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Multiple myeloma (MM) is the second most prevalent hematological malignancy. Current MM treatment
strategies are hampered by systemic toxicity and suboptimal therapeutic efficacy. This study addressed
these limitations through the development of a potent MM-targeting chemotherapy strategy, which capi-
talized on the high binding affinity of alendronate for hydroxyapatite in the bone matrix and the homolo-
gous targeting of myeloma cell membranes, termed T-PB@M. The results from our investigations
highlight the considerable bone affinity of T-PB@M, both in vitro and in vivo. Additionally, this material
demonstrated a capability for drug release triggered by low pH conditions. Moreover, T-PB@M induced
the generation of reactive oxygen species and triggered cell apoptosis through the poly(ADP-ribose) poly-
merase 1 (PARP1)–Caspase-3–B-cell lymphoma-2 (Bcl-2) pathway in MM cells. Notably, T-PB@M prefer-
entially targeted bone-involved sites, thereby circumventing systemic toxic side effects and leading to
prolonged survival of MM orthotopic mice. Therefore, this designed target-MM nanocarrier presents a
promising and potentially effective platform for the precise treatment of MM.

� 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Multiple myeloma (MM) is a prevalent hematological malig-
nancy affecting adults and is the second most frequently diagnosed
form of such cancers globally [1–3]. The disease manifests through
the aberrant conversion and unregulated clonal expansion of
malignant plasma cells in the bone marrow. These excessively pro-
liferative malignant plasma cells can outpace normal plasma cells,
which leads to the disruption of bone integrity and suppression of
hematopoiesis [4,5]. Progressive symptoms include bone pain, ane-
mia, renal dysfunction, and susceptibility to infections [6,7]. In
addition, complications, such as amyloidosis may arise [8,9]. Con-
sequently, patients with MM are rarely curable, which has led to
a notable rise in mortality rates and a significant deterioration in
patients’ quality of life.

Current approaches in the clinical management of MM include
autologous stem cell transplant and immunotherapy [10,11]. How-
ever, chemotherapy has retained its significance because of its
indispensability in combination with novel treatments. Borte-
zomib (BTZ), the pioneering proteasome inhibitor approved for
clinical use, stands as a first-line therapy for MM [12,13]. BTZ exhi-
bits selective binding to the active site of the proteasome, thereby
impeding its function. Consequently, the normal metabolic pro-
cesses and protein degradation within cancer cells are compro-
mised, culminating in cancer cell apoptosis [14,15]. Furthermore,
BTZ also modulates various signaling pathways, including nuclear
factor kappa B (NF-jB), phosphoinositide-3-kinase(PI3K)/protein
kinase B (Akt) signaling pathway, and Janus kinase(JAK)/signal
transducer and activator of transcription (STAT) pathways, thereby
exerting influence over cancer cell proliferation, metastasis, drug
resistance, and other biological behaviors [16–18]. Despite its abil-
ity to induce durable remission and extend overall survival, BTZ
es with
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still falls short of providing a cure for patients with MM. The pri-
mary obstacle lies in the challenge of delivering a therapeutically
effective quantity of BTZ to the principal site of MM, thereby
impeding the eradication of MM cells residing within the bone
marrow. Moreover, clinical application of highly toxic BTZ is
accompanied by several toxic side effects, including peripheral
neuropathy, leukopenia, potential agranulocytosis, and severe
organ damage [19,20]. Consequently, the ability to innovate and
create a novel targeted drug delivery system capable of promoting
optimal drug transport to the bone marrow, selectively targeting
MM cells, and mitigating adverse effects is urgently needed.

To optimize the therapeutic efficacy of BTZ while minimizing its
systemic toxicity, diverse strategies have been employed. These
include the development of polymer-drug conjugates or the utiliza-
tion of various carrier systems, such as micelles, liposomes, and
nanoparticles [21–24]. Advanced delivery systems for BTZ often
capitalize on environmentally triggered mechanisms, such as
exploiting the slightly lower extracellular pH in tumor tissue com-
pared with normal tissue, which enables precise pH-triggered drug
release at the tumor site. The heightened acidity within subcellular
compartments, notably the endosome, provides an additional ave-
nue to enhance the efficacy of anticancer drug delivery through pH-
initiated release from endocytosed drug carriers [25]. Thus,
nanoformulations of BTZ have demonstrated improved efficacy
and reduced side effects in the treatment of solid tumors. Neverthe-
less, in the context of hematological malignancies, particularlyMM,
the enhanced permeability and retention (EPR) effect has exhibited
diminished prominence compared with solid tumors [26,27].
Hematomas possess a distinct vascular structure and tumor tissue
characteristics, thereby limiting the impact of the EPR effect in this
context. To enhance the targeting capability of drug-loaded
nanoparticles toward hematological malignancy cells, recent atten-
tion has been drawn toward biomimetic nanoparticles coated by
cell membranes, as the membrane coating can effectively retain
the targeting properties of the original cell type [28,29]. By preserv-
ing the specific surface markers or receptors of cancer cells, cancer
cell membrane-coated nanoparticles enable selective targeting of
tumor tissues. As a result, they can promote nanoparticle accumu-
lation at the desired site and improve drug delivery to tumor cells
[30]. In the context of MM cells, their survival and proliferation lar-
gely depend on their ability to migrate and reestablish within the
bone marrow microenvironment, a phenomenon referred to as
‘‘bone marrow homing” [31,32]. Bone marrow homing occurs
throughout the development of MM. Hence, it has been postulated
that through the utilization of the distinctive attributes of cancer
cell membrane-coated nanoparticles and the inherent characteris-
tics of bone marrow homing in MM cells, the development of
nanoparticles coated with MM cell membranes could enhance the
effective delivery of therapeutic agents to the bone marrow region.
This approach aims to optimize the nanoparticle–cell interactions
through homotypic targeting, thereby augmenting the therapeutic
efficacy and achieving favorable treatment outcomes. Although
the cancer cell membrane coating enhances biocompatibility, con-
cerns persist regarding immune system recognition and clearance.
The immune system’s identification of the cancer cell membrane
coating as foreignmay trigger an immune response that could com-
promise the nanoparticles’ efficacy or neutralize them altogether.
Furthermore, considering the bonemarrow localization of MM, tar-
geting the tumor cells alone using the myeloma cell membrane is
insufficient. It is imperative to bolster the bone-targeting capacity
of nanoparticles to facilitate effective BTZ delivery to the bone mar-
row, thus mitigating systemic toxicity and optimizing therapeutic
outcomes.

The bisphosphonate named alendronate (ALN), which is
endorsed by the US Food and Drug Administration for post-
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menopausal osteoporosis therapy, possesses the capability to bind
with calcium phosphate within bone structure [33,34]. Because of
its remarkable bone-targeting characteristics, ALN is currently
under investigation as a promising carrier for drug delivery to bone
and bone marrow to impede bone resorption and decelerate the
progression of osteoporosis. Additionally, the combined adminis-
tration of ALN and BTZ exhibits synergistic effects, whereby the
two drugs complement each other, resulting in enhanced treat-
ment efficacy and decreased occurrence of MM [35,36]. Neverthe-
less, despite the potential advantages of combining BTZ and ALN
for targeted drug delivery to bone under acidic conditions, the lim-
ited ability to selectively target tumor cells impedes their practi-
cality in the treatment of MM.

In this study, a potent MM-targeting chemotherapeutic strategy
by harnessing the high binding affinity of ALN in the bone matrix
with the homologous targeting of myeloma cell membranes was
developed. First, a star-shape biodegradable polyaspartamide with
catechol caffeic acid (CA) conjugation was prepared (denoted as
P1). Subsequently, P1 with catechol pendant can be used to conju-
gate BTZ via acidic-sensitivity borate ester to form nanoparticles
(denoted as PB). Then, MM cell membranes and ALN containing
lipid were encapsulated with PB into BTZ composite MM-
targeting nanoparticles (denoted as T-PB@M) (Fig. 1).

It is hypothesized that T-PB@M could penetrate into the bone
cavity due to the bone-binding affinity of ALN, and then augment
MM cellular uptake through bone marrow homing targeting. Fur-
thermore, the bone-targeting nanoparticles could ensure the
in vivo stability of the carrier-bound potent BTZ, thereby prevent-
ing premature release and reducing side effects. Consequently, this
innovative strategy may hold promise for achieving improved
therapeutic efficacy in the treatment of MM.

2. Materials and methods

2.1. Materials and reagents

BTZ, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine–N-
[methoxy(polyethylene glycol)-2000]–N-hydroxysuccinimide
(DSPE–PEG2000–NHS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide salt (MTT), tetraethylenepen-
tamine, generation 0 polyamidoamine dendrimer (G0 PAMAM),
fluorescein isothiocyanate (FITC), and IR780 iodide were
obtained from Shanghai Macklin Biochemical Co., Ltd. (China);
nanosize hydroxyapatite (HAP) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (China); b-benzyl-L-
aspartate (Bzl-Asp) and triphosgene were purchased from GL
Biochem (Shanghai) Ltd. (China). The N-carboxy anhydride
(NCAs) of Bzl-Asp according to a similar method described in
Ref. [37]. The 20,70-dichlorofluorescein diacetate (DCFH-DA)
Detection Kit were purchased from Beyotime Biotech Inc.
(China). Annexin V/propidium iodide (PI) Apoptosis Detection
Kit was obtained from Vazyme Biotech Co., Ltd. (China). Poly
(ADP-ribose) polymerase 1 (PARP1), Caspase-3, and B-cell
lymphoma-2 (Bcl-2) antibodies were purchased from Cell Sig-
naling Technology, Inc. (USA) for Western blot analysis. All
other reagents were used directly without further purification.
Fetal bovine serum (FBS), Roswell Park Memorial Institute
(RPMI) 1640 medium, penicillin, and streptomycin were
obtained from Thermo Fisher Scientific Inc. (USA). Serum ala-
nine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), serum creatinine (CREA),
hemoglobin, serum calcium, and urine protein were purchased
from Nanjing Jiancheng Bioengineering Engineering Institute
(China); immunoglobulin G was purchased from Enzyme-
Linked Biotechnology Co., Ltd. (China).



Fig. 1. Scheme of T-PB@M nanoparticles for treatment of MM. (a) Schematic diagram of the preparation process of T-PB@M. (b) Schematic mechanism of T-PB@M after
intravenous administration. DSPE–PEG: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine–polyethylene glycol; ROS: reactive oxygen species; PARP: poly(ADP-ribose)
polymerase 1; Bcl-2: B-cell lymphoma-2.

R. Qi, S. Wang, J. Yu et al. Engineering xxx (xxxx) xxx
2.2. Cell line

Human MM cell lines (U266 and MM.1S) were purchased from
the cell bank of the Chinese Academy of Sciences (China). Cells
were incubated in the media of RPMI 1640 contained 10% FBS
and 1% penicillin/streptomycin. The cell lines were incubated in
an incubator at 37 �C containing 5% CO2.
2.3. Animals

NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice,
BALB/C-nu/nu mice, and ICR mice (5–6 weeks) were provided by
GemPharmatech Co., Ltd. (China). All experimental procedures
were performed in accordance with the procedures approved by
the Animal Care and Use Committee of Nanjing University of Chi-
nese Medicine (ethics No. 202307A007). All mice were maintained
under specific pathogen-free (SPF) conditions at the Laboratory
Animal Center of Nanjing University of Chinese Medicine.
2.4. Synthesis of T-PB@M

2.4.1. Synthesis of star-shaped polyaspartamine
Star-shaped polyaspartamine was prepared via G0 PAMAM-

initiated ring-opening polymerization (ROP) of Bzl-Asp–NCA in
dimethyl sulfoxide (DMSO) by ammonolysis of tetraethylenepen-
tamine as reported in Ref. [38].
3

2.4.2. Synthesis of polyaspartamine–CA
Typically, 100 mg of polyaspartamine, 35 mg of CA, 50 mg of 1-

ethyl-3-(3-dimethylamino) propyl carbodiimide hydrochloride
(EDC), and 60 mg of NHS were dissolvedin 10 mL of DMSO and stir-
red at 4 �C for 24 h. The resultant solution was placed into a dial-
ysis bag (molecular weight cut-off (MWCO) = 3500 Da) and
dialyzed against water for 48 h (which was changed every 4 h)
to remove unreacted materials and by-products. Then the solution
of polyaspartamine–CA conjugation was lyophilized for further
use. The synthetic was characterized by 1H nuclear magnetic reso-
nance (NMR) spectra at 400 MHz on a Bruker 400 Avance III (Ger-
many) instrument.
2.4.3. Synthesis of DSPE–PEG–ALN
DSPE–PEG–NHS (100.0 mg, 0.1 mmol) and ALN (32.0 mg,

0.2 mmol) were dissolved in 40.0 mL of purified water. Then the
solution was stirred for one day at 25 �C, which was dialyzed
(MWCO = 1000 Da) against water for 3 d and lyophilized to obtain
a white solid DSPE–PEG–ALN.
2.4.4. Cell membrane isolation
Firstly, MM cells were harvested and suspended in a hypotonic

lysing buffer consisting of 20 mmol�L–1 Tris-HCl (pH = 7.4),
10 mmol�L–1 KCl, 2 mmol�L–1 MgCl2, and an ethylenediaminete-
traacetic acid (EDTA)-free mini-protease inhibitor tablet per
10 mL of solution. The entire cell suspension was then disrupted
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by passing it through a Dounce homogenizer for 20 cycles. After
homogenization, the supernatant was collected by centrifugation
at 3200g (1g = 9.8 m�s�2) for 5 min. The pellet resulting from the
initial centrifugation was resuspended in the hypotonic lysing buf-
fer, and the previously noted steps were repeated twice. The super-
natants obtained from each round of centrifugation were
combined and subjected to further centrifugation at 12 000g for
30 min. The resulting supernatant was washed once with a solu-
tion containing 10 mmol�L–1 Tris-HCl (pH = 7.4) and 1 mmol�L–1
EDTA. Finally, the purified MM cell membrane was collected and
used for subsequent experiments. Following the method of mem-
brane extraction above, the samples are lyophilized and weighed.
A total 850 lg of membrane was extracted from 1 � 107 U266 cells
for subsequent experiments.

2.4.5. Synthesis of PB
BTZ (10.7 mg, 0.2 mL) was dissolved in DMSO, the solution

(100 mg, 10 mL) of polyaspartamine–CA in H2O was added to the
above DMSO solution, and the mixture was stirred for 15 min at
room temperature. Subsequently, phosphate-buffered saline
(PBS) buffer (20 mL, pH = 7.4) was added with gentle agitation
for 2 h to allow the complete interaction between BTZ and the
catechol-containing polymer. The nonconjugated BTZ and residual
solvent were dialyzed (MWCO = 3500 Da) against water for three
days and lyophilized to yield a yellowish powder. The BTZ content
in the PB was quantified using high-performance liquid chro-
matography (HPLC) analysis.

2.4.6. Synthesis of PB@M
The MM cell membrane was first physically extruded through a

200 nm polycarbonate membrane for ten passes to obtain the MM
vesicles (MMs). Next, the PB nanoparticles and the MMs were
mixed and then sequentially extruded through a polycarbonate
membrane with pore sizes of 200 nm to prepare the PB@M
nanoparticles.

2.4.7. Synthesis of T-PB@M
To prepare the T-PB@M nanoparticles, PB@M (2 mg, 10 mL) and

DSPE–PEG–ALN (2 mg, 10 mL) were dissolved in water and mixed.
The mixture was sequentially extruded through a polycarbonate
membrane with pore sizes of 200 nm. This process resulted in
the formation of the final T-PB@M nanoparticles.

2.5. Synthesis of FITC-labeled PB

Typically, 2 mg of PB, 0.1 mg of FITC, 1 mg of EDC, and 1 mg of
NHS were dissolved in 10 mL of DMSO and stirred at 4 �C for 24 h.
Subsequently, the resultant solution was dialyzed (MWCO = 3500
Da) against water for 3 d and lyophilized for subsequent
experiments.

2.6. Synthesis of IR780-labeled PB

To prepare the IR780-labeled PB, firstly, the carboxyl derivative
of IR780 (IR780-COOH) was synthesized as reported in Refs. [39–
41]. Then, the synthesis of IR780-PB was performed as FITC-PB as
described above.

2.7. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Briefly, the MM membrane, PB@M, and T-PB@M were mixed
with 1� loading buffer and in a 100 �C metal bath for 5 min. Then
the prepared protein samples were added to the acrylamide gel for
SDS-PAGE in the BIO-RAD electrophoresis system. After 45 min, the
gel was stained with 1� Coomassie Blue overnight and placed in
4

the Gel Imager System for imaging after decolorization (ChemiDoc
XRS+; BIO-RAD, USA).
2.8. In vitro stability, hemolysis, and HAP-binding ability assay

The stability of BTZ-NPs was evaluated in PBS buffer by moni-
toring the particle size at specific time points using dynamic light
scattering (DLS) over a seven-day period. The alteration in particle
size was employed as an indicator of the in vitro colloidal stability
of the nanoparticles during the testing period.

For the hemolysis assay, fresh mouse/rabbit blood samples
were used. PBS solution and pure water were used as the negative
and positive controls, respectively. Whole blood samples were cen-
trifuged at 3000 r�min–1 for 5 min and washed five times with PBS.
Then, 0.25 mL of 4% (v/v) erythrocytes was mixed with 0.25 mL PBS
containing free BTZ, PB, PB@M, and T-PB@M. The mixtures were
incubated at 37 �C for 2 h and centrifuged at 500 r�min–1. The
absorbance values of the supernatants at 545 nm were measured
on a microplate reader after centrifugation. The percentage of
hemolysis was calculated using the following equation:

Hemolysis %ð Þ ¼ H � HC=H0 � HCð Þ � 100% ð1Þ

where H represents the supernatant absorbance value of erythro-
cytes with free BTZ, PB, PB@M, and T-PB@M; H0 represents the
absorbance value of erythrocytes after complete hemolysis in pure
water; and HC represents the supernatant absorbance value of ery-
throcytes with PBS.

The HAP-binding ability assay was carried out by incubating
FITC-labeled formulations with various ALN-containing samples
in the presence of HAP at a quantity of 200 mg. The incubation pro-
cess was conducted for 1 h at room temperature under gentle stir-
ring conditions. After the incubation period, the HAP particles were
separated by centrifugation. The absorbances of the supernatants
were then measured by ultraviolet (UV)–visible spectra at the
specific wavelength at 490 nm. The HAP hydroxyapatite was sub-
sequently washed three times with PBS to remove any unbound
particles and observed by fluorescence microscopy.
2.9. Drug-loading content and releasing assay

BTZ were analyzed using HPLC (e2695 series; Waters, USA) with
a reverse phase C-18 column (Zorbax Eclipse XDB-C18, 4.6 mm
� 150 mm; Agilent, USA). For the detection of BTZ, 35% acetonitrile
solution in water containing 0.1% trifluoroacetic acid (TFA) was
used as the mobile phase at a flow rate of 1 mL�min�1. Typically,
10 lL solution was injected and detected at retention time of
8.3 min, k = 270 nm. The standard curve for BTZ was conducted
at a BTZ concentration range of 0–200 lg�mL�1

(y = 13.413x � 0.7409, where x is the BTZ concentration, lg�mL�1,
y is the peak area, R2 = 0.9999). Drug-loading content (DL) was cal-
culated as follows:

DL ¼ WT=WNP � 100% ð2Þ

where WT is the total mass of BTZ carried by the nanoparticles and
WNP is the overall mass of the nanoparticles. According to Eq. (2), DL
was calculated to be 10%.

In vitro drug release was performed by an equilibrium dialysis
method. The dialysis bags (MWCO = 3500 Da) containing the
nanoparticles were introduced into the PBS solution with different
pH (7.4, 6.5, 5.0) values at room temperature with a shaking speed
of 500 r�min–1. At predetermined time points (1, 3, 6, 12, 24, and
48 h), the PBS was harvested and replaced with the same volume
fresh PBS solution. The concentration of the BTZ was determined.
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2.10. Cell cytotoxicity and cellular uptake

The cytotoxicity of free BTZ, PB, PB@M, and T-PB@M toward
MM cells (U266 and MM.1S) were quantitatively detected using
the MTT assay. Briefly, 1 � 104 U266 and MM.1S cells were seeded
in a 96-well plate and free BTZ, PB, PB@M, and T-PB@Mwere added
to the cells to achieve final serial BTZ concentrations of 5, 50, 100,
200, and 500 nmol�L–1. The cells treated with PBS were used as the
control. The plates were then incubated at 37 �C with 5% CO2. After
24 and 48 h of incubation, the cell viability was assayed using the
MTT method.

The cellular uptake of PB, PB@M, and T-PB@Mwere detected by
flow cytometer (FCM) (Gallios; Beckman, USA) and fluorescent
microscope (Axio Vert A1; Zeiss, Germany). Typically, U266 cells
(1 � 105) were seeded in a 12-well plate and FITC-labeled PB,
PB@M, and T-PB@M were added with the same concentration of
the fluorescence, respectively. The cells in distinct groups were
thoroughly washed with PBS three times and subjected to analysis
via flow cytometry (FCM), where data were obtained from 15 000
cells per sample. Additionally, for a subsequent fluorescent imag-
ing assay, the cells were fixed using a 4% paraformaldehyde solu-
tion after PBS washing, and the nuclei were stained with Hoechst
for observation under a fluorescent microscope.

2.11. Cell apoptosis assay

Cell apoptosis induced by free BTZ, PB, PB@M, and T-PB@M
therapy in U266 and MM.1S cells were investigated using the
Annexin V-FITC/PI Apoptosis Detection Kit. Briefly, U266 and
MM.1S cells were seeded in six-well plates, and free BTZ, PB,
PB@M, and T-PB@M were added with the same concentration of
BTZ at 50 nmol�L–1, respectively. After 12 h, the cells were washed
three times with PBS and stained with the Annexin V-FITC/PI
Apoptosis Detection Kit following the manufacturer’s instructions.
Subsequently, the cells were analyzed by FCM.

2.12. Western blotting

The expression of apoptosis proteins was evaluated by Western
blot analysis. Briefly, U266 cells were seeded in a six-well plate and
treated as mentioned previously. After cultured for 24 h, the U266
cells were washed with PBS twice and centrifuged at 1000 r�min–1

to collect the cell pellets. Proteins were extracted using a cold
Radio Immunoprecipitation Assay buffer with 0.1% protease inhibi-
tor. Electrophoresis was conducted by loading 50 lg of proteins
into each well of the SDS-PAGE before transferring the proteins
to a polyvinylidene difluoride (PVDF) membrane. The PVDF mem-
brane was then blocked in 5% fat-free milk for 2 h at room temper-
ature and subsequently incubated with primary antibodies against
PARP1, Caspase-3, Bcl-2, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (as an internal control protein) overnight at
4 �C, respectively. Afterwards, the PVDF membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 2 h at room temperature and the protein bands were
visualized using chemiluminescence reagent autoradiography by
Gel Imager System.

2.13. Reactive oxygen species (ROS) assay

The generation of ROS induced by free BTZ, PB, PB@M, and T-
PB@M treatments in U266 and MM.1S cells were detected by flow
cytometry analysis. Firstly, U266 and MM.1S cells were seeded in
six-well plates at a density of 1.0 � 106 cells per well in 2.0 mL
of medium containing free BTZ, PB, PB@M, and T-PB@M with the
same concentration of BTZ at 50 nmol�L–1, and cultured for 24 h.
Then the U266 and MM.1S cells were harvested and washed three
5

times with PBS. Subsequently, the cells were stained with DCFH-
DA for 30 min at 37 �C in the dark. The fluorescence of the cells
was then immediately analyzed by FCM.

2.14. Establishment of MM mice models

The male BALB/C-nu/nu and NCG mice were used to establish
the animal models of MM. MM with bone involvement animal
model: after anesthetization of the mice, U266 cells (5 � 106 cells
in 100 lL RPMI 1640 medium) were injected into the right tibia;
orthotopic MM animal model: U266 cells (1 � 107 cells in 100 lL
RPMI 1640 medium) were injected into the tail vein.

2.15. In vivo biodistribution studies

MM bearing mice were randomly divided into three groups,
each containing three mice. IR780-labeled PB, PB@M, and T-
PB@M were administrated. The fluorescence intensity of the
nanoparticles in the mice was monitored at various time points
using the IVIS�Spectrum Imaging System (excitation: 745 nm,
emission: 820 nm; PerkinElmer, USA). After that, the mice were
sacrificed and the tissues, including the heart, liver, spleen, lung,
kidney, tumor bearing hindlimb, and healthy hindlimb, were col-
lected for imaging.

2.16. Safety evaluation and bone affinity studies

The safety evaluation of free BTZ, PB, PB@M, and T-PB@M was
conducted by blood biochemistry analysis. ICR male mice were
randomly divided into two groups. One group of mice was used
for the single-dose toxicity experiments, and the other group was
used for the multiple-dose toxicity experiments. The mice in both
groups were injected with PBS, free BTZ, PB, PB@M, and T-PB@M at
an equivalent BTZ dose of 0.5 mg�kg�1 on day 1 (single dose) or on
days 1, 3, 5, and 7 (multiple doses). On day 2 (for the single-dose
group) and day 8 (for the multiple-dose group), blood samples
were collected and centrifuged (1500g, 15 min, 4 �C) to obtain
plasma. Serum levels of ALT, AST, BUN, and CREA were measured.

The binding of PB, PB@M, and T-PB@M to the mice tibia and
femur were performed. Briefly, IR780-labeled PB, PB@M, and T-
PB@M were incubated with the mice tibia and femur ex vivo for
2 h and then washed with PBS. The bone affinity was detected by
fluorescence intensity using an in vivo optical three-dimensional
imaging system (IVIS�Spectrum Imaging System) for small
animals.

2.17. In vivo therapeutic efficacy

MM mice were randomly divided into four groups, each con-
taining five mice. The mice in each group were injected with PBS,
free BTZ, PB@M, and T-PB@M at equivalent BTZ doses of
0.5 mg�kg�1 on days 1, 3, 5, and 7, respectively. Throughout the
experiment, the weight and lifespan of the mice were recorded.
On the 28th day, the mice were euthanized, and blood samples
were collected and centrifuged (1500g, 15 min, 4 �C) to obtain
plasma. Myeloma markers, including hemoglobin, CREA, serum
calcium, immunoglobulin G, and urine protein, were tested. The
mice bone marrow was collected for bone marrow aspiration,
and the heart, liver, spleen, lung, kidney, and other major organs
were harvested, fixed in 4% paraformaldehyde, embedded in paraf-
fin, and stained with hematoxylin and eosin (H&E).

2.18. Statistical analysis

All the data in this paper were processed using GraphPad Prism
9.0 Software. The test data were expressed as mean ± standard
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deviation (SD). The level of significance was analyzed based on
Student’s t-test: *p < 0.05, **p < 0.01, ***p < 0.001.
3. Results and discussion

3.1. Preparation and characterization of T-PB@M

The dual-targeting nanoparticle (T-PB@M) utilized in this study
had three main components: a polymeric core with BTZ conjuga-
tion, an outer shell derived fromMM cell membrane, and a biphos-
phate functionalized bone-targeting corona. To prepare T-PB@M
(Fig. S1 in Appendix A), a star-shape biodegradable polyaspar-
tamide was first synthesized through ROP with G0 PAMAM as an
initiator, followed by ammonolysis, as described in a previous
report [42]. Subsequently, CA was grafted onto the amino pendants
of polyaspartamide. And the success of polyaspartamide and
polyaspartamine–CA were confirmed using NMR spectroscopy as
shown in Figs. S2 and S3 in Appendix A. Upon loading BTZ, a pH-
sensitive covalent borate ester bond was formed between the boric
acid group of BTZ and the catechol group of CA, denoted as the drug
core portion of this polymer-BTZ conjugation nanoparticle (PB).
Thereafter, MM cell membrane vehicles were isolated and coated
onto the PB nanoparticles, which resulted in the construction of
MM cell membrane-coated PB (PB@M) particles, endowed with
homologous targeting functionality. Lastly, the bone-targeting
material DSPE–PEG–ALN (Fig. S4 in Appendix A) was introduced
into the lipid bilayer of PB@M through hydrophobic interactions,
which ultimately yielded the final dual-targeting nanoparticles
(T-PB@M).

To optimize the binding affinity of T-PB@M to bone minerals,
FITC-labeled T-PB@M formulations with varying ratios of bone-
targeting ALN moieties were exposed to incubation with HAP as
a representative model component to mimic bone mineral tissue.
Through fluorescence intensity measurements on the HAP surface,
a gradual increase in signal was observed, indicating an enhanced
interaction between T-PB@M and HAP as the ALN content in the
formulations increased (Fig. S5 in Appendix A). The fluorescence
intensity reached a plateau, however, when the ALN content
reached 50%. Beyond this threshold, a lack of significant further
fluorescence enhancement was observed even further increasing
the ALN content. These results implied that T-PB@M formulations
incorporating 50% ALN offered the favorable configuration for
bone-targeting nanoparticle, which resulted in a substantial
enhancement of the binding affinity to bone minerals.

To verify the successfully preparation of the drug containing
nanoparticle, the average size and zeta potential of PB, PB@M,
and T-PB@M were determined. As shown in Figs. 2(a) and (b),
the PB exhibited an average size of approximately 50 nm. Follow-
ing the coating of PB with myeloma cell membrane (PB@M), the
size increased to around 90 nm, whereas the introduction of
DSPE–PEG–ALN into the lipid bilayer of PB@M for T-PB@M led to
a size increase of about 120 nm. The zeta potential of the PB
nanoparticle was measured to be around 20 mV. Because of the
negative charge of the MM cell membrane, this potential reduced
to �17 mV for PB@M. In contrast, because of the presence of
bone-targeting groups with DSPE–PEG coating on the cell mem-
brane surface, the charge of the T-PB@M nanoparticle was slightly
shielded, and the surface charge increased to �13 mV. Addition-
ally, to ascertain the presence of membrane proteins on the surface
of T-PB@M nanoparticles for bone marrow targeting, SDS-PAGE
analysis was performed (Fig. 2(c)). Consistently with the MM
membrane (M), both PB@M and T-PB@M maintained the majority
of their associated membrane proteins, which indicated the
improved surface performance of T-PB@M. Furthermore, the
dispersion stability of the prepared nanoparticles was evaluated
6

using DLS over a seven-day period. As shown in Fig. 2(d), all of
the prepared formulations exhibited sustained colloidal stability,
which was attributed to the controlled surface charge and the
hydrophobic-hydrophilic balance on the particle surfaces. More-
over, transmission electron microscopy (TEM) images revealed
the T-PB@M nanoparticles as uniform spherical structures, with
each boasting a diameter of approximately 100 nm. Notably, these
nanoparticles showed a prominent corona-like coating on their
external layer, which was believed to successfully resemble the cell
membrane on the surface and which was also observed in PB@M
nanoparticles imaging as well (Fig. 2(e)). These observations col-
lectively support the successful preparation of T-PB@M nanoparti-
cles, where their small particle size, appropriate zeta potential, and
presence of membrane proteins on the surface established favor-
able conditions for effective entry into the bone marrow.

3.2. In vitro hemolysis, drug release, and bone-binding ability assay

Considering T-PB@M to be a potential clinical therapeutic drug
for MM treatment, it is essential to assess its blood compatibility.
Therefore, mouse blood compatibility was performed by hemolysis
assay to evaluate the cytotoxicity of these hybrids on red blood
cells, which were incubated with various prepared formulations
at a concentration of 1 mg�mL�1 of BTZ. As shown in Figs. 3(a)
and (b), after 2 h of incubation, PB, PB@M, and T-PB@M showed
less than 2% hemolysis, whereas BTZ showed 6% hemolysis against
the positive control of pure water. PB, PB@M, and T-PB@M
nanoparticles exhibited significantly lower hemolysis rates than
BTZ. Besides rabbit blood was also used to the hemolysis assay to
verify the biocompatibility of BTZ, PB, PB@M, and T-PB@M. As
shown in Fig. S6 in Appendix A, the hemolytic test results of rabbit
blood were consistent with that of mouse blood. This observation
confirmed the safety and biocompatibility of these formulations,
rendering them suitable for potential clinical applications.

The biomimetic nanoparticles in this study were composed of a
biodegradable polymeric core, which included polyaspartamine
with CA grafting. CA was selected due to its capacity to provide
multiple catechol moieties capable of binding and releasing
borate-containing BTZ in a pH-dependent manner [43]. It was
hypothesized that BTZ dissociated from the core-bound catechol
groups under acidic conditions prevailing in cancer tissue or sub-
cellular endosomes, which led to the release of the active drug,
thereby exerting its proteasome inhibitory function. To substanti-
ate the validity of this approach, a series of release experiments
were conducted under three distinct pH conditions (7.4, 6.5, and
5.0) to emulate the physiological pH found in normal tissues and
blood, the acidic extracellular environment of tumors, and the
acidic environment within subcellular lysosomes, respectively. As
shown in Fig. 3(c), pH-dependent releasing was observed. Under
pH = 7.4 (representative of the physiological environment), T-
PB@M exhibited negligible release behavior over a 48 h period,
indicating the retained relative stability of T-PB@M in the normal
physiological milieu without significant drug release. Meanwhile,
at pH = 6.5 (representing the tumor extracellular environment), a
slightly accelerated release rate was observed. Notably, at
pH = 5.0 (simulating the acidic lysosomal environment), the
release rate substantially increased, with more than 75% of the
drug released within the first 8 h and more than 80% released
within 24 h. These results highlighted the pronounced pH depen-
dency of the release rate and quantity, which can be attributed
to the formation of characteristic acid-cleavable dynamic covalent
bonding within the T-PB@M. Furthermore, the releasing profiles of
different formulations (PB, PB@M, and T-PB@M) under the acidic
condition (pH = 5.0) were investigated. As shown in Fig. 3(d),
PB@M and T-PB@M exhibited relatively slower release rates than
PB. This phenomenon may be attributed to the presence of the



Fig. 2. (a) Size of PB, PB@M, and T-PB@M nanoparticles. (b) Zeta potentials of PB, PB@M, and T-PB@M nanoparticles measured by DLS. (c) SDS-PAGE analysis of the membrane
of MM cells and PB@M and T-PB@M nanoparticles. (d) Stability of PB, PB@M, and T-PB@M nanoparticles in PBS for 7 d. (e) TEM images of PB, PB@M, and T-PB@M
nanoparticles (scale bar = 100 nm).

Fig. 3. (a) Picture of the hemolysis experiment with nanoparticles. (b) Hemolysis (%) of BTZ, PB, PB@M, and T-PB@M (n = 3, ***p < 0.001). (c) In vitro release profile of T-PB@M
in PBS at different pH. (d) In vitro release profile of PB, PB@M, and T-PB@M in PBS at pH = 5.0. (e) HAP binding of PB, PB@M, and T-PB@M nanoparticles at room temperature
(scale bar = 100 lm).
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MM cell membrane shell coating, which hindered the release of the
drug from these formulations. Notably, despite the varied release
rates, all formulations achieved 80% of drug release within 48 h.
This finding suggests that they demonstrated comparable thera-
peutic efficiency intracellularly, despite differences in their release
kinetics. Thus, the dual-targeting nanoparticles exhibited favorable
7

drug release behavior and showed promising potential to enhance
the therapeutic effect at the targeted site.

The T-PB@M nanoparticles were developed not only with a pH-
sensitive polymeric drug loading core but also a cell membrane-
fabricated outer shell consisting of a PEG corona functionalized
with ALN moiety. The rationale for incorporating ALN was based
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on its demonstrated affinity toward bone tissues. The targeting
capability of T-PB@M to the affected bone site holds potential for
enhancing the therapeutic efficacy in treating MMwhile mitigating
toxic side effects on other organs. To evaluate the bone tissue bind-
ing capacity of T-PB@M nanoparticles, binding assay was con-
ducted using various FITC-labeled formulations incubated with
bone tissues to mimic materials (e.g., HAP). As shown in Fig. 3(e)
and Fig.S7 in Appendix A, T-PB@M exhibited a notable 4.7- and
3.6-fold higher HAP-binding percentage compared with that of
PB and PB@M after 1 h of incubation, respectively. After 6 h of incu-
bation, T-PB@M showed a substantial 90% binding to HAP, whereas
PB and PB@M retained a binding level of approximately 20%. These
results demonstrated the significantly enhanced bone-targeting
ability of T-PB@M in comparison to PB and PB@M in an in vitro set-
ting, thereby indicating that the incorporation of ALN effectively
conferred bone-targeting functionality to the nanocarrier.

3.3. In vitro cytotoxicity, cellular uptake, and cell apoptosis studies

Following the confirmation of the effective bone-targeting abil-
ity of T-PB@M, the in vitro toxicity of different BTZ-containing for-
mulations compared with BTZ was further assessed using the MTT
assay. Typically, various concentrations of PB, PB@M, and T-PB@M
were incubated with MM cells (U266 and MM.1S cells) for different
time durations. The results revealed that the BTZ formulations eli-
cited cell death in a dose-dependent manner, as shown in Figs. 4(a)
and (b) and Fig. S8 in Appendix A. T-PB@M and PB@M both demon-
strated significant inhibition of MM cell lines. Especially in the
U266 cells, T-PB@M and PB@M exhibited average half-inhibitory
concentration (IC50) values of 177 and 200 nmol�L–1, respectively,
after 24 h of incubation. These values were similar to that of free
BTZ (172 nmol�L–1) but were lower than that of PB (286 nmol�L–1).
Furthermore, after 48 h of incubation, T-PB@M and PB@M main-
tained comparable inhibition efficiency with IC50 values of 104
and 108 nmol�L–1, respectively, whereas the IC50 values for PB
and free BTZ were 125 and 75 nmol�L–1, respectively. These results
indicated that cell membrane-coated nanoparticles T-PB@M and
PB@M exhibited comparable cytotoxicity against MM cells to the
clinical drug BTZ, thereby highlighting the potential of the MM cell
membrane coating strategy as a promising therapeutic formulation
for the treatment of MM.

To elucidate the reasons for achieving the desired high toxic
effects of BTZ delivery through cell membrane-coated nanoparti-
cles, it was essential to investigate their intracellular uptake
behavior. For this purpose, FITC was loaded as a fluorescent probe
to track the nanoparticles. The labeled nanoparticles were incu-
bated with U266 cells for 4 h, and the relative amount of cellular
uptake of nanoparticles was observed by fluorescent microscope
and FCM. As shown in Fig. 4(c), after interaction with the cells,
the fluorescence intensity of U266 cells treated with the T-PB@M
and PB@M nanoparticles was higher than that of the cells treated
with the PB nanoparticles. For further quantitative verification,
FCM was used for the fluorescence intensity analysis. The mean
fluorescence intensity of U266 cells for both T-PB@M group was
1.8-fold higher than that for the PB group (78.5% versus 42.5%),
which was comparable to that in the PB@M group (Figs. 4(d) and
(e)). These results demonstrated that the cell membrane-coated
nanoparticles exhibit enhanced cellular uptake and internalization
capabilities, which was likely attributed to the fluidity of the cell
membrane and the homologous targeting of membrane proteins.
These findings were consistent with the results obtained from
the MTT assay, providing further evidence for the improved cyto-
toxicity of T-PB@M and PB@M nanoparticles against MM cells.

The induction of apoptosis and necrosis on U266 and MM.1S
cells induced by various formulations incorporating BTZ was fur-
ther evaluated by FCM using the Annexin V-FITC/PI Apoptosis
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Detection Kit. As shown in Figs. 5(a) and (b), the apoptotic rate
of U266 of free BTZ was measured at only 33.3%. PB exhibited a
higher apoptotic rate treatment, which resulted in a significant
increase to 63.0%. Notably, T-PB@M exhibited the most pro-
nounced apoptosis with up to 78.3% of cells undergoing apoptosis,
among all tested groups at a specific concentration of 50 nmol�L–1
BTZ and after 12 h of incubation. This apoptotic rate was compara-
ble to that observed in the PB@M group, which recorded a value of
71.0%. As shown in Fig. S9 in Appendix A, the apoptotic trend of
MM.1S treated with BTZ, PB, PB@M, and T-PB@M was consistent
with that of U266. Conversely, the increased apoptotic response
observed with T-PB@M and PB@M could be attributed to several
key factors. First, the nanosize particles of T-PB@M and PB@M
facilitated enhanced internalization into the target cells, increasing
drug uptake and bioavailability. Second, the MM cell membrane
shell coating provided active targeting capabilities, directing the
drug specifically toward the MM cells, thus maximizing its thera-
peutic effects. Additionally, the drug conjugation within the
nanoparticles was sensitive to the acidic intracellular environment.
This acid-sensitive conjugation enabled a faster release of the drug
within the MM cells, enhancing its cytotoxicity and apoptotic
effects. These significant findings highlight the potential of T-
PB@M as a promising candidate for BTZ therapy, because it effec-
tively induced apoptosis in MM cells with enhanced cytotoxicity.

To further substantiate the proapoptotic capacity of T-PB@M, an
assessment was conducted on the expression levels of various
apoptosis-related proteins. PARP1, Caspase-3, and Bcl-2 are signifi-
cant molecules among these crucial molecules associated with
apoptosis regulation [44,45]. PARP1 is an enzyme that plays an
important role in the process of apoptosis. PARP1 undergoes
hyperactivation, leading to the depletion of vital cellular energy
substrates, such as nicotinamide adenine dinucleotide (NAD+)
and adenosine triphosphate (ATP), thereby culminating in apopto-
sis upon encountering cellular damage. Likewise, Caspase-3, a cys-
teine aspartic protease, assumes a principal role as the executioner
enzyme during apoptosis. Upon the initiation of apoptotic signal-
ing, Caspase-3 is activated, thereby inducing proteolysis within
the cellular milieu, eventually leading to cellular demise. In con-
trast, Bcl-2 functions as an anti-apoptotic protein, significantly
affecting apoptosis regulation. It actively inhibits the apoptotic
process, providing cellular safeguarding against both intrinsic
and extrinsic apoptotic stimuli. Malfunctioning of Bcl-2 has been
implicated in the promotion of apoptosis. PARP1 and Caspase-3
undertake complementary roles in the context of cellular damage
repair and apoptosis. Additionally, Bcl-2 modulates Caspase-3
activity through the regulation of intracellular apoptotic signaling
pathways. Thus, the expression levels of PARP1, Caspase-3, and
Bcl-2 in MM cells after treating with BTZ-containing formulations
were evaluated. As shown in Fig. 5(c), T-PB@M significantly
upregulated the expression of PARP1 and Caspase-3 proteins while
concurrently repressing the expression of Bcl-2 protein. These
compelling results underscore the heightened capacity of
T-PB@M to bolster tumor cell apoptosis, surpassing the perfor-
mance of free BTZ and PB.

3.4. Intracellular ROS measurement

The excessive production of ROS surpasses the inherent scav-
enging capacity of the tumor cells, leading to oxidative stress. This
phenomenon exerts an anti-tumor effect by inducing apoptosis in
the tumor cells. BTZ, a proteasome inhibitor utilized in MM clinical
treatment, has recently been found to elevate intracellular ROS
levels in addition to its proteasome inhibition function [46,47]. In
this context, to investigate the potential mechanism through
which T-PB@M promotes apoptosis in tumor cells, an assessment
of intracellular ROS levels was conducted. The ROS probe



Fig. 4. In vitro U266 cytotoxicity of PB, PB@M, and T-PB@M after (a) incubation for 24 and (b) 48 h (the unit for drug concentration is nmol�L–1). The cellular uptake of PB,
PB@M, and T-PB@M detected by (c) fluorescent microscope (scale bar = 100 lm) and (d) FCM using FITC as the probe treated for 4 h. (e) Cellular uptake (%) of PB, PB@M, and
T-PB@M (n = 3, **p < 0.01).
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DCFH-DA was employed, and FCM was utilized to detect the pro-
duction of intracellular ROS. As illustrated in Fig. 5(d) and
Fig. S10 in Appendix A, free BTZ and PB exhibited slight increases
in ROS levels within 4 h in both U266 and MM.1S cells, whereas
PB@M and T-PB@M demonstrated a remarkable surge in ROS pro-
duction in these MM cells. Particularly, in U266 cells, T-PB@M
exhibited an extraordinary effect, causing 90% of the cells to
produce ROS. This notable effect may be attributed to the bone
marrow microenvironment effects of the cell membrane coating
on the nanoparticles, which enabled faster cellular internalization
of PB@M and T-PB@M. The results indicated that T-PB@M effi-
ciently generated substantial ROS, thereby eliciting oxidative stress
in MM cells and ultimately promoting tumor cell apoptosis. These
findings were consistent with the results obtained from the MTT
assay, further supporting the notion that the improved cellular
uptake and internalization of T-PB@M nanoparticles could
9

contribute to their enhanced cytotoxicity against MM cells. The
combination of effective cellular uptake, pH-responsive drug
release, and bone-targeting ability demonstrated that this cell
membrane-coating strategy is a promising approach for achieving
high therapeutic efficacy in the treatment of MM.

3.5. In vivo biodistribution studies

To clarify the biological distribution of T-PB@M in vivo, MM
with bone involvement mice model was established. In order to
track the selective accumulation of T-PB@M in bone lesions,
IR780 was loaded as a fluorescent probe. In this experiment,
IR780-labeled nanoparticles were tail vein injected into MM mice
and the fluorescence at different time intervals was monitored.
As shown in Fig. 6(a), during the course of the experiment, PB
and PB@M were exhibited with little fluorescence intensity



Fig. 5. (a) FCM analysis of U266 cells treated with BTZ, PB, PB@M, and T-PB@M. The cells were stained with Annexin V-FITC and PI for analysis. (b) Apoptosis cell (%) of PB,
PB@M, and T-PB@M (n = 3, ***p < 0.001). (c) Western blot analysis of the expression of PARP1, Caspase-3, and Bcl-2 after being treated with PB, PB@M, and T-PB@M. (d) FCM
analysis using DCFH-DA as probe after being treated with BTZ, PB, PB@M, and T-PB@M.

R. Qi, S. Wang, J. Yu et al. Engineering xxx (xxxx) xxx
observed in the bone. Meanwhile, T-PB@M exhibited a noticeable
fluorescence signal at the bone lesion site as early as 2 h post-
injection, which then intensified over time.

To substantiate the intravital colocalization of nanoparticles, a
subsequent evaluation of ex vivo fluorescence intensity was per-
formed across principal organs, encompassing the heart, liver,
spleen, lung, and kidney, at the 12-h post-injection time point.
Additionally, the non-pathological (left) and pathologically
affected (right) hindlimbs were also subject to this analysis. As
shown in Figs. 6(b) and (c), PB exhibited its most prominent fluo-
rescence intensity within the liver, a phenomenon denoted as the
‘‘first-pass effect,” which is rooted in hepatic metabolism dynam-
ics. Nevertheless, the hepatocellular clearance trajectories of
10
PB@M and T-PB@M displayed retardation as a result of the cloak-
ing of the MM cell biomimetic membranes, conferring immune-
evasive attributes on the nanoparticles, as previously described
[48]. Notably, the most elevated fluorescence intensity within the
limb housing bone lesions was noted in the cohorts treated with
T-PB@M, surpassing PB and PB@M by more than 4.0- and 1.5-
fold, respectively, across all evaluated time points. This escalated
intensity in the bone lesions of the T-PB@M group to the active tar-
geting prowess of ALN, which augmented the nanoparticles’ speci-
ficity for bone locales. Moreover, quantitative scrutiny of bone/
liver fluorescence intensity, as illustrated in Fig. 6(d), unveiled a
notably 3.0- and 10.0-fold enhancement in bone-to-liver ratios
for T-PB@M in comparison with PB@M and PB, respectively. This



Fig. 6. (a) In vivo distribution of PB, PB@M, and T-PB@M in the MM mice using IR780 as probe detected by the IVIS�Spectrum Imaging System. (b) Fluorescence images of
main organs after intravenous injection. (c) Quantitative analysis of the mean fluorescence intensity of each organ at 12 h after injection. (d) The ratios of fluorescence
intensity of bone/liver (n = 3, ***p < 0.001).
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pronounced enhancement is attributed to T-PB@M’s dual-targeting
mechanism to the bisphosphate-functionalized bone-targeting
corona synergizing with the bone marrow homing effect, which
was facilitated by the biomimetic cell membrane coating. These
attributes facilitated the preferential accumulation of dual-
targeting nanoparticles within the bone marrow upon intravascu-
lar administration, concurrently curbing hepatic accumulation. The
findings collectively validated the selective sequestration of T-
PB@M within the bone lesions, thereby potentially enhancing the
therapeutic effectiveness of MM in vivo, while also simultaneously
addressing concerns related to immune clearance.

3.6. Safety evaluation and bone affinity studies

The assessment of the biocompatibility of nanoparticles was
carried out through the examination of blood biochemical markers
after single and multiple dosage of varies formulations [49,50]. The
indicators of liver function, such as ALT, AST, BUN, and CREA, which
served as reflections of kidney function were measured. As shown
in Figs. 7(a)–(d), a significant elevation in ALT and AST levels was
observed subsequent to the administration of multiple doses of
free BTZ, in contrast to other groups, which indicated the induction
of hepatic injury and hepatotoxicity in mice. Neither BUN nor
CREA, however, exhibited noteworthy changes in response to free
BTZ administration, thereby suggesting minimal renal toxicity.
Notably, in mice administered with either a single or multiple
doses of T-PB@M, there were no substantial variations observed
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in serum AST, ALT, BUN, or CREA levels, compared with the PBS
control group. This phenomenon could be attributed to the syner-
gistic impact of T-PB@M’s dual targeting at the lesion sites and the
delayed release of chemotherapeutic agents within healthy tissues.
Thus, the biosafety outcomes indicated that, relative to free BTZ,
the utilization of T-PB@M nanoparticles could ameliorate systemic
toxicity and exhibit favorable biocompatibility. Moreover, the
bone-targeting efficacy of T-PB@M particles was further substanti-
ated through experimentation involving murine tibia and femur
specimens. After two-hour incubation with IR780-labeled PB,
PB@M, and T-PB@M, ex vivo murine tibia and femur samples were
subjected to assessment through IVIS Spectrum. As illustrated in
Figs. 7(e) and (f), because of the robust bone-targeting attribute
of ALN, the T-PB@M group exhibited an exceptional fluorescence
intensity, surpassing that of the PBS group by a notable factor of
10.2-fold. Conversely, the fluorescence intensities of the PB and
PB@M groups were comparatively feeble, showing no significant
disparities. These findings validated the commendable biocompat-
ibility and limited systemic toxicity profile of T-PB@M, while con-
currently accentuating its capability for precise bone targeting for
its prospective use in the therapeutic intervention of MM.

3.7. In vivo therapeutic effect

MM is an aggressive hematological malignancy frequently
marked by clinical indicators including calcium elevation, renal
insufficiency, anemia, and bone pain (CRAB criteria). To monitor



Fig. 7. The detection of blood biochemical indicator, including (a) ALT, (b) AST, (c) CREA, and (d) BUN after one-dose and four-dose injections of PBS, BTZ, PB, PB@M, and T-
PB@M (n = 5, **p < 0.01, ***p < 0.001). (e) The affinity of PB, PB@M, and T-PB@M toward the intact ex vivomice tibia and femur detected by the IVIS�Spectrum Imaging System.
(f) Quantification of fluorescence intensity at two-hour incubation (n = 3, ***p < 0.001). p: photons; sr: steradian.
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the progression of MM, the comprehensive evaluation encompass-
ing parameters, such as blood hemoglobin levels, serum calcium,
immunoglobulin levels, urine protein content, and bone marrow
smears related to CRAB were conducted [51–53]. Therefore, an
investigation was performed to measure clinical indicators of
MM and to assess the effects of T-PB@M therapy on mice with
bone-involved disease. As demonstrated in Fig. 8(a), the orthotopic
U266 MM model was established through the tail vein injection of
U266 cells into NCG mice to evaluate the anti-MM performance
in vivo. After 14 days of injection, the mice were randomly divided
into four groups, which received saline, free BTZ, PB@M, and T-
PB@M at the BTZ dose of 0.5 mg�kg�1 on days 1, 3, 5, and 7. The
mice without injection tumor cells were used as the control. Obser-
vations were conducted after four treatments, and the mice were
euthanized occurred on day 28. Throughout the experiment, strin-
gent monitoring was implemented for the body weight and sur-
vival status of the mice. As shown in Figs. 8(b)–(e), in
comparison to saline treatment groups (Mock), T-PB@M therapy
resulted in a noticeable increase in hemoglobin levels, a reduction
in serum calcium levels, mitigation of proteinuria, and a decrease
in serum immunoglobulin production among MM mice. It is worth
noting that the dual-targeting T-PB@M exhibited the most sub-
stantial amelioration of indicators compare with the PB@M, which
resulted in the restoration of the CRAB criteria levels to those of the
control group, thereby denoting a commendable antineoplastic
efficacy predominantly within the bone marrow. This augmented
antitumor effect attributed from the therapeutic agent’s dual-
targeting proficiency, including not only the bone marrow homing
of the tumor cell coating but also the direct bone targeting of the
ALN corona. The enhanced antitumor efficacy of T-PB@M was fur-
ther confirmed through scrutiny of bone marrow smears from MM
bearing mice. The MM bearing mice depicted an abundance of
blue–purple plasma cells, which indicated the progress of MM.
After T-PB@M treatment, the plasma cell abundance within the
bone marrow exhibited negligible divergence compared with
healthy counterparts (Fig. 8(f)). These outcomes have
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substantiated the effectiveness of the strategy of engineering
dual-targeting properties within nanoparticles, addressing both
bone marrow targeting and bone microenvironment homing. In
this case, BTZ was delivered into the bone lesion and subsequently
accumulated in the MM site, thereby enhancing the therapeutic
efficacy against MM.

Moreover, the daily records meticulously tracked survival rates
and changes in body weight. As illustrated in Figs. 9(a) and (b),
mice subjected to BTZ treatment exhibited pronounced reduction
in weight and rapid mortality, which was ostensibly attributed to
the inherent toxicity of BTZ. In contrast, MM bearing mice showed
marginal weight loss and a prolonged survival rate following
administration of T-PB@M, when compared with the control
groups (Mock and BTZ cohorts). Moreover, a comprehensive eval-
uation of major organ histology was performed using H&E staining.
As shown in Fig. 9(c), the Mock group exhibited discernible organ
dysfunction in comparison to the control group (healthy mice).
After being treated with free BTZ, significant cardiotoxic and hepa-
totoxic effects were conspicuously observed in the BTZ-treated
groups, which were directly attributable to their toxicity and
induced mortality. Conversely, following treatment with T-PB@M
and PB@M, organ functionality was effectively restored to a normal
state, with no discernible pathological changes observed in the pri-
mary organs of the T-PB@M group, mirroring the condition of nor-
mal mice. Remarkably, T-PB@M nanoparticles played a pivotal role
in enhancing the overall survival rate, mitigating systemic adverse
effects, and notably demonstrating an absence of histological toxi-
city across all examined organs. These compelling results provide
strong evidence not only for the safety but also for the remarkable
therapeutic potential of T-PB@M nanoparticles in the context of
treating MM.

4. Conclusion

In this study, a dual-targeting nanoparticle (T-PB@M) was
developed for the treatment of MM, a plasma cell malignancy.



Fig. 8. (a) Diagram showing how the U266 orthotopic model and its method of treatment were established. The detection of blood biochemical indicator, including
(b) hemoglobin, (c) serum calcium, (d) urine protein, and (e) immunoglobulin G levels after treated with BTZ, PB@M, and T-PB@M (n = 6, ***p < 0.001). (f) Bone marrow smear
images after treated with PB, PB@M, and T-PB@M (scale bar = 100 lm; n = 3, ***p < 0.001).
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The T-PB@M nanoparticle system combined several key compo-
nents to enhance its therapeutic efficacy. This approach consisted
of a polymeric core linked to the anti-MM drug BTZ through a
pH-responsive linkage, an outer layer derived from MM cell
membranes that facilitated BMH, and a bone-targeting corona
functionalized with biphosphate groups. This innovative design
allowed T-PB@M to achieve the controlled release of chemother-
apeutic BTZ specifically within the low-pH microenvironment of
the tumor cells. Notably, these results demonstrated the excep-
13
tional
dual-targeting precision of T-PB@M, enabling it to effectively
home in on intraosseous HAP and bone marrow regions, where
MM cells reside, because of the presence of specific proteins on
the MM cell membrane. Beyond targeting, T-PB@M induced the
generation of ROS within MM cells, hindering their growth and
viability. This effect was orchestrated through the upregulation
of PARP1 and Caspase-3 proteins, coupled with the downregula-
tion of the anti-apoptotic Bcl-2 protein, ultimately driving MM



Fig. 9. After treatment with BTZ, PB@M, and T-PB@M, MM mice changes in (a) body weight, (b) survival curves (n = 6), and (c) H&E images of major organs (scale
bar = 100 lm).
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cell apoptosis. Importantly, the dual-targeting nature of T-PB@M
enhanced its specific delivery to bone lesions and subsequent
accumulation at MM sites, which led to the controlled release
of BTZ, curbing more effective tumor growth, restoring crucial
clinical indicators (CRAB), and prolonging survival in an MM
mouse model compared with the PB@M. These findings under-
score the immense potential of our engineered dual-targeting
nanoparticle strategy as an innovative platform for the precise
and effective treatment of MM, offering new hope for patients
with this challenging malignancy.
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