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Micellar nanoformulation of lipophilized
bortezomib: high drug loading, improved
tolerability and targeted treatment of triple
negative breast cancer†

Kaiqi Wu, Ru Cheng, * Jian Zhang, Fenghua Meng, Chao Deng and
Zhiyuan Zhong *

Bortezomib (BTZ) is the first proteasome inhibitor approved for the treatment of malignant tumors. The

current clinical formulation, however, shows fast clearance, low tumor accumulation, and several side

effects. Here, we report that micellar nanoformulation of lipophilized bortezomib achieves significantly

enhanced drug loading, prolonged circulation time, improved tolerability and targeted treatment of

triple negative breast cancer in vivo. Lipophilized bortezomib, bortezomib-pinanediol (BP), was readily

prepared in high yield. Interestingly, cRGD-targeted micelles based on poly(ethylene glycol)-b-

poly(trimethylene carbonate-co-dithiolane trimethylene carbonate) achieved a high drug loading

content of 8.05 wt% BTZ equiv. for BP, which was more than 8-fold higher than BTZ. BP-loaded cRGD-

decorated micelles (BP-cRGD-Ms) exhibited a small size (ca. 49 nm), reduction-triggered drug release,

and active targeting ability to avb3-overexpressing MDA-MB-231 triple-negative breast cancer cells,

resulting in a low IC50 of 0.986 mM. The in vivo studies displayed that BP-cRGD-Ms had a nearly 20-fold

improvement in the elimination half-life and a 20-fold higher maximum-tolerated dose as compared to

free BTZ. The biodistribution and therapeutic studies in MDA-MB-231 tumor-bearing nude mice

demonstrated that BP-cRGD-Ms induced significantly better tumor accumulation and inhibition with

fewer adverse effects than free BTZ, leading to greatly improved mice survival rates. This micellar

nanoformulation of lipophilized bortezomib appears to be a novel and effective strategy to achieve

targeted tumor chemotherapy with bortezomib.

1. Introduction

Inhibition of proteasomes has become a very attractive treatment
modality for cancers.1,2 Bortezomib (BTZ, Velcades) which selec-
tively induces cancer cell apoptosis is the first proteasome inhi-
bitor approved for treating cancerous patients.3 In addition to its
clinical use in multiple myeloma and mantle cell lymphoma,4 BTZ
has also been found to be effective against lung, prostate, colo-
rectal, and breast cancers.5 Clinically, BTZ is typically administered

at a dose of 1.3 mg m�2 by i.v. bolus on day 1, 4, 8, and 11 in a
21-day cycle for up to eight cycles.6 This current clinical formulation,
however, shows fast clearance, low tumor accumulation, and several
side effects such as peripheral neuropathy, thrombocytopenia, and
gastrointestinal disorders.7,8

In the past few years, various strategies have been explored
to enhance tumor accumulation while reducing the side effects of
BTZ. BTZ nanomedicines, such as polymer–drug conjugates,9–11

micelles,12,13 nanoparticles,14–16 and liposomes,17–19 have
recently been developed for improved therapeutic effects of BTZ.
For example, pH-sensitive polymer-drug conjugates linked by
boronate ester bonds (typically with catechol groups) have been
developed and tested in different cancer cells such as MCF-7,
MDA-MB-231, HeLa, PC-9 and HepG2 cells.9–11 Unfortunately,
polymer-BTZ conjugates usually have low aqueous stability and
undergo fast degradation.20 Farokhzad et al. reported the treatment
of multiple myeloma by BTZ-loaded bone-homing poly(ethylene
glycol)-b-poly(D,L-lactic-co-glycolic acid) (Ald-PEG-PLGA) nano-
particles that were obtained with drug loading contents of
0.04 wt% and 0.74 wt% by nanoprecipitation and single emulsion
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methods.12 Hu et al. used hollow mesoporous silica nanospheres
to encapsulate BTZ, achieving 1.8 wt% drug loading, for non-
small cell lung cancer therapy.16 Low drug loading is a critical
issue for the development of BTZ nanomedicines.12,14–16 Interest-
ingly, Ponzoni et al. reported that enhanced loading of BTZ into
liposomes (3.56 wt%) was achieved by sequential loading of amino-
lactose and BTZ to form boronate esters.18 Enhanced BTZ loading
into liposomes was also accomplished by inserting BTZ-conjugated
lipids into the membrane.19 Wang et al. reported that PEG-b-
poly(D,L-lactide) (PEG-PLA) nanoparticles achieved a notable BTZ
loading content of 7.28 wt% using the single emulsion method.13

In this study, we designed a micellar nanoformulation of
lipophilized bortezomib (BP-cRGD-Ms) to achieve significantly
enhanced drug loading, prolonged circulation times and
improved tolerability for targeted treatment of triple negative
breast cancer in vivo (Scheme 1). Lipophilized bortezomib,
bortezomib-pinanediol (BP), can be readily prepared through
an esterification reaction between BTZ and pinanediol in high
yield. cRGD-targeted micelles (cRGD-Ms) were based on poly-
(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane
trimethylene carbonate) (PEG-P(TMC-DTC) block copolymers).
We found that micelles containing dithiolane trimethylene
carbonate are self-crosslinkable and mediate efficient doxorubicin
delivery to U87MG glioblastoma and B16 melanoma cells.21,22

cRGD peptides have shown high and specific affinity to avb3

integrin which is overexpressed in MDA-MB-231 breast cancer
cells.23–26 Our results show that cRGD-Ms can efficiently load
and specifically deliver BP to MDA-MB-231 breast cancer cells
in vitro and in vivo, leading to better tumor accumulation and

inhibition as well as greatly improved mice survival rates as
compared to free BTZ. BP following releasing into the cytoplasm
would quickly be hydrolyzed to BTZ, which induces effective
proteasome inhibition. This micellar nanoformulation of lipo-
philized bortezomib appears to be a novel and effective strategy
to achieve targeted tumor chemotherapy with bortezomib.

2. Materials and methods
2.1. Materials and characterization

Bortezomib (BTZ, 495%, Beijing Zhongshuo Pharmaceutical
Technology Development Co., Ltd, Beijing, China), pinanediol
(99%, J&K, Beijing, China), diphenyl phosphate (DPP, 99%,
TCI, Japan), cRGDfK (cyclo(-Arg-Gly-Asp-D-Phe-Lys), cRGD-NH2,
98%, China Peptides Co., Ltd, Shanghai, China), glutathione
(GSH, 99%, Amresco, USA), and dithiothreitol (DTT, 99%,
Merck, Darmstadt, Germany) were used as received. Toluene,
dichloromethane (DCM), ethyl acetate, and petroleum ester
(Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) were
dried by refluxing over CaH2 and distilled prior to use. Methoxy
poly(ethylene glycol) (MeO-PEG-OH, Mn = 5.0 kg mol�1, PDI =
1.03, Fluka, USA) was dried by azeotropic distillation from
anhydrous toluene. Trimethylene carbonate (TMC, Jinan Daigang
Biomaterial Co., Ltd, China) was purified through recrystalliza-
tion over dry toluene before use. Dithiolane-functionalized
trimethylene carbonate (DTC) and squaric acid activated poly
(ethylene glycol) (SAE-PEG-OH, Mn = 7.5 kg mol�1, PDI = 1.03)
were synthesized as described in our previous reports.21,22,27,28

Scheme 1 Illustration of lipophilized bortezomib (i.e. bortezomib-pinanediol, BP) and its micellar nanoformulation (BP-cRGD-Ms) for targeted delivery
and triggered release of bortezomib in human triple-negative breast cancer cells.
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1H NMR spectra were recorded on a Unity Inova 400 spectro-
meter operating at 400 MHz or an Agilent DD2 operating at
600 MHz using deuterated dimethyl sulfoxide (DMSO-d6) or
deuterated chloroform (CDCl3) as a solvent. The chemical shifts
were calibrated against residual solvent signals. The molecular
weight and polydispersity of the copolymers were determined
using a Waters 1515 gel permeation chromatograph (GPC)
equipped with two linear PLgel columns (500 A and Mixed C)
following a guard column and a differential refractive-index
detector (RI 2414). The measurements were performed using
DMF containing 0.05 mol L�1 LiBr as the eluent at a flow rate of
0.8 mL min�1 at 40 1C and a series of narrow poly(methyl
methacrylate) standards for the calibration of the columns.
BTZ/BP-cRGD-Ms were determined using dynamic light scattering
(DLS) at 25 1C using a Zetasizer Nano-ZS (Malvern Instruments)
equipped with a 633 nm He–Ne laser using back-scattering
detection. Transmission electron microscopy (TEM) was performed
using a Tecnai G220 TEM operated at an accelerating voltage
of 200 kV. The samples were prepared by dropping 10 mL of
0.2 mg mL�1 micelle suspension on the copper grid followed by
staining with phosphotungstic acid (1 wt%). MTT assays were
quantified by measuring the absorbance at a wavelength of
492 nm using a microplate reader (Thermo Multiskan FC).

2.2. Synthesis of the bortezomib-pinanediol (BP) prodrug

Under a nitrogen atmosphere, to a flame-dried 25 mL flask
equipped with a magnetic stir bar were charged 10 mL of toluene,
bortezomib (100 mg, 0.26 mmol) and pinanediol (36.8 mg,
0.22 mmol). The reaction was allowed to reflux for 3 h. The
solvent was evaporated under vacuum and the crude product
was purified by silicon dioxide column chromatography using
dichloromethane and methanol (12 : 1, v/v) as eluents. Yield:
91.2%. 1H NMR (DMSO-d6, 600 MHz, d): 0.80 (s, 3H, –CCH3),
0.81–0.83 (dd, J = 6.5, 4.1 Hz 6H, –CHCH3), 1.22 (s, 3H, –CCH3),
1.25 (s, 3H, –OCCH3), 1.14–1.32 (m, 2H, –CHCH2CH–), 1.51–
1.57 (m, 1H, –CH2CHCH3), 1.34–1.37, 1.81–1.83 (m, 2H,
–CHCH2CH–), 1.60–1.62, 1.78–1.80 (m, 2H, –CHCH2CHO–),
2.00–2.05 (m, 1H, –CH2CHCH2–), 2.24–2.30 (m, 1H, –CH2CHC–),
2.64–2.67 (m, 1H, –NHCHCH2–), 3.07–3.08 (d, J = 6.6 Hz, 2H,
–CHCH2Ph), 4.13–4.15 (dd, J = 8.5, 1.5 Hz, 1H, –CCHCH2–), 4.80–
4.83 (q, 1H, –NHCHCH2–), 7.12–7.24 (m, 5H, Ph-H), 8.70–8.71
(m, 1H, –CHCHN–), 8.84–8.85 (d, J = 2.5 Hz, 1H, –CHCHN–), 9.09
(d, J = 1.1 Hz, 1H, –CCHN–). ESI-MS for C29H39BN4O4: calculated
m/z 518.31, [M + H+] and [M + Na+]; found 519.31 and 541.30,
respectively. Elemental analysis for BP: calculated C, 67.18;
H, 7.58; N, 10.81. Found: C, 66.73; H, 7.88; N, 10.62.

2.3. Boronate ester hydrolysis in PBS and in tumor cells

The hydrolysis of BP was performed in DMSO/PBS (pH 7.4,
10 mM) (1/9, v/v) at a concentration of 50 mg mL�1, with or
without serine (5 equiv. with respect to borate ester), proteinase
K (15 IU mL�1), and esterase (500 IU mL�1), at 37 1C under
constant shaking. At different time intervals (0, 1, 2, 4, 8, or
24 h), one aliquot was taken and measured by high performance
liquid chromatography (HPLC). HPLC analysis was conducted
using a reverse-phase C18 column (250 � 4.6 mm ID packed with

5 mm particles) at 30 1C and acetonitrile/KH2PO4 (10 mM) (70/30,
v/v) as a mobile phase at a flow rate of 1.0 mL min�1. The injection
volume was 20 mL, and the UV detector was set at 272 nm.29

The hydrolysis behavior of BP was also studied in MDA-MB-
231 cells. The cells were seeded in 6-well plates at 5.0� 106 cells
per well in 2 mL of complete DMEM at 37 1C with 5% CO2 for
24 h, and treated with free BP prodrug at a concentration of
100 mg mL�1 for 0.5, 1, 2, or 4 h. The medium was removed, and
the cells were washed three times with cold PBS. The cells were
collected and lysed by adding methanol and then sonicated.
After centrifugation, the supernatant was collected and evaporated.
The residue was dissolved in acetonitrile and analyzed using HPLC
with gradient elution which was run firstly with acetonitrile/
KH2PO4 (10 mM) (40/60, v/v) for 7 min, acetonitrile/KH2PO4

(10 mM) (40/60, v/v) to acetonitrile/KH2PO4 (10 mM) (70/30, v/v)
in 3 min, and finally acetonitrile/KH2PO4 (10 mM) (70/30, v/v)
for 15 min.

2.4. Preparation and characterization of BP-loaded micelles
and BTZ-loaded micelles

BTZ or BP-loaded micelles were obtained by dropwise addition
of PB (900 mL, 10 mM, pH 7.4) to a DMF solution of cRGD-PEG-
P(TMC-co-DTC)/PEG-P(TMC-co-DTC) (100 mL, 10 mg mL�1,
20/80, v/v) containing different amounts of BTZ or BP under
stirring at room temperature, crosslinking using 10 mol% DTT
relative to the DTC units, and dialysis against PB (10 mM, pH
7.4) for 6 h with a change of dialysis medium per hour.
For determination of the drug loading content (DLC), BTZ or
BP-loaded cRGD-Ms were freeze-dried and dissolved in DMF.
The amount of BTZ or BP was determined by HPLC. DLC and
drug loading efficiency (DLE) were calculated according to the
following formula:

DLC (wt%) = (weight of the loaded drug/

total weight of polymer and the loaded drug) � 100

DLE (%) = (weight of the loaded drug/

weight of the drug in feed) � 100

The drug release of BP-cRGD-Ms was studied using a dialysis
tube (Spectra/Pore, MWCO 12 000) at a micellar concentration
of 0.2 mg mL�1 under shaking (200 rpm) at 37 1C in two
different media: (1) PB (10 mM, pH 7.4), and (2) PB (10 mM,
pH 7.4) containing 10 mM GSH. In order to acquire sink
conditions, drug release studies were performed using 600 mL
of BP-Ms against 25 mL of the corresponding medium.
At desired time intervals, 5.0 mL of release medium was taken
out and replenished with an equal volume of fresh medium.
The BP released was quantified using HPLC. The release
experiment was conducted in triplicate, and the results pre-
sented are the average data with standard deviations.

2.5. In vitro cytotoxicity assays

The cytotoxicity of free BTZ, BP and BP-Ms was evaluated using
MTT assays in avb3 integrin receptor overexpressing MDA-MB-231
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human triple-negative breast cancer cells. The cells were planted
in a 96-well plate (5 � 103 cells per well) with 80 mL of DMEM
supplied with 10% fetal bovine serum, 1% L-glutamine, and anti-
biotics penicillin (100 IU mL�1), and streptomycin (100 mg mL�1) at
37 1C with 5% CO2 for 24 h. Free BTZ, BP, BP-Ms, and BP-cRGD-Ms
in 20 mL of PBS were added, the cells were incubated for 4 h, and
the medium was aspirated and replaced by fresh medium. The
cells were cultured for 68 h, then 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (10 mL, 5 mg mL�1) in
PBS was added to each well, and the cells were cultured for another
4 h. The supernatant was carefully aspirated, and the MTT-formazan
generated by breast cancer cells was dissolved in 150 mL of DMSO,
and the absorbance at 492 nm of each well was measured using
a microplate reader. The absorbance of the control wells containing
DMSO was only used as a background signal. The relative cell
viability was determined by comparing the absorbance at 492 nm
with cells cultured in DMEM (without exposure to free drug or
BP-Ms). The data are presented as average � SD (n = 4).

2.6. Animal models

All animal procedures were handled under protocols approved by
Soochow University Laboratory Animal Center and the Animal
Care and Use Committee of Soochow University. Female nude
mice (18–22 g) were inoculated subcutaneously on the right flank
with MDA-MB-231 human triple-negative breast cancer cells
(5 � 106 per mouse). Mice with tumor sizes of ca. 100–150 mm3

were used for therapeutic studies. The growth of the tumor was
monitored using a Vernier caliper. The tumor size was measured
every two days and the volume was calculated according to the
formula: V = 0.5 � L � W2, wherein L and W are the tumor
dimensions at the longest and widest point, respectively.

2.7. Maximum tolerated dose (MTD) studies

The tolerability of free BTZ, BP and BP-cRGD-Ms was evaluated
similar to previous reports.22,30–32 Briefly, free BTZ, BP or
BP-cRGD-Ms was intravenously injected into normal SPF female
Balb/C mice (each group five mice) at varying drug dosages (free
BTZ: 0.5, 1.0, and 1.5 mg kg�1; free BP: 1.0, 2.5, and 5.0 mg BTZ
equiv. per kg; and BP-cRGD-Ms: 15.0, 20.0, and 25.0 mg BTZ
equiv. per kg). The treated mice were observed daily over 10 days
for recording body weights, survival rates as well as other indicators
such as abnormal behaviors, anomalous secretions or pupils, and
abnormal phenomena noted in skin and hair. The MTD was
designated as the maximum dosage of BTZ without causing over
15% of body weight loss and other remarkable toxicities in mice
over the entire experimental period.

2.8. Blood circulation

Healthy Kunming (KM) mice were weighed and randomly
divided into four groups (n = 3). Free BTZ, free BP, and
BP-cRGD-Ms (dosage: 5 mg BTZ equiv. per kg) were intrave-
nously injected via the tail vein. At prescribed time points post
injection, ca. B100 mL of blood was withdrawn from the orbit of
mice. The blood samples upon withdrawal were immediately
dissolved in 0.1 mL of lysis buffer (methanol). BTZ/BP was
extracted by incubating the blood samples in 0.5 mL of methanol
overnight. After centrifugation at 23k rpm for 20 min, BP/BTZ
in the supernatant was recovered, dissolved in methanol and
analyzed using HPLC. The blood circulation followed a typical two
compartment model: a distribution phase with usually a rapid
decline, and an elimination phase with usually a long period,
which is the predominant process for drug clearance. The half-
lives of the two phases (t1 and t2) were calculated according to the
following formula:

y = A1 � exp(�x/t1) + A2 � exp(�x/t2) + y0

2.9. In vivo biodistribution

For biodistribution studies, tumor-bearing mice were injected
with free BP, BP-Ms, or BP-cRGD-Ms (8.0 mg BP equiv. per kg)
and sacrificed after 6 h. The tumor block and major organs
(heart, liver, spleen, lungs, and kidneys) were collected,
washed, weighed, and homogenized in 1 mL of methanol with
a Homogenizer (IKA T25) at 18k rpm for 10 min. BP was
extracted using methanol solution containing 20 mM DTT.
After centrifugation (8k rpm, 30 min, and 4 1C), the super-
natant was dried by evaporation. The residue was dissolved in
500 mL of acetonitrile. The amount of BP was determined
by HPLC.

2.10. In vivo therapeutic efficacy

The mice were weighed and randomly divided into six groups
(n = 6, one mouse for histological analysis and the rest for
monitoring the body weights and survival rates). PBS, free BTZ
(dosage: 1.0 mg per kg), or BP-cRGD-Ms (dosage: 1.0, 3.0,
5.0 mg BTZ equiv. per kg) were intravenously injected via the
tail vein twice a week for two weeks (i.e. on day 0, 3, 7, and 10).
Relative tumor volumes were calculated as V/V0 (V0 is the tumor
volume on day 0, and V is the tumor volume at any given day).
The mice were weighed with the relative body weights compared
to their initial weights. Mice in each group were considered to
be dead either when the tumor volume increased to 1000 mm3,
or the mice died during treatment. When the treatment was

Scheme 2 Synthesis of bortezomib-pinanediol (BP).
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terminated, one mouse of each group was sacrificed by cervical
vertebra dislocation. The major organs and tumors were
isolated, and fixed with 20% formaldehyde solution. The sliced
organ tissues mounted on the glass slides were stained by
hematoxylin and eosin (H&E) and observed using a digital
microscope (Olympus BX41).

2.11. Statistical analysis

Data were expressed as mean � SD. For studies of biodistribution
and relative tumor volume changes, differences between groups
were assessed using the paired, two-sided Student’s t-test. Survival
results were analyzed by the Kaplan–Meier technique using
Graphpad Prism software. A log-rank test for comparisons was
used. *p o 0.05 was considered significant, and **p o 0.01 and
***p o 0.001 were considered highly significant.

3. Results and discussion
3.1. Synthesis and antitumor activity of bortezomib-
pinanediol (BP)

Bortezomib (BTZ) contains a boronic acid moiety that can form
reversible boronate esters with alcohols and diols.33,34 Bortezomib-
pinanediol (BP) was prepared with a high yield of 91.2% through
esterification of BTZ with pinanediol in toluene (Scheme 2).
1H NMR detected resonances characteristic of both BTZ and
pinanediol moieties (Fig. 1), though no signals at d 8.93 and d
4.28/4.96 attributable to the hydroxyl protons of BTZ and pinane-
diol, respectively (Fig. S1A and B, ESI†) were observed. Moreover,
the signal of one methine proton next to the hydroxyl group of the
pinanediol moiety shifted from d 3.80 to 4.15 after esterification.
The integral ratio of the signals at d 2.65 (methine proton of BTZ)
and 4.15 was close to 1 : 1, supporting equivalent coupling of
BTZ and pinanediol. The synthesis of BP was further verified byFig. 1 1H NMR spectrum (600 MHz, DMSO-d6) of bortezomib-pinanediol (BP).

Fig. 2 (A) Time to achieve 20% hydrolysis of BP under different conditions (PBS and PBS containing serine, proteinase K, or esterase). (B) Degradation of
BP in MDA-MB-231 cells following different incubation times (0.5, 1, 2, or 4 h). (C) MTT assays of free BTZ and BP in MDA-MB-231 cells. (D) MTT assays of
pinanediol in MDA-MB-231 cells. The cells were incubated for 4 h with drug formulations, then refreshed with fresh medium, and cultured for 68 h. The
data are presented as mean � SD (n = 4).
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13C NMR (Fig. S1C, ESI†), elemental analysis and electrospray
ionization mass spectrometry (ESI-MS).

The hydrolysis of the boronate ester bond in BP was assessed
in PBS and in tumor cells. HPLC showed that BP and BTZ had
elution times of B13.2 min and 2.8 min, respectively (Fig. S2,
ESI†). Fig. 2A reveals that 20% hydrolysis of BP required 24 h in
PBS, indicating that BP is significantly more stable than reported
BTZ–diol conjugates.35–37 The high stability of BP likely stems
from the sterically bulky and hydrophobic structure of the pina-
nediol moiety. Notably, in the presence of serine and proteinase
K, 20% hydrolysis of BP took only 4 and 1 h, respectively (Fig. 2A
and Fig. S3, ESI†). It is reported that BTZ induces proteasome
inhibition by binding to threonine or serine of the protease
(Scheme 3).38–40 We used serine and proteinase K containing
the threonine moiety to mimic the intracellular environment. The
hydrolysis of BP is accelerated by serine and proteinase K likely via
effective binding and consumption of released BTZ. Moreover,
esterase could also catalyze BP hydrolysis (Fig. 2A). We further

studied the hydrolysis of BP in MDA-MB-231 cells. The results
demonstrated that the relative contents of BP decreased and BTZ
increased with increasing incubation times from 0.5 to 4 h
(Fig. 2B). Notably, more than 60% of BP was hydrolyzed to BTZ
in MDA-MB-231 cells after 4 h, indicating that BP can be quickly
activated inside the cells. MTT assays revealed that the cytotoxicity
of BP (IC50 = 0.499 mM) for MDA-MB-231 cells is close to that
of BTZ (IC50 = 0.301 mM) after incubation for 72 h (Fig. 2C).
Importantly, pinanediol has almost no cytotoxicity against MDA-
MB-231 at concentrations ranging from 1 to 5 mg mL�1 (Fig. 2D).

3.2. Preparation and in vitro characterization of micellar
nanoformulation of lipophilized bortezomib

Here, we used cRGD-directed redox-responsive and reversibly
crosslinked polymeric micelles (cRGD-Ms) based on poly(ethylene
glycol)-b-poly(trimethylene carbonate-co-dithiolane trimethylene
carbonate) (PEG-P(TMC-DTC) block copolymers) to investigate
the different loading and release behaviors of BP with respect to
BTZ. We discovered that micelles containing dithiolane trimethylene
carbonate are self-crosslinkable and mediate efficient doxorubicin
delivery to U87MG glioblastoma and B16 melanoma cells.21,22

Table 1 shows that cRGD-Ms achieved significantly more efficient
loading of BP than BTZ. At a theoretical drug loading content
(DLC) of 20 wt%, BP achieved a high DLC of 8.05 wt%, which was
over 8-fold higher than BTZ. It is typical that BTZ has low loading
into micelles (DLC o 1 wt%).12,18 The markedly improved loading
efficiency of BP compared with BTZ is likely due to its higher
hydrophobicity (log P = 4.81 vs. 1.56, P = partition coefficients) and
better miscibility with the micellar core.41–43 DLS measurements
showed that BP-loaded cRGD-Ms (BP-cRGD-Ms) had a small size
of 48–49 nm and a narrow size distribution (PDI = 0.08–0.11)
(Fig. 3A and Table 1). The loading of BP had a negligible effect
on the size of the micelles. The TEM micrograph revealed that
BP-cRGD-Ms had a spherical morphology and particle size in line
with that determined by DLS (Fig. 3B).

The in vitro drug release studies showed that under physio-
logical conditions less than 20% drug was released in 24 h from
BP-cRGD-Ms, while about 81.6% of BP was released in the
presence of 10 mM GSH under otherwise the same conditions
(Fig. 4). The fit of the data showed a first order release mechanism.

Scheme 3 Mechanism of boronate reacting with active proteasome
subunits.

Table 1 Characterization of BTZ-cRGD-Ms and BP-cRGD-Ms in PB

Formulations

DLC (wt%)

DLEa (%) Sizeb (nm) PDIbTheory Determineda

BTZ-cRGD-Ms 5 0.76 15.3 49 0.08
10 0.79 8.6 50 0.11
20 0.97 4.9 51 0.10

BP-cRGD-Ms 5 2.89 59.3 48 0.08
10 4.87 51.3 48 0.09
20 8.05 43.8 49 0.11

a Determined by HPLC (n = 3). b Determined by DLS (n = 3).

Fig. 3 (A) Size distribution of blank cRGD-Ms, BTZ-cRGD-Ms, and BP-cRGD-Ms measured by DLS. (B) TEM micrograph of BP-cRGD-Ms.
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In comparison, BTZ-loaded PEG-PLA nanoparticles and PLGA
nanoparticles displayed sustained release over an extended period

of time (ca. 60% release in 7 days).13–15 The reduction-triggered
release behavior of BP-cRGD-Ms, which has also been reported
for different drug-loaded disulfide-crosslinked micelles and
polymersomes,17,22,44,45 was mainly due to fast decrosslinking
and swelling of the micellar core.

The in vitro anticancer activity of BP-cRGD-Ms and non-
targeting BP-Ms was assessed using MTT assays in avb3 integrin
overexpressing MDA-MB-231 cancer cells. Notably, BP-cRGD-Ms
displayed a high anti-tumor effect toward MDA-MB-231 cells with a
low IC50 of 0.986 mM, which was 3.6-fold more effective than BP-Ms
(Fig. 5), supporting that BP-cRGD-Ms has obvious targetability
to MDA-MB-231 cells. Our previous work has demonstrated
that cRGD-decorated PEG-PDTC and PEG-P(CL-co-DTC) micelles
mediate efficient doxorubicin delivery to avb3 integrin over-
expressing B16 melanoma and U87MG glioblastoma cells by
a receptor-mediated internalization mechanism.21,22 Moreover,
several reports have shown that the functionalization of nano-
medicines with a cRGD peptide effectively targets to MDA-MB-231
cells in vitro and in vivo.46,47

Fig. 4 In vitro release of BP from BP-cRGD-Ms in the presence or
absence of 10 mM GSH (concentration: 0.2 mg mL�1). Data are presented
as mean � SD (n = 3).

Fig. 5 MTT assays of BP-Ms and BP-cRGD-Ms in MDA-MB-231 cells. The
cells were treated with drug for 4 h and then cultured in fresh medium for
68 h. The data are presented as mean � SD (n = 4).

Fig. 6 MTD studies of free BTZ, free BP, and BP-cRGD-Ms in Balb/c mice.
Data are presented as mean � SD (n = 5).

Fig. 7 (A) In vivo pharmacokinetics of BP-cRGD-Ms, free BP, and free BTZ
in Kunming mice; (B) in vivo biodistribution of BP-cRGD-Ms, BP-Ms, and
free BP in MDA-MB-231 tumor-bearing mice at 6 h post i.v. injection. The
amount of BP was quantified using HPLC, and expressed as the injected
dose per gram of tissue (%ID per g). Data are presented as mean � SD
(n = 3). *p o 0.05, **p o 0.01, ***p o 0.001 (Student’s t-test).
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3.3. In vivo tolerability, pharmacokinetics and biodistribution
in tumor bearing mice

The maximum-tolerated dose (MTD) of BP-cRGD-Ms, free BTZ,
and free BP was evaluated by a single i.v. administration in
Balb/C mice followed by body weight measurement and toxicity
observation for 10 d. BP-cRGD-Ms showed a remarkably high
MTD of 20.0 mg BTZ equiv. per kg (Fig. 6). In contrast, free
BTZ and BP exhibited a low MTD of 1.0 and 2.5 mg kg�1,
respectively. Hence, BP-cRGD-Ms had about 20 times better
tolerability than free BTZ. The high tolerability of BP-cRGD-Ms
is likely due to their excellent stability and reduced uptake in
major organs. This high MTD of BP-cRGD-Ms markedly broadens
the therapeutic window that allows effective cancer treatment with
negligible dose-limiting side effects.48–50

The in vivo pharmacokinetics of BP-cRGD-Ms, free BP, or
free BTZ was investigated by measuring plasma BTZ or BP levels
in mice following a single intravenous injection (5.0 mg BTZ
equiv. per kg). The results showed that BP-cRGD-Ms had a long
elimination half-life (t1/2,b = 4.06 h) and a significantly increased
area under the curve (AUC) as compared to free BTZ (t1/2,b = 0.21 h)
or BP (t1/2,b = 0.39 h) (Fig. 7A).

To examine their in vivo biodistribution, BP in the tumor and
major organs of MDA-MB-231 tumor bearing mice following 6 h
injection of BP-cRGD-Ms (dosage: 8.0 mg BTZ equiv. per kg) was
measured by HPLC. Considering that in pharmacokinetics studies
mice treated at 5.0 mg BP equiv. per kg were dead after 6 h, the
biodistribution experiment on free BTZ was not attempted.

Notably, a tumor uptake of 4.04 %ID per g was observed for
BP-cRGD-Ms, which was about 4.1 and 2.3-fold higher than
those for free BP and BP-Ms, respectively (Fig. 7B). The high
tumor BP level achieved by BP-cRGD-Ms is likely due to a
combination of their small size, long circulation time, low drug
leakage and active tumor targeting effect.

3.4. In vivo therapeutic efficacy of BP-cRGD-Ms

The therapeutic efficacy of BP-cRGD-Ms was investigated in
MDA-MB-231 tumor-bearing mice at three different doses (1.0,
3.0, or 5.0 mg BTZ equiv. per kg). The drug was given via the tail
vein twice a week and for two weeks (i.e. on day 0, 3, 7, and 10).
Free BTZ at a dose of 1.0 mg kg�1 and PBS were used as
controls. As shown in Fig. 8A, the saline-treated group had fast
tumor growth and free BTZ led to only a slight inhibition of
tumor growth. In comparison, BP-cRGD-Ms exhibited signifi-
cantly more effective inhibition of tumor growth than free BTZ
at the same dosage. Importantly, significantly better tumor
inhibition was achieved by further increasing the doses of
BP-cRGD-Ms from 1.0 to 3.0 and to 5.0 mg kg�1. The growth
of the tumor was effectively suppressed at 5.0 mg kg�1

BP-cRGD-Ms. The photographs of tumor blocks isolated on
day 18 corroborated that treatment with BP-cRGD-Ms at 5.0 mg
of BTZ equiv. per kg resulted in the best suppression of tumor
growth (Fig. 8B). Fig. 8C shows that BP-cRGD-Ms even at 5.0 mg kg�1

caused insignificant body weight loss, supporting that BP-cRGD-Ms
have low systemic toxicity. In contrast, the free BTZ group displayed

Fig. 8 In vivo antitumor performance in subcutaneous MDA-MB-231 human triple-negative breast tumor-bearing nude mice. (A) Tumor volume
changes of mice treated with free BTZ (dosage: 1.0 mg kg�1), BP-cRGD-Ms (dosage: 1.0, 3.0, 5.0 mg BTZ equiv. per kg), and PBS, respectively. The drugs
were given on day 0, 3, 7, and 10 with a total of 4 injections. The results are presented as mean � SD (n = 6); *p o 0.05, **p o 0.01, ***p o 0.001
(Student’s t-test); (B) photographs of typical tumor blocks collected from different treatment groups on day 18; (C) body weight changes of mice
in different treatment groups within 18 d. Data are presented as mean � SD (n = 5); (D) survival rates of mice in different treatment groups within 50 d
(n = 5). Statistical analysis: free BTZ vs. PBS, p = 0.048; BP-cRGD-Ms (1 mg kg�1) vs. free BTZ, p = 0.0028; BP-cRGD-Ms (3 mg kg�1) vs. free BTZ, p = 0.0044;
BP-cRGD-Ms (5 mg kg�1) vs. free BTZ, p = 0.0018; BP-cRGD-Ms (1, 3 or 5 mg kg�1) vs. PBS, p = 0.0017 (Kaplan–Meier analysis, log-rank test).
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more obvious body weight loss though at a much lower dose
(1.0 mg kg�1). Chen et al. reported that the acid-labile dextran–
BTZ conjugate caused effective tumor inhibition and significant
mice body weight loss as well at 1.0 mg of BTZ equiv. per kg in H22
hepatocarcinoma-bearing mice.11 The survival curves showed that a
significant improvement in survival time was observed for mice
treated with free BTZ compared with PBS (median survival times:
23 vs. 26 days, p = 0.048) (Fig. 8D). Notably, a highly significant
survival rate was achieved by treatment with BP-cRGD-Ms as com-
pared to PBS and free BTZ controls, in which median survival times
of 33, 41, and 47 days were observed at 1.0, 3.0, and 5.0 mg of BTZ
equiv. per kg, respectively (p o 0.01). Farokhzad et al. reported that
bone-homing BTZ-loaded PLGA nanoparticles exhibited a marginal
improvement in tumor inhibition and survival rate as compared to
free BTZ in the MM1S multiple myeloma model.12 This markedly
enhanced treatment of MDA-MB-231 tumor-bearing mice with
BP-cRGD-Ms is likely due to their evident targetability and efficient
drug release inside the cancer cells. The histological analyses
revealed that BP-cRGD-Ms resulted in significant tumor apoptosis
and little damage to the major organs (Fig. 9). These results show
that lipophilization of bortezomib with pinanediol is a novel and
effective strategy to enhance its loading into micellar systems and
achieve targeted tumor chemotherapy with bortezomib. The easy
synthesis, better tolerability and active targetability of BP-cRGD-Ms
give them great potential for treating avb3-overexpressing cancers
like MDA-MB-231 triple-negative breast cancer.

4. Conclusions

We have demonstrated that a cRGD peptide functionalized
micellar nanoformulation of lipophilized bortezomib (BP-cRGD-Ms)
mediates highly potent and targeted treatment of triple negative
breast cancer in vivo. Notably, BP-cRGD-Ms present several
unique benefits over free bortezomib such as prolonged circulation

time, markedly improved tolerability, better tumor selectivity and
accumulation, and enhanced inhibition of tumor growth. The
lipophilization of bortezomib with pinanediol without causing a
negative effect on its antitumor activity has appeared to be a novel
and effective strategy to enhance its loading into micellar systems.
Lipophilized bortezomib is an attractive alternative to bortezomib
for the development of actively targeted nanoformulations for the
efficient treatment of various malignant tumors.
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