–21] 

Investigations for bone-targeting PDDS have demonstrated 
that polymer composition plays a critical role in enhancing 
bone affinity, primarily through multiple secondary interac
tions with bone tissue components, including inorganic min
erals, organic matrix proteins, and resident cells. Drawing 
from these insights, we hypothesized that incorporating poly
bisphosphonate segments into the polymer backbone could 
facilitate a range of such interactions within the complex bone 

microenvironment, thereby improving targeting efficiency 
and therapeutic efficacy.

Taking advantage of bond cleavage under mildly acidic 
conditions, pH-responsive amphiphilic polymeric micelles 
serve as effective drug delivery systems by promoting targeted 
drug release within the tumor microenvironment, thereby 
enhancing accumulation at the disease site and minimizing 
systemic side effects. In this study, we report the successful 
synthesis of pH-responsive polymeric micelles functionalized 
either through covalent immobilization of Dox or encapsula
tion of alendronate (Aln). Their in vitro therapeutic efficacy 
was systematically evaluated against OS cell lines, demonstrat
ing promising potential for targeted cancer therapy. The 
amphiphilic triblock copolymer P(BPMA-b-OEGMEMA-b- 
FPMA) was successfully synthesized via reversible addition– 
fragmentation chain transfer (RAFT) polymerization. The 
incorporation of 3-(bis(2-(diethylphosphoryl)ethyl)amino)
propyl methacrylate (BPMA) units into the copolymer back
bone provided a platform for the development of targeted 
DDS with enhanced tumor localization through dual synergis
tic therapy. Moreover, the incorporation of POEGMEMA 
units into the polymer chain increases the biocompatibility 
and prolongs blood circulation time of drugs. Following the 
successful synthesis, the triblock copolymer was loaded with 
Dox, Aln or both, resulting in self-assembled nanostructures 
categorized as mono-drug-loaded micelles—M1 (Dox only) 
and M2 (Aln only)—and dual-drug-loaded micelles, M3 
(DoxþAln). Comprehensive characterization of these nano
carriers included evaluation of their drug release profiles, 
bone-targeting capabilities, and physicochemical properties. 
Finally, in vitro assays were conducted to assess their thera
peutic efficacy against OS.

2. Materials and methods

All precursor molecule synthesis and nuclear magnetic res
onance (NMR) characterization were given in the supporting 
material (SI).

2.1. Synthesis of polymers

2.1.1. Synthesis of poly(3-(bis(2-(diethylphosphoryl)ethyl)a
mino)propyl methacrylate homopolymer via RAFT 
polymerization (P(BPMA), P1)

3-(Bis(2-(diethylphosphoryl)ethyl)amino)propyl methacrylate 
(BPMA) (0.73 g, 1.55 mmol) was placed in a small vial and 
dissolved in 2.20 mL of toluene. 4-cyano-4-(phenylcarbono
thioylthio)pentanoic acid (CPADB, 9.20 mg, 0.31 mmol) and 
the initiator azobisisobutyronitrile (AIBN, 0.50 mg, 
3.09 lmol) were then added to the vial, which was quickly 
closed. The reaction mixture was purged with nitrogen for 
30 min at 0 �C to remove oxygen, followed by polymeriza
tion at 70 �C for 14.5 h. The reaction was quenched by 
immersing the vial in an ice bath for 5 min and subse
quently exposing the system to air. The reaction mixture 
was evaporated using a rotary evaporator, dissolved in tetra
hydrofuran and then precipitated twice in diethyl ether. 
Homopolymer was dried in a vacuum oven overnight. The 
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products were characterized by gel permeation chromatog
raphy (GPC) and proton NMR (1H-NMR) spectroscopy.[22]

2.1.2. Synthesis of P(BPMA-b-OEGMEMA) diblock copoly
mer via RAFT polymerization (P2)

P(BPMA) homopolymer (0.3 g, 27.03 lmol, Mn,NMR¼

11.10 kDa) as a macro-RAFT agent was taken into a small vial 
and dissolved with 1.92 mL of toluene. Poly(oligo(ethylene 
glycol) methacrylate) (POEGMEMA) (Mn¼ 300) (0.97 g, 
3.24 mmol) and AIBN (0.55 mg, 3.38 lmol) were added to the 
vial, which was then quickly closed. The reaction mixture was 
degassed by purging with nitrogen for 30 min at 0 �C. 
Polymerization was then conducted at 70 �C for 8 h. The reac
tion was quenched by immersing the vial in an ice bath for 
5 min, followed by exposure to air. The resulting mixture was 
subsequently precipitated twice into cold diethyl ether to pur
ify the polymer. It was dried in a vacuum oven overnight. The 
products were characterized by GPC and 1H-NMR 
spectroscopy.[23]

2.1.3. Synthesis of P(BPMA-b-OEGMEMA-b-FPMA) triblock 
polymer (P3)

P(BPMA-b-OEGMEMA) diblock copolymer (0.3 g, 7.30 lmol, 
Mn,NMR¼ 41.10 kDa) as a macro-RAFT agent was taken into 
a small vial and dissolved with 1.64 mL of toluene. 
2-(4-Formylphenoxy)ethyl methacrylate (FPMA, 0.205 g, 
0.88 mmol) and AIBN (0.18 mg, 1.09 lmol) were added to the 
vial, which was then quickly closed. The reaction mixture was 
purged with nitrogen for 40 min at 0 �C. The polymerization 
was carried out in bulk at 70 �C for 6 h. The reaction was ter
minated by placing the vial into an ice bath for 5 min and 
introducing air. The mixture was precipitated twice in cold 
diethyl ether. It was dried in a vacuum oven overnight. The 
products were characterized by GPC and 1H-NMR 
spectroscopy.[24]

2.1.4. Deprotection of P(BPMA-b-OEGMEMA-b- FPMA) tri
block polymer (P4)

For hydrolysis of triblock P(BPMA-b-OEGMEMA-b-FPMA) 
copolymer (0.10 g, 1.53 lmol, Mn,NMR¼ 65.20 kDa) was 
added in a flame dried, round bottom flask with a stir bar 
and dissolved with 10 mL anhydrous dichloromethane. 
Trimethylsilyl chloride (TMSCl, 2.5 mL, 0.19 mmol) was 
slowly added to the flask and the reaction took place at 
room temperature for 15 h. After that,methanol was added 
to the flask to terminate the reaction process and the reac
tion mixture was stirred for 20 h at room temperature. At 
the end of the 20 h solvent was evaporated in a rotary evap
orator, the polymer was dissolved with THF and precipitated 
to diethyl ether. The copolymer was filtered and dried under 
a vacuum oven overnight. The products were characterized 
by GPC and 1H-NMR spectroscopy.[25]

2.1.5. Synthesis of polymeric micelles
The dissolution of the triblock copolymer (10 mg, 0.16 lmol, 
Mn,NMR¼ 61.50 kDa) in DMSO (1 mL) was followed by the 

addition of Dox hydrochloride (30 eq) in the presence of trie
thylamine (30 eq). The vial was wrapped in aluminum foil 
and left to mix overnight. The drug-loaded polymer was first 
dialyzed against water to remove the DMSO and unconju
gated drug and then lyophilized. The Dox conjugation 
efficiency was determined using 1H-NMR. To obtain a Dox- 
loaded micellar structure (M1), the Dox-loaded triblock 
copolymer (5 mg) was dissolved in DMSO (1 mL) and added 
dropwise using a syringe pump at 20-second intervals for 
15 min to ultra-pure water (4 mL), achieving a final concen
tration of 1 mg/mL. Dialysis was performed quickly to remove 
the DMSO. The empty micelles (M0) were prepared in a simi
lar way using the P(BPMA-b-OEGMEMA-b-FPMA)-hyd (P4) 
polymer. To prepare Aln-loaded micelles, Aln (4 mg) was 
mixed with either 5 mg of P4 (M2) or P4-Dox (M3) in DMSO 
(1 mL), and the same procedure was followed. The Dox 
loaded samples were measured in UV–vis spectrophotometer 
directly after harvesting, Aln-loaded samples were treated 
with ferric chloride in perchloric acid solution before UV-vis 
measurement according to reference literature.[26] The drug 
loading efficiency and capacity for Aln was determined using 
UV–vis analysis. Drug loading capacity (LC) and encapsula
tion efficiency (EE) were calculated based on established 
methods reported in the literature.[22] Moreover, micelle for
mulations were characterized by dynamic light scattering 
(DLS) and transmission electron microscopy (TEM).

2.1.6. Drug release
Drug release rate experiment was performed in two different 
pH buffer solutions (pH ¼ 5.5 and pH ¼ 7.4). Dox only (M1) 
or dual drug-loaded micelles (M3) were placed into dialysis 
bags (MWCO 3.5 kDa). Micelles were dialyzed against 15 mL 
of phosphate-buffered saline (PBS) in the thermo-controlled 
shaker with a stirring speed of 120 rpm at 37 �C. At predeter
mined time points, including 1, 2, 4, 6, 10, 24, 36, 48, 56, 72, 
and 80 h, the amount of Dox released from either M1 or M3 
was measured using UV-vis absorbance at 500 nm. The fol
lowing relationships were used to calculate the cumulative 
drug release: At represents the amount of drug released from 
either M1 or M3 at time t, and A0 represents the amount of 
drug loaded into M1 or M3.[24]

2.1.7. Critical micelle concentration (CMC)
DLS analysis was used to determine the CMC values of M3. 
Briefly, 15 different concentrations of micellar solution were 
prepared, ranging from 800 to 0.8 mg/mL. Measurements 
were repeated 5 times to ensure reproducibility. For each 
sample, correlation functions and photon counts per second 
(derived count rate, expressed in kcps) were collected with
out accounting for laser power attenuation. These values 
were plotted against concentrations, and the intersection of 
the two lines formed by these values gave the CMC.[27]

2.1.8. Micelle stability in serum
Serum stability of the dual drug-loaded micelle M3 was eval
uated using a one-week stability assay, with particle size 
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monitored by DLS as described in Liu et al.[28] Initially, the 
micelles were prepared freshly in distilled water at a concen
tration of 1 mg/mL. An equal volume of DMEM containing 
10% FBS was then added to the micelle solution, resulting 
in a final micelle concentration of 0.5 mg/mL. The mixture 
was then divided into two separate vials, one of which was 
incubated in a 37 �C orbital shaker and the other stored at 
4 �C. Particle size measurements were performed at regular 
intervals over a period of seven days to assess micelle stabil
ity under both conditions.

2.1.9. Bone binding assay
Bone targeting properties of protected polymeric micelle, M1 
and M3 were estimated by a HA binding assay in vitro while 
comparing the effect of BPMA backbone of polymer and 
Aln agent using the Dox as a fluorescence marker. Dox- 
loaded P3 polymer was used as a positive control. Micelles 
were used with equal quantities (7.6 mg/mL) of Dox content. 
Then samples with powdered HA (63 mg) as a representa
tion of bone matrix were vortexed for 5 min and then incu
bated, with 3 mL of PBS (pH 7.4) at 37 �C in a 15 mL falcon 
tube. Control groups were also prepared with the same con
ditions except the presence of HA powder. Then, the incu
bated samples were centrifuged for 5 min and supernatant 
(1 mL) was harvested after 0, 5, 15, 30, 45 and 60 min, 
respectively. Unbound Dox loaded micelles were detected 
using a UV-vis spectrometer in the range between 495 and 
505 nm wavelengths. The degree of HA binding, expressed 
as percent binding, was determined as the mean of three 
independent experiments using the following formula: 
[(Dox-loaded micelles concentration without HA)-(Dox- 
loaded micelles concentration with HA)]/(Dox-loaded 
micelles concentration without HA)x 100%.[29]

2.2. In vitro assays

2.2.1. Cell viability assay
To determine the cytotoxicity of the nanocarriers, (3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay was performed with 10 different concentrations 
(100-0.2 lg/mL) for M0, M1, M2, M3, free Dox and free Aln 
on human endothelial cell line (HUVEC) and human OS 
cell line (SAOS-2). Briefly, 5� 103 cells/well were seeded 
into a 96-well plate with a growth medium. After overnight 
incubation, the cells were treated with increasing doses of 
samples for 24 h. At the end of the time point, 10 lL of 
MTT solution was added into the wells. After 3 h incuba
tion, the medium was discarded, 100 lL of DMSO was 
added and A540 values were recorded using a microplate 
reader. All the experiments were carried out in triplicates, 
and the results were presented as mean ± standard deviation 
(SD).[22,30] The half-maximal inhibitory concentration (IC50) 
values were calculated using non-linear regression analysis 
in GraphPad Prism version 10 (GraphPad Software, USA) 
based on cell viability data obtained from MTT assay.[31]

2.2.2. Cellular internalization assay
Fluorescence microscopy was used to evaluate the intracellu
lar uptake properties of nanocarriers in HUVEC and SAOS- 
2 cells. Briefly, 2� 105 cells were seeded into a 12-well plate 
with the growth medium. After allowing cells overnight 
incubation for adhering, cells were treated with 20 lg/mL 
M1, M3 (samples contains 0.44 lg/mL Dox and M3 contains 
1.1 lg/mL Aln) and 0.44 lg/mL free Dox for 6 and 12 h. 
Cells treated with only growth media were used as a control. 
At the end of time points, growth medium, including sam
ples was discarded, cells were washed with 1X PBS and 
stained with diamidino-2-phenylindole (DAPI) for visualiza
tion of cell nuclei. The total fluorescence intensity calcula
tion was described in previous studies.[32,33]

2.2.3. Scratch assay
Scratch assay was performed to evaluate the migratory cap
acity of HUVEC and SAOS-2 cells after free Dox, M1 and 
M3 treatments with equal doses used in cellular internaliza
tion assay. For this purpose, cells were seeded into 24 well 
plates and incubated at 37 �C and 5% CO2. Once cells were 
confluent, a sterile 200 mL pipette tip was used to make a 
straight scratch and wells were washed with PBS. Low serum 
medium containing samples were added into each well and 
imaged at 0 h taken immediately using an inverted micro
scope. After incubating for 6 h and 12 h, images were taken 
at the time points and wound closure was quantified by 
measuring the scratch area for each time point using ImageJ 
software, as previously reported.[34]

2.2.4. Statistical analysis
Statistical analyses and data visualization were conducted 
using GraphPad Prism (v10.5.0). One-way ANOVA with 
Tukey’s post-hoc test was applied for multiple group compari
sons, while Student’s t-test was used for two-group analyses. 
Results are expressed as mean ± standard deviation (SD), with 
statistical significance defined as �p< 0.05, ��p< 0.01, 
���p< 0.001, ����p< 0.0001.

3. Results and discussion

This study presents a design for an amphiphilic polymeric 
nanocarrier system that is co-loaded with Dox and Aln 
for use in dual drug delivery applications targeting OS 
(Scheme 1). A series of precursor compounds were first syn
thesized to construct the amphiphilic triblock copolymer 
(see SI, Figures S1 and S2). The triblock copolymer was 
then prepared via a three-step, sequential, RAFT polymer
ization process. Initially, the CPADB RAFT agent was 
employed to synthesize a PBPMA homopolymer, which sub
sequently served as a macro-RAFT agent for the polymeriza
tion of the hydrophilic POEGMEMA block, followed by the 
incorporation of the functional FPMA block. This well- 
controlled polymerization strategy enabled the precise archi
tecture and functionality that are essential for efficient dual 
drug loading and targeted delivery.
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A summary of all polymerization steps and correspond
ing characterization methods is provided in Table 1. GPC 
analysis was performed to confirm the successful incorpor
ation of each monomer and to reflect changes in compos
ition with increasing molecular weight. GPC analyses were 
conducted in tetrahydrofuran (THF) for P1 and P2, and in 
dimethylformamide (DMF) for P3 and P4. The results indi
cated that all polymers exhibited monomodal molecular 
weight distributions with low polydispersity indices 
(-D< 1.3), suggesting well-controlled polymerizations and 
uniform chain growth.

The molecular weight and composition of the amphi
philic triblock P(BPMA-b-OEGMEMA-b-FPMA) polymer 
and its precursor polymers were also determined by 1H- 
NMR. Figure 1(a) shows the 1H-NMR spectrum of the 
P(BPMA) homopolymer. The characteristic peaks at 4.17– 
3.87 ppm (signals a and d), 2.78 ppm (signal c), and 
2.49 ppm (signal b) are attributed to the –O–CH2 and 
–NCH2– protons of the BPMA backbone. The degree of 
polymerization (DP) of P(BPMA) was calculated to be 23, 
based on the integration ratio of the RAFT agent’s terminal 
phenyl protons (ph) to the backbone protons (a and d). 
This result was further corroborated by the integration ratio 
of the –NCH2– protons (b and c), which are associated with 
the BPMA units. DP of the POEGMEMA block in the 
diblock copolymer was calculated by comparing the integra
tion of the –NCH2– protons (signals b and c) from the 
BPMA segment with the integration of the –OCH3 protons 
(signal f) of the OEGMEMA segment, yielding a DP value 
of 100. The DP of the PFPMA block in the triblock copoly
mer was determined by comparing the integration of the 
BPMA backbone protons (signals b and c) with that of the 
–COH proton (signal h) and the aromatic ring protons of 
the FPMA segment. Based on these integration ratios, the 
DP of the FPMA block was calculated to be 103.

The triblock copolymer was subjected to hydrolysis using 
trimethylsilyl chloride (TMSCl) and methanol to selectively 
remove the ethyl protecting groups from the bis(diethyl
phosphonate) moieties of the BPMA units, thereby generat
ing bisphosphonic acid functionalities along the polymer 
backbone. The success of the deprotection reaction was con
firmed by both 1H-NMR spectroscopy and FTIR spectros
copy. As shown in Figure 1(a), 1H-NMR analysis revealed 
quantitative removal of the ethyl groups, as evidenced by 
the disappearance of characteristic signals corresponding to 
the methyl (1.34 ppm) and methylene (4.09 ppm) protons of 
the bis(diethylphosphonate) groups. Importantly, this trans
formation occurred without cleavage of the ester linkages 
between the polymer backbone and the pendant groups, 
indicating that the hydrolysis was highly selective and did 
not compromise the structural integrity of the polymer. 
Furthermore, the reduced intensity of the aforementioned 
peaks relative to the resonances at 3.60 ppm (OEGMEMA), 
6.96 ppm (FPMA aromatic protons), and 2.64 ppm (–NCH2– 
protons, signal c) further supported the complete and effi
cient deprotection of the phosphonate esters with minimal 
loss of functional side groups or polymer degradation.

Following the controlled synthesis and hydrolysis of the 
triblock copolymer, Dox was covalently conjugated via the 
formation of an imine bond between the aldehyde group of 
the FPMA units and the primary amine of Dox. Successful 
conjugation was confirmed by 1H NMR spectroscopy, as 
evidenced by the appearance of distinct peaks corresponding 
to the aromatic –OH protons of Dox at 14.05 and 
13.25 ppm, alongside a notable decrease in the intensity of 
the aldehyde proton signal (i) of FPMA at 9.74 ppm (Figure 
1(b)). The degree of Dox conjugation was quantitatively 
assessed by comparing the integral values of the four 
–NCH2– protons (c) from the BPMA repeating units at 
2.64 ppm with the two aromatic protons (g) from the FPMA 
units at 6.98 ppm. The reduction in the aldehyde proton 

Scheme 1. Preparation of dual drug-loaded polymeric nanocarrier with bone-targeting capability and schematic diagram of its synergistic therapeutic effect on 
osteosarcoma.

1242 I. MUTLU ET AL.



Figure 1.  a) 1H-NMR spectra and GPC chromatograms of P1-P4 polymers, b) 1H NMR spectrum of P4 polymer after Dox loading (P4-Dox), c) FTIR spectra of P1-P4 
polymers.
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resonance at 9.74 ppm and the emergence of the Dox –OH 
signals at 13.26 and 14.05 ppm confirmed the formation of 
the imine linkage. Based on integration analysis, approxi
mately 25 Dox molecules were conjugated to the triblock 
copolymer chain. Drug conjugation was carried out by load
ing a maximum of 30 units of Dox onto the triblock poly
mer, and Dox conjugation efficiency was 83.3% according to 
these results.

The FTIR spectra presented in Figure 1(c) exhibited char
acteristic absorption bands and incorporation of targeted 
molecules into polymer networks was confirmed by the 
presence of key spectral features in all spectra. The P1 spec
trum exhibits the characteristic C¼O carbonyl band at 
1723 cm−1, along with P¼O and P–O–C stretching vibra
tions observed between 1000 and 1250 cm−1.[36] 

Subsequently, the intensity of the C¼O band at 1723 cm−1 

increases in P2, indicating the successful incorporation of 
the POEGMEMA block. The presence of the C¼O band of 
the aldehyde group at 1686 cm−1, the aromatic C¼C stretch
ing vibrations of the benzene ring of FPMA at 1509 and 
1600 cm−1, and the H–CO stretching vibrations at 2869 and 
2730 cm−1 in the P3 spectrum all confirm that the targeted 
monomer unit has been successfully incorporated into the 
polymer network.[37] Following the conjugation of Dox to 
P4, the intensity of the aldehyde band at 1600 cm−1 

decreases in the P4-Dox spectrum. The broad absorption 
band between 3100 and 3600 cm−1, which is attributed to 
the aromatic OH groups of Dox, also confirms successful 
conjugation.

3.1. Micelle formation

A pH responsive polymeric nanomicelle system containing 
Dox and/or Aln was simply prepared by nanoprecipitation 
methods in aqueous solution. From DLS measurements, it 
was possible to conclude that micelle size (M0) without 
drugs increased from about 48.9 ± 7.42 to around 
100.00 ± 6.34, 97.70 ± 4.39, and 89.86 ± 4.77 for M1 (Dox- 
loaded), M2 (Aln-loaded), and M3 (dual drug-loaded), 
respectively (Table 2, Figure 2(a)). DLS result is in agree
ment with TEM images, demonstrating the micelles with 
uniform morphology and size diameters ranging between 85 
and 95 nm (Figure 2(a)). The presence of bisphosphonic 
acid groups on the shells of the micelles gives them a nega
tive charge, as indicated by zeta (f) potential values of 
−15.22 ± 1.32, −8.79 ± 0.17, −9.58 ± 0.39, and 
−9.27 ± 1.37 mV, as determined by DLS measurements for 
M0, M1, M2, and M3, respectively. Notably, the close simi
larity in micelle sizes across the formulations (Table 2) is 
advantageous, as it facilitates reliable in vitro comparisons of 
their biological performance under consistent size- 
dependent conditions. Additionally, size and morphology of 
M1 and M3 micelles were characterized by TEM analysis 
(Figure 2(b)). The average particle size values obtained from 
the TEM analysis of M1 and M3 were found to be 
85.3 ± 13.9 and 120.8 ± 12.6, respectively, and the micelles 
appeared to be spherical-like in shape.

Dox amounts of the micelles were also determined by 
UV–vis spectroscopy by using the calibration curve created 
with known Dox amounts, with M1 and M3 maximum 
absorbance values (Figure 2(c)) to achieve this, the micelles 
were treated with a methanol solution to disassemble them. 
The Dox amounts of M1 and M3 were found as 20.7 lg/mL 
and 22.4 lg/mL. UV–vis analysis was also used to determine 
the Aln loading capacity (LC) and encapsulation efficiencies 
(EE). The Aln LC of M2 and M3 were calculated to be 
13.7.0% and 12.8%, based on the calibration curve created 
using known quantities of the Aln–FeCl3 complex (Figure 
S3), with maximum absorbance values of FeCl3 and Aln at 
around 280 nm for M2 and M3. Also, according to the 
results EE were calculated to be 68.8% and 64.4% for M2 
and M3, respectively (Figure 2(d)).

3.2. Drug release

To evaluate the pH-responsive drug release behavior, dialysis 
experiments were conducted containing Dox-loaded micelles 
(M1 and M3) immersed in PBS at two different pH values; 
7.4 (physiological) and 5.5 (tumor-mimicking acidic condi
tions). At pH 7.4, the cumulative Dox release over 24 h was 
limited to 28% for M1 and 33% for M3. After 80 h, the 
release slightly increased to 34% and 38%, respectively, indi
cating minimal drug release under physiological conditions. 
These results suggest that the imine linkage between Dox 
and the FPMA units remained largely intact at neutral pH, 
consistent with the known stability of imine bonds under 
such conditions (Figure 2(e)). In contrast, at pH 5.5—mim
icking the acidic tumor microenvironment—the imine bonds 
underwent accelerated hydrolysis, leading to a markedly 
faster release of Dox. Within the first 24 h, the cumulative 
release reached 71% and 67% for M1 and M3, respectively. 
By the end of 80 h, nearly complete drug release was 
achieved, with 93–98% of the conjugated Dox released under 
acidic conditions. These findings confirm the pH-responsive 
nature of the micellar system, making it a promising plat
form for selective drug release in tumor environments. Drug 
release mechanisms based on pH-sensitive bonds have been 
widely explored in recent studies. Ye et al. developed a 
micelle-based dual drug delivery system for bone cancer 
treatment, incorporating the bone-targeting agent alendro
nate and the chemotherapeutic drug Dox within a polymeric 
backbone.[38] The nanosystem demonstrated desirable physi
cochemical properties, effective in vitro cytotoxicity, and sig
nificant in vivo antitumor activity. Importantly, drug release 
from the micelles was pH-responsive, with reduced systemic 
toxicity compared to the free drug. Similarly, Abdelmoneem 
et al. designed Aln-functionalized porous silicon nanopar
ticles that exhibited sustained and pH-dependent Dox 
release. Their system showed significantly enhanced drug 
release under acidic conditions, supporting the rationale for 
using pH-sensitive nanocarriers in OS therapy and high
lighting the role of the tumor microenvironment in trigger
ing intracellular drug release.[39] Likewise, Zhou et al. 
reported imine-linked polymeric micelles that released Dox 
rapidly and selectively under mildly acidic conditions. These 
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Table 1. Polymerization conditions and molecular weight characteristics of amphiphilic triblock copolymer and its precursor polymers.

Code Polymer [M]:[RAFT]:[I] Time (h) Conv.a (%) Mn,GPC (kDa) -D
Mn,NMR 

(kDa)

P1 P(BPMA) [50]:[1]:[0.10] 8 46 13.98b 1.08 11.10
P2 P(BPMA-b-OEGMEMA) [120]:[1]:[0.12] 14.5 83 16.90b 1.10 41.10
P3 P(BPMA-b-OEGMEMA-b-FPMA) [120]:[1]:[0.15] 16 86 53.80c 1.23 65.20
P4 P(BPMA-b-OEGMEMA-b-FPMA)-hyd – – 50.10c 1.28 61.50
aConversion was determined by 1H NMR spectroscopy.[35] Number-average molecular weight (Mn) and polydispersity index (-D) were obtained from bTHF GPC 

and cDMF GPC-MALS analyses, respectively.

Figure 2.  a) Size distribution of micelle formulations determined by DLS analysis, b) TEM images of M1 and M3, scale bar: 200 nm c) UV–vis spectra of 45 lg/mL of 
M1, M3 and 12 lg/mL Dox, d) UV-vis spectra of FeCl3 derivatives of 200 lg/mL M2, M3 and 100 lg/mL Aln. e) Cumulative drug release profile of M1 and M3 at pH 
7.4 and pH 5.5, f) Critical micelle concentration, and g) Serum stability of M3 determined by DLS analysis, h) Bone binding efficiency of M1 and M3 micelles.
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micelles remained stable at physiological pH but enabled 
efficient intracellular drug release in tumor-like environ
ments, emphasizing the potential of dynamic imine chemis
try as a pH-responsive trigger.[40]

3.3. Critical micelle concentration (CMC)

Determining the CMC of micelles, a value that indicates 
micelle stability, is important in biological applications. 
Figure 2(f) shows the relationship between the concentration 
of the M3 micelle and its DLS intensity. Samples of M3 
were prepared at concentrations ranging from 
4.0� 10−4 mg/mL to 0.8 mg/mL. The intensity of scattered 
light, expressed in kilocounts per second (kcps), was 
recorded for each concentration. The CMC was identified as 
the intersection point of the extrapolated linear regions cor
responding to low and high concentration ranges on the 
kcps versus concentration plot. The slope changes above the 
critical concentration, resulting in a CMC value of 31 lg/ 
mL. Furthermore, the micelle size mean is 90.4 ± 1.7 above 
the CMC, but after CMC, the average size values decrease 
due to the disruption of micelle integrity. The determined 
CMC value indicates that M3 can maintain its stability after 
dilution in biological applications.

3.4. In vitro serum stability of dual drug-loaded 
polymeric micelles

Polymeric micelles are expected to maintain their structural 
integrity in the bloodstream in order to ensure the efficient 
delivery of drugs. To evaluate the in vitro serum stability of 
the dual drug-loaded M3 micelle formulation, a time- 
dependent stability study was conducted under physiologic
ally relevant conditions. It is known that micelles interact 
with serum components, which can lead to aggregation or 
disassembly due to protein adsorption and significantly 
impact the performance of the delivery system.[41] To this 
end, M3 micelles were incubated in DMEM supplemented 
with 10% FBS at two different temperatures: 4 �C and 37 �C. 
The initial hydrodynamic diameter of M3 at 37 �C was 
measured as 83.24 ± 2.88 nm using DLS. Over the course of 
seven days, only a minor increase in particle size was 
observed: 2.91 nm at 37 �C and 3.46 nm at 4 �C (Figure 
2(g)). These results indicate that M3 micelles demonstrate 
high colloidal stability in the presence of serum proteins, 
with minimal variation in particle size over time. The 
slightly greater stability observed at 37 �C compared to 4 �C 
may be due to temperature-dependent interactions between 
the micelles and serum components. Notably, the negligible 
size changes indicate an absence of significant protein 

adsorption or micelle disruption under both conditions. 
Dual drug-loaded M3 micelles demonstrated robust physico
chemical stability in serum-containing media, supporting 
their potential as biocompatible, stable nanocarriers for sys
temic drug delivery applications.

3.5. Bone binding assay

The selectivity of the nanocarriers toward target cells was 
evaluated using a HA binding assay (Figure 2(h)). The 
extent of nanocarrier binding to HA was monitored over 
60 min by measuring the UV absorbance of Dox, which had 
been conjugated to the polymer. This allowed the amount of 
HA-bound versus unbound nanocarriers to be quantified. 
As a control, Dox was conjugated to the unhydrolysed P3 
polymer, which formed less than 2% HA conjugate after 
60 min, demonstrating minimal nonspecific binding in the 
absence of bisphosphonic acid groups. By contrast, M1 and 
M3 micelles exhibited significant HA affinity, with 76.4% 
and 57.6% HA conjugation respectively at the end of the 
incubation period. The slightly reduced HA binding 
observed for M3 is likely due to competitive interactions 
between Aln molecules within the M3 micelles and the HA- 
binding linker groups present on the nanocarrier surface, 
which may partially hinder conjugate formation.[42] These 
findings confirm that the bisphosphonic acid moieties on 
the nanocarrier surface play a critical role in HA targeting 
by enhancing selective binding to bone-like mineral environ
ments that are relevant for OS therapy.[7]

3.6. In vitro assays

The cytotoxic effect of mono or dual drug-loaded micelles 
and free drugs was evaluated in the SAOS-2 OS cell line and 
as a healthy control HUVEC cell line. The effect of the 
micelles was evaluated by MTT assay after 24 h of incuba
tion. Compared to HUVEC, SAOS-2 cells were more sensi
tive to M3, while there were no cytotoxicity effects observed 
in all cells treated with M0 without drugs. Free Dox and 
free Aln had IC50 values of 46.85 ± 4.22 and 66.84 ± 3.37 lg/ 
mL for HUVEC, and 39.46 ± 5.08 and 54.09 ± 6.81 lg/mL for 
SAOS-2, respectively (Table S1). The IC50 value of Dox- 
loaded micelle M1 was found to be 212.1 lg/mL for 
HUVEC, while it was 21.9 lg/mL for SAOS-2. Both Aln and 
Dox dually loaded micelles M3 had the lowest IC50 values 
for SAOS-2 cells found to be 13.1 lg/mL. MTT assay results 
show that bone-targeted micelle formulations have greater 
cytotoxic effects on SAOS-2 OS cell line compared to 
HUVEC cell line (Figure 3).

When the selectivity indices (TD50/ED50) of the formula
tions were evaluated, it was found that the free drugs and 
blank micelle formulation showed no significant selectivity 
between the two cell lines (Table S1). By contrast, drug- 
loaded micelles, particularly M1 (Dox-loaded) and M3(dual 
drug-loaded), demonstrated markedly higher selectivity indi
ces, indicating enhanced preferential cytotoxicity toward 
cancer cells.[43] The combination index (CI) of the M3 
micelle was calculated using the IC50 values of the M3, M2, 

Table 2. Physicochemical characterization of micelles with their respective 
size, polydispersity index (-D), and zeta potential (f-potential) values.

Code Micelles
Size 
(nm) -D

f-potential 
(mV)

M0 P4 48.9 ± 7.42 0.384 −15.22 ± 1.32
M1 P4-Dox 100.00 ± 6.34 0.107 −8.79 ± 0.17
M2 P4-Aln 97.70 ± 4.39 0.330 −9.58 ± 0.39
M3 P4-Dox-Aln 89.86 ± 4.77 0.175 −9.27 ± 1.37
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and M1 micelles. Based on the IC50 data obtained from 
SAOS-2 cells, the CI value for M3 was found to be less than 
1, suggesting that the dual-drug-loaded micelle exhibits a 
synergistic cytotoxic effect.[44]

To assess the effects of the M1, M3, and free Dox on cell 
migration, scratch assay was performed on both cell lines 
(Figure 4(a and b)). In HUVEC cells, M1 and M3 treat
ments did not inhibit cell proliferation or migration, 

Figure 3. Cytotoxicity evaluation of free drugs and micelle formulations on HUVEC and SAOS-2 cells. Cell viability was assessed after 24 h treatment with ten differ
ent concentrations of M0, M1, M2, M3, free Dox and free Aln. Viability was determined by MTT assay and is expressed as a percentage relative to untreated controls 
(mean ± SD). (n¼ 3 independent experiments). Con.: concentration.

Figure 4. Evaluation of cell migration and cellular uptake following treatment with M1, M3, and Dox. (a, b) Representative phase-contrast images of scratch assays 
in HUVEC (a) and SAOS-2 (b) monolayers at 0 h, 6 h, and 12 h following treatment with M1, M3, Dox or untreated control (CTRL). The dotted lines indicate the 
wound margins. (c, d) Fluorescence microscopy images of HUVEC (c) and SAOS-2 (d) cells stained at 6 h and 12 h post-treatment (Nuclei: DAPI, blue. Intracellular 
Dox fluorescence: red). (e, g) Quantitative analysis of wound closure (%) for HUVEC (e) and SAOS-2 (g) cells, confirming that M1 and M3 did not significantly affect 
migration in normal endothelial cells but restrict migration in osteosarcoma cells. (f, h) Quantification of mean fluorescence intensity (MFI) in HUVEC (f) and SAOS-2 
(h) cells, showing preferential uptake of M3 and Dox in osteosarcoma cells, while uptake remained minimal in HUVECs. Data represent mean ± SD (n¼ 3 independ
ent experiments). Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test (�p< 0.05, ��p< 0.01, ���p< 0.001, ����p< 0.0001).
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indicating that the Dox-loaded nanocarriers did not exert a 
toxic effect on healthy cells and demonstrated better bio
compatibility. M1 and M3 treatments caused wound closure 
compared to free Dox, with M3 demonstrating the highest 
closure rate at both 6 h and 12 h (p< 0.0001 and p< 0.05, 
respectively) (Figure 4(e)). In SAOS-2 cells, both M1 and 
M3 treatments significantly suppressed wound closure com
pared to control. In contrast to free Dox, M3 significantly 
suppressed migration of cells at 6 h and 12 h (p< 0.001 and 
p< 0.0001, respectively), highlighting its potent cytotoxicity 
(Figure 4(g)). It was also demonstrated that M3 exhibited 
stronger inhibition than M1, indicating the synergistic and 
targeted effects of alendronate and Dox in reducing OS cell 
migration. These results highlight the potential of M3 to 
selectively suppress tumor cell migration without compro
mising the viability of normal cells, aligning with the 
intended bone-targeted antitumor strategy.

To evaluate the uptake efficiency of the nanocarriers, 
fluorescence microscopy was performed using the intrinsic 
fluorescence of Dox. In HUVEC cells (Figure 4(c)), relatively 
low levels of fluorescence intensities were observed in M1, 
M3, and Dox groups at both 6 h and 12 h, as confirmed by 
quantitative MFI data (Figure 4(f)). M1 exhibited signifi
cantly lower uptake at 12 h compared to the M3 and Dox, 
suggesting minimal interaction or internalization of the 
Dox-loaded nanocarriers by HUVEC. This limited uptake is 
favorable, indicating a reduced risk of off-target toxicity in 
normal cells. In contrast, SAOS-2 OS cells demonstrated 
higher fluorescence intensities, especially in the M3-treated 
group (Figure 4(d)). Quantitative analysis revealed that M3 
significantly enhanced cellular uptake at both 6 h and 12 h 
compared to M1 and free Dox (p< 0.001 and p< 0.0001, 
respectively) (Figure 4(h)). These results suggested that M3 
provides superior internalization in OS cells, due to Aln’s 
bone-targeting properties and its affinity for HA-enriched 
tumor environments.[45] The increased uptake correlates 
with the stronger inhibitory effects on SAOS-2 migration 
observed in the scratch assay. This further supports the val
idity of M3 as a targeted drug delivery strategy with selective 
cytotoxicity toward OS cells.

4. Conclusions

This study successfully developed a bone-targeted, pH-sensi
tive, triblock copolymer-based nanocarrier system for the 
dual delivery of Dox and Aln, to improve therapeutic out
comes in the treatment of OS. All the nanocarriers exhibited 
similar sizes and surface charges according to DLS and TEM 
analyses. This study demonstrated that polymeric nanocar
riers can be densely conjugated with Dox, resulting in the 
efficient and sustained release of therapeutic drugs. The syn
thesized micelles exhibited favorable physicochemical prop
erties, including a nanoscale size, monodispersity and 
colloidal stability, as confirmed by DLS analysis. Of the vari
ous formulations, dual-loaded micelles (M3) exhibited the 
most potent anti-cancer activity against SAOS-2 cells, dem
onstrating significantly enhanced cytotoxicity while main
taining excellent biocompatibility with non-cancerous 

HUVEC cells. Furthermore, fluorescence imaging confirmed 
the efficient uptake of the micelles by OS cells, thus validat
ing the bone-targeting capability of the designed system. 
These findings highlight the potential of this smart nanocar
rier platform for selectively targeting bone tissue, achieving 
site-specific drug delivery, and enhancing therapeutic out
comes synergistically in the treatment of OS, while reducing 
off-target effects and systemic toxicity. These findings sug
gest that the proposed dual-drug nanocarrier system may 
serve as a promising candidate for future preclinical studies 
in bone cancer therapy.
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