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ARTICLE INFO ABSTRACT

Article history: Bortezomib (BTZ) provides one of the best treatments for multiple myeloma (MM). The efficacy of BTZ is,
Recefved fljung 2018 nevertheless, restricted by its fast clearance, low selectivity, and dose limiting toxicities. Here, we report
Received in revised form 3 September 2018 on targeted BTZ therapy of MM in vivo by hyaluronic acid-shelled and core-disulfide-crosslinked
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Available online 19 September 2018 biodegradable micelles (HA-CCMs) encapsulating lipophilized BTZ, bortezomib-pinanediol (BP). HA-

CCMs loaded with 7.3 BTZ equiv. wt% exhibited a small size of 78 nm, good stability in 10% FBS, and
glutathione-triggered drug release. MTT assays in CD44 positive LP-1 multiple myeloma cells revealed
that BP encapsulated in HA-CCMs caused enhanced antiproliferative effect compared with free BP.
Flow cytometry, confocal microscopy and MTT assays indicated BP-loaded HA-CCMs (HA-CCMs-BP) could
actively target to LP-1 cells and induce high antitumor effect. Proteasome activity assays in vitro showed
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CD44 HA-CCMs-BP had a similar proteasome activity inhibition as compared to free BTZ at 18 h. The fluores-
Reduction-sensitive cence imaging using Cy5-labeled HA-CCMs showed that HA-CCMs had a long elimination half-life and
Micelles enhanced tumor accumulation via HA-mediated uptake mechanism. The therapeutic studies in LP-1

MM-bearing mice revealed better treatment efficacy of HA-CCMs-BP compared with free BTZ, in which
HA-CCMs-BP at 3 mg BTZ equiv./kg brought about significant tumor growth inhibition and survival ben-
efits. Loading of lipophilized BTZ into HA-shelled multifunctional micelles has emerged as an exciting
approach for bortezomib therapy of MM.

Statement of Significance

Multiple myeloma (MM) is the second most common hematological malignancy. Bortezomib (BTZ), a
potent proteasome inhibitor, provides one of the best treatments for MM. The clinical efficacy of BTZ
is, however, limited by its quick clearance, poor selectivity, and significant side effects including myelo-
suppression and peripheral neuropathy. Here, we report on targeted BTZ therapy of MM in vivo by hya-
luronic acid-shelled and core-disulfide-crosslinked biodegradable micelles (HA-CCMs) encapsulating
lipophilized BTZ, bortezomib-pinanediol (BP). Our results showed that BP-loaded HA-CCMs exhibit mark-
edly enhanced toleration, broadened therapeutic window, and significantly more effective growth sup-
pression of CD44-overexpressed multiple myeloma in nude mice than free bortezomib. Lipophilized
BTZ-loaded HA-CCMs has opened a new avenue for targeted bortezomib therapy of multiple myeloma.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction inhibitor, provides one of the best treatments for MM [4,5]. BTZ
takes effect by binding to the threonine residues in the proteasome
Multiple myeloma (MM) is the second most common hemato- and thereby preventing degradation of pro-apoptotic proteins,

logical malignancy [1-3]. Bortezomib (BTZ), a potent proteasome leading to programmed death of cancerous cells [6-8]. The clinical
efficacy of BTZ is, however, limited by its quick clearance, bad
selectivity, and quite a few side effects including myelosuppression
and peripheral neuropathy [9-11]. Notably, peripheral neuropathy
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To increase its therapeutic efficacy and reduce systemic toxic-
ity, BTZ has been formulated as polymer-drug conjugates or with
different carrier systems including micelles, liposomes, and
nanoparticles [12-21]. For example, taking advantage of its boro-
nic acid functional group, BTZ prodrugs were obtained by linking
BTZ to polymers via pH-sensitive boronate ester bonds [22,23].
These BTZ prodrugs showed improved pharmacokinetics and pH-
dependent BTZ release though they exposed a low aqueous stabil-
ity and fast hydrolytic degradation. Liposomal BTZ demonstrated
proteasome inhibition against MM cell lines in vitro and reduced
systemic toxicity compared to free BTZ in vivo though improve-
ment of anti-tumor efficacy was not significant [21]. Interestingly,
Ghobrial et al. reported that alendronate-decorated PEG-PLGA
nanoparticulate BTZ with drug loading contents (DLC) of 0.04-
0.74 wt% and active bone-targeting showed enhanced survival
and decreased tumor burden in mouse model of MM compared
to free BTZ [15]. It is noted, however, that nearly all reported
nanosystems revealed a deficient loading for BTZ [17-19], likely
related to its amphipathic nature, as well as low selectivity to
MM. Interestingly, Zuccari et al. sequentially loaded amino-
lactose and BTZ formed boronate esters into liposomes, leading
to enhanced BTZ loading of 3.56 wt% [20]. Wang et al. achieved a
good BTZ loading of 7.28 wt% in PEG-b-poly(D,L-lactide) (PEG-
PLA) nanoparticles by single emulsion method [16]. We recently
found that lipophilized bortezomib (BP), could be efficiently loaded
into micelles, giving enhanced treatment of breast tumor with
reduced adverse effects compared with free BTZ [24].

Here, we report on targeted bortezomib therapy of MM in vivo
by BP-loaded, hyaluronic acid-shelled and core-disulfide-
crosslinked biodegradable micelles (HA-CCMs-BP) (Scheme 1).
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HA is capable of actively targeting to the CD44-overexpressed solid
tumors such as ovarian, breast, prostate, and lung tumors [25-28].
Notably, CD44 presents not only on hematological cancer cells but
also on human hematological cancer stem cells [29-31], rendering
CD44 a particularly appealing target for hematological cancer ther-
apy. HA-CCMs were readily obtained by self-assembly from a sin-
gle copolymer, HA-b-poly(trimethylene carbonate-co-dithiolane
trimethylene carbonate) (HA-P(TMC-co-DTC)) [32]. Our results
showed that HA-CCMs-BP could actively target to LP-1 MM cells,
inducing effective proteasome inhibition and enhanced antiprolif-
erative effect compared with free BTZ. HA-CCMs-BP demonstrated
superior treatment of LP-1 tumor-bearing mice to free BTZ. HA-
CCMs-BP with high drug loading, great simplicity and multi-
functionality provides a better and potentially viable treatment
for human multiple myeloma.

2. Experimental
2.1. Preparation and characterization of HA-CCMs-BP

The blank HA-CCMs were conveniently prepared by solvent
exchange method. Typically, 100 pL of HA-P(TMC-co-DTC) polymer
solution in DMSO (10 mg/mL) was added into 900 pL phosphate
buffer (PB, 10 mM, pH 7.4) under stirring at r.t. The micelles
self-crosslinked at 37 °C for 12 h, and dialyzed against the same
PB for 6 h. The dialysis medium was changed per hour. The prepa-
ration of HA-CCMs-BP was similar to that of blank HA-CCMs except
the organic phase was a mixture of polymer (10 mg/mL in DMSO)
and BP (10 mg/mL in DMSO). To determine the DLC and drug load-
ing efficiency (DLE), HA-CCMs-BP suspensions were freeze-dried,
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Scheme 1. Schematic design of hyaluronic acid-shelled and core-disulfide-crosslinked biodegradable micelles (HA-CCMs) for targeted delivery of lipophilized bortezomib,
bortezomib-pinanediol (BP), to LP-1 multiple myeloma. (i) BP is readily loaded into micelles during self-assembly process and micelles are self-crosslinked during workup,
affording robust HA-CCMs-BP; (ii) HA-CCMs-BP following i.v. injection can be long circulating and efficiently accumulate in LP-1 multiple myeloma; (iii) HA-CCMs-BP is taken
up by LP-1 cells via a CD44-mediated endocytosis mechanism; and (iv) HA-CCMs-BP is self-de-crosslinked inside the tumor cell, resulting in quick cytoplasmic release of BP

and effective inhibition of cell growth.
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dissolved in acetonitrile with 10 mM DTT and analyzed using HPLC
(acetonitrile/H,0 (70/30, v/v), 1.0 mL/min, UV: 272 nm). DLC and
DLE were determined using the following equations:

DLC (wt%) = (weight of loaded drug/total weight of
polymer and loaded drug) x 100

DLE (%) = (weight of loaded drug/weight of drug in feed) x 100

The stability of HA-CCMs-BP in the presence of 10% fetal bovine
serum (FBS) was evaluated by monitoring the size change of
micelles via DLS. Samples were maintained at 37 °C in a shaking
bath at 200 rpm for 12 h. The sizes were monitored at desired time
intervals by DLS. HA-CCMs-BP in the absence of 10% FBS was used
as a control.

2.2. In vivo imaging and pharmacokinetic studies

Tumors were allowed to grow to an average volume of about
200 ~ 300 mm? in diameter before the experiment. HA-CCMs-
Cy5 (0.5 ng Cy5 equiv./mouse) was intravenously injected into
the tail vein of mice. After the mice were anesthetized with pento-
barbital sodium (10 mg/mL in PBS) at a dosage of 62.5 mg/kg, the
fluoresce imaging was acquired at different time points (4, 6, 8,
12, and 24 h) using a fluorescence imaging system (IVIS, Lumina
II; Caliper, MA; ex. 646 nm and em. 670 nm). The mice in control
group were injected with free HA (50 mg/kg, 8 KDa) 0.5 h prior
to the administration of HA-CCMs-Cy5. We have cropped out LP-
1 tumor sections separately in order to clearly reveal targetability
of HA-CCMs-Cy5.

To study the pharmacokinetic of HA-CCMs, HA-CCMs-Cy5
(0.5 ng Cy5 equiv./mouse) was intravenously injected to Balb/C
mice. Blood samples were collected by drawing 75 pL blood from
the eye socket of mice at different time points (0.08, 0.25, 0.5, 1,
2,4, 8,12, and 24 h) and centrifuged at 3000 rpm for 5 mins. Ali-
quots (20 pL) of plasma were dissolved in100 puL of Triton X-100
(1%) and 400 pL DMSO with 20 mM DTT in the dark overnight.
The Cy5 amount in plasma at different time point was determined
by fluorescence spectrometer measurement. Its blood circulation
follows a two compartment model. The half-lives of two phases
(ti20 and ty55) were calculated according to the following
formula:

y=A1 xexp(— o -t1)+Ay xexp(— fp-t2) +Co
t1/2=“ =0.693 x t]
t1/2_,; =0.693 x tz

2.3. In vivo therapeutic efficacy

The in vivo antitumor efficacy of HA-CCMs-BP was performed
on LP-1 multiple myeloma tumor-bearing mice. When tumor grew
to about 100 mm?, the mice were randomly divided to five groups:
PBS, free BTZ (dosage: 0.5 mg/kg), and HA-CCMs-BP (dosage: 0.5,
1.0, and 3.0 mg BTZ equiv./kg) (n=6). All the mice were intra-
venously injected via the tail vein for 2 courses (first course on
day 1, 4, 8, 11, and second course on day 19, 22, 26, 29). The tumor
size was measured every 2 days, and volume was calculated
according to the formula V = 0.5 x L x W2, Relative tumor volumes
were calculated as V[V, (Vg and V are the tumor volume on day 1
and at any given day, respectively). The mice were weighted every
2 days and their relative body weights were normalized to their
initial weights. When the treatment was terminated, one mouse
of each group was sacrificed by cervical vertebra dislocation. The
major organs and tumors were isolated, fixed with 20% formalde-
hyde solution for 48 h, embedded in paraffin, and cut into 5-

micronmeter thick slices. The tissue slices were mounted on the
glass slides, stained by hematoxylin and eosin (H&E) and observed
using a digital microscope (Olympus BX41).

2.4. Statistical analysis

Data were expressed as mean * SD. Differences between groups
were assessed by one-way ANOVA with Tukey multiple compar-
ison tests. Survival data were analyzed by the Kaplan-Meier tech-
nique with a log-rank test for comparison using Graphpad Prism
7. 'p<0.05 was considered significant, and “p<0.01, “p <0.001
were considered highly significant.

3. Results and discussion
3.1. Preparation and characterization of HA-CCMs-BP

HA-CCMs-BP was readily prepared from self-assembly of HA-P
(TMC-co-DTC) copolymer (M, = 8.0-(4.5/1.6) kg/mol) with BP in
PB (10 mM, pH 7.4) followed by self-crosslinking. Good BP loading,
corresponding to 2.8-7.3 BTZ equiv. wt%, was obtained for HA-
CCMs-BP at theoretical DLC of 5-20 wt% (Table 1). Both drug load-
ing content and efficacy were significantly higher than previously
reported for micellar BTZ (BTZ loading typically <1 wt%) [15,16].
The enhanced drug loading observed for HA-CCMs-BP can be con-
tributed to enhanced hydrophobic interaction between drug and
micellar core as well as core crosslinking [24,33,34]. HA-CCMs-BP
had small sizes of 76-80 nm and narrow PDI (0.10-0.12) (Table 1).
DLS measurement showed little change of micelle size and PDI
after 12 h incubation with 10% FBS (Fig. 1A), implying that HA-
CCMs-BP has good colloidal stability likely resulting from disulfide
crosslinking of micellar core [35-38].

Fig. 1B shows that under physiological conditions about 20% BP
was released from HA-CCMs-BP in 24 h, whereas more than 80% BP
was released upon adding 10 mM GSH. In comparison, BTZ-
encapsulated nanoparticles typically showed a sustained release.
For example, ca. 75% drug was released in 7 days under physiolog-
ical conditions from alendronate coated PLGA nanoparticles, and
ca. 30% drug was released in 24 h from PEG-b-PLA nanoparticles

Table 1
Characterization of HA-CCMs-BP.
Entry DLC (BTZ equiv. wt%) DLE Size® PDI”
theory determined*® (%) (nm)
1 5 2.8 559 76 0.10
2 10 5.1 50.8 80 0.12
3 20 7.3 40.1 78 0.10

2 Determined by HPLC.
b Determined by DLS.
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Fig. 1. (A) Colloidal stability of HA-CCMs-BP against 10% FBS. Initial HA-CCMs-BP
concentration was 1 mg/mL. (B) In vitro release of BP from HA-CCMs-BP with or
without 10 mM GSH. Data are presented as mean = SD (n = 3).
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[16,17]. These results indicate that HA-CCMs-BP possesses good
stability and fast reduction-triggered drug release behavior.

3.2. Cellular uptake, in vitro antitumor effect, and proteasome activity
inhibition of HA-CCMs-BP

To investigate cellular internalization, HA-CCMs were labeled
with cyanine 5 (Cy5) (HA-CCMs-Cy5). Confocal microscopy dis-
played that LP-1 cells following 4 h incubation with HA-CCMs-
Cy5 had strong Cy5 fluorescence in the cytosol and perinuclear
regions, which was obviously higher than cells pretreated with
5 mg/mL HA (Fig. 2A), corroborating CD44-mediated endocytosis
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Fig. 2. (A) CLSM images of LP-1 cells after 1 and 4 h incubation with HA-CCMs-Cy5.
Scale bar: 10 um. (B) Flow cytometry of LP-1 cells after 4 h incubation with HA-
CCMs-Cy5. The inhibitive experiments were conducted by pretreatment of cells
with 5 mg/mL of free HA for 4 h. (C) MTT assays of free BTZ, HA-CCMs-BP and BP in
LP-1 cancer cells. The cells were incubated with different formulations for 4 h and
cultured in fresh medium for another 44 h (n = 4).

of HA-CCMs. To confirm Cy5 fluorescence indeed from the cytosol,
we further stained membrane with rhodamine B-labeled phal-
loidin and performed z-stack imaging. Fig. S1 shows clearly that
Cy5 fluorescence is neither coming from near the top of the cell
nor the micelles on the cell membrane. The quantitative flow
cytometry analyses showed that after 4 h incubation HA-CCMs-
Cy5 group showed nearly 2 times stronger fluorescence in LP-1
cells than HA pretreated control group (Fig. 2B), supporting that
HA-CCMs-Cy5 can actively target to CD44-overexpressed LP-1
cells. HA, a biocompatible and biodegradable natural polysaccha-
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Fig. 3. In vitro proteasome activity inhibition assays in LP-1 cells. Cells were
incubated with PBS, free BTZ, BP or HA-CCMs-BP for 1, 4, or 18 h (dosage: 20 ng BTZ
equiv./mL).
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Fig. 4. (A) In vivo fluorescence images of LP-1 tumors cropped out from nude mice
at different time points after i.v. injection of HA-CCMs-Cy5. Free HA (50 mg/kg)
pretreated mice were used as a control. (B) In vivo pharmacokinetics of HA-CCMs-
Cy5 in Balb/C mice.
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ride, has an inherent affinity to CD44 overexpressed in many tumor
cells [39-42], including hematological cancer cells [43].

To evaluate the cytotoxicity of HA-CCMs-BP, MTT assays were
conducted in CD44 overexpressing LP-1 cells. The results showed
that BTZ, BP and HA-CCMs-BP all displayed a concentration-
dependent toxicity (Fig. 2C). Notably, BP was less toxic to LP-1 cells
than BTZ, as also observed for MDA-MB-231 breast tumor cells
[24]. HA-CCMs-BP showed, however, much better antitumor effect
than free BP, with a half-maximal inhibitory concentration (ICsg) of
0.023 pg/mL, supporting that HA-CCMs-BP can be efficiently inter-
nalized by LP-1 cells and quickly release BP into their cytosols. MTT
assays showed that blank HA-CCMs induced little reduction of cell
viability (Fig. S2), supporting their low cytotoxicity. The active tar-
geting property of HA-CCMs-BP combined with comparably lower
toxicity of free BP makes HA-CCMs-BP highly advantageous over
BTZ for MM therapy.

We further performed proteasome inhibition assays in LP-1
cells following 1, 4 or 18 h incubation with free BTZ, BP or HA-
CCMs-BP at 20 ng BTZ equiv./mL. The results indicated a time-
dependent proteasome activity inhibition (Fig. 3). Free BTZ and
BP quickly inhibited more than 75% proteasome activity at 1 h,
gradually increasing to more than 90% at 18 h. HA-CCMs-BP
though exhibiting relatively lower proteasome inhibition in LP-1
cells than free BTZ and BP at 1 and 4 h, induced effective inhibition
of proteasome activity, comparable to free BTZ and BP, in 18 h. It is
clear that HA-CCMs-BP is able to inhibit proteasome activity
though a somewhat longer time is required, due to the fact that
to take effects, BP has to be released from HA-CCMs-BP and further

Z. Gu et al./Acta Biomaterialia 80 (2018) 288-295

hydrolyzed to BTZ. Similar results have also been reported for lipo-
somal BTZ prodrug to MM1S MM cells [21].

3.3. In vivo imaging and pharmacokinetics

The biodistribution of HA-CCMs-Cy5 was investigated by
in vivo fluorescence imaging in mice bearing 200-300 mm? LP-1
tumors (Fig. S3). To see a clearer trend in tumor accumulation in
time and effect of HA inhibition, we have cropped out LP-1 tumor
sections. Fig. 4A shows notably high tumor accumulation of
HA-CCMs-Cy5 at 4 h post i.v. injection. The strongest tumor Cy5
fluorescence was detected at 6 h post-injection. Tumor Cy5 fluo-
rescence though remaining strong decreased gradually from 6 to
24 h, suggesting superior tumor-targetability of HA-CCMs to LP-1
tumors. In contrast, pretreating mice with free HA obviously weak-
ened tumor Cy5 fluorescence, revealing that tumor accumulation
of HA-CCMs is enhanced by HA-receptor mediated mechanism.
The in vivo pharmacokinetic studies in mice indicated a long elim-
ination half-life (t;/23 = ca. 4.7 h) of HA-CCMs-Cy5 (Fig. 4B), which
was much longer than that of free BTZ (0.21 h) [24].

3.4. In vivo therapeutic efficacy

Dose-limiting toxicity has seriously restricted the clinical appli-
cation of BTZ [44,45]. We here studied the tolerability of HA-CCMs-
BP in normal mice (Fig. S4). HA-CCMs-BP with escalated doses
ranging from 15 to 25 mg BTZ equiv./kg was intravenously injected
into mice. The mice body weights, survival and toxicity were

@ iv.day DI D4 D8 DII DI9 D22 D26 D29
LP-1 multiple myeloma T T T T weel T T T T
tumor-bearing nude mice Course 1 apart Course 2
A 284
2241 3 —O— PBS
< 2
Z 204
3 161 " e —o— BTZ (0.5 mg/kg)
> | :
g 121 ) —/— HA-CCMs-BP (0.5 mg/kg)
5 84 " 5
= 44 —7— HA-CCMs-BP (1 mg/kg)
5
ool — —— HA-CCMs-
“ 70 4 8 12 16 20 24 28 32 36 HA-CCMs-BP (3 mg/ke)
C Time (day)
130+
S 120+
< 1104 <
& 100 <
= 90 ks
> | —
"8 80 .§
ﬁ 704 z
= 604 @
~

50 —————————————————
0 4 8 12 16 20 24 28 32 36
Time (day)

Time (day)

Fig. 5. In vivo antitumor performance of HA-CCMs-BP in LP-1 tumor-bearing nude mice. HA-CCMs-BP (dosage: 0.5, 1.0, or 3.0 mg BTZ equiv./kg) was given on day 1, 4, 8, 11,
19, 22, 26, and 29. PBS and free BTZ (dosage: 0.5 mg/kg) were used as controls. (A) Relative tumor volumes of mice from different treatment groups. Statistical analysis: One-
way ANOVA with Tukey multiple comparison tests, p <0.05, p < 0.001. (B) Photographs of typical tumor blocks collected on day 34. (C) Mice body weight changes in 34 d
following different treatments. (D) Survival curves of mice in different treatment groups (n = 5). Kaplan-Meier analysis (log-rank test): HA-CCMs-BP (3 mg/kg) vs. BTZ and HA-
CCMs-BP (0.5 mg/kg), "'p < 0.01; HA-CCMs-BP (3 mg/kg) vs. HA-CCMs-BP (1 mg/kg), p < 0.05.
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monitored for 10 days. The results revealed that HA-CCMs-BP
exhibited an extraordinarily high toleration of 20 mg/kg, which is
approximately 20 times higher than free BTZ [24]. This high toler-
ation of HA-CCMs-BP allows high-dose anti-tumor therapy with
negligible side effects.

The therapeutic efficacy of HA-CCMs-BP was investigated in LP-
1 tumor-bearing mice injected with HA-CCMs-BP (0.5, 1.0 or
3.0 mg/kg) or free BTZ (0.5 mg/kg). Drugs were given via the tail
vein for 2 courses (first course on day 1, 4, 8, 11, and second course
onday 19, 22, 26, 29) as clinical treatment. Fig. 5A reveals that free
BTZ at a dose of 0.5 mg/kg induced little tumor growth inhibition.
HA-CCMs-BP at the same dosage displayed apparently better
tumor inhibition than free BTZ. Furthermore, meaningfully
better tumor inhibition was obtained with growing dosages of
HA-CCMs-BP to 1.0 and 3.0 mg BTZ. The tumor inhibition rate
(TIR) was 17.5% for free BTZ while 36.1%, 55.7% and 81.8% for
HA-CCMs-BP at 0.5, 1 and 3 mg BTZ equiv./kg, respectively.
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Fig. 5B confirmed that HA-CCMs-BP at a dose of 3 mg/kg achieved
the best suppression of tumor growth. Fig. 5C shows that mice in
all groups had scarce loss of body weight, demonstrating that all
the treatments are well tolerated. In contrast, the treatment stud-
ies using free BTZ at a dosage of 1.0 mg/kg showed significant body
weight loss (Fig. S5A), confirming that free BTZ possesses a pro-
nounced systemic toxicity [24]. Liposomal BTZ prodrug though
reported to cause effective inhibition of MM 1S multiple myeloma
xenografts at a dosage of 1.0 mg BTZ equiv./kg also induced about
10% mice body weight loss [21]. Free BTZ treatment at 0.5 mg/kg
only induced slight improvement on survival time compared with
PBS (median survival times: 34 vs 28 days) (Fig. 5D). All mice died
in 8 days at an increasing dosage of 1.0 mg/kg (Fig. S5B). Notably,
significantly longer median survival times of 44 and 62 days were
recorded for HA-CCMs-BP at 0.5 and 3.0 mg BTZ equiv./kg, respec-
tively. In comparison, only slight improvement of median survival
time was observed for BTZ-loaded bone-targeting PEG-PLGA

Fig. 6. H&E staining assays of tumors from different treatment groups on day 34. The images were obtained under Olympus BX41 microscope using a 40 x objective. Scale

bar: 50 pm.
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HA-CCMs-BP

Free BTZ

Fig. 7. Detection of apoptosis in the tumor tissue using the TUNEL assay. Green: apoptotic cells; blue: DAPI-stained cell nuclei. Scale bar: 50 um. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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nanoparticles in MM1S MM mice model [15]. BTZ-loaded CD38
antibody-functionalized chitosan nanoparticles showed also only
moderate increase of median survival time compared with free
BTZ in MM1S tumor-bearing mice [46]. Gu et al. reported
a highly sophisticated system, i.e. alendronate-decorated, platelet
membrane-coated, tissue plasminogen activator  (tPA)-
immobilized and bortezomib-loaded dextran nanoparticles, with
sequential targeting effect to the bone microenvironment and
myeloma cells, induced significantly better tumor inhibition and
improved median survival time as compared to free BTZ in NCI-
H929 MM-bearing mice [47]. The images of H&E staining exposed
that HA-CCMs-BP at 3.0 mg BTZ equiv./kg caused extensive necro-
sis in the tumor site (Fig. 6), but little damage was observed in the
other major organs (Fig. S6). TUNEL images further corroborated
that HA-CCMs-BP induced more significant apoptosis of LP-1 cells
at increasing dosages from 0.5 to 3 mg BTZ equiv./kg (Fig. 7). In
contrast, free BTZ brought about much less cell apoptosis. These
results confirm that HA-CCMs-BP has significantly improved toler-
ability, targetability and tumor inhibition in LP-1 multiple mye-
loma tumor xenografts, leading to increased survival rate. The
easy synthesis, high stability, enhanced drug loading and active
targeting ability of HA-CCMs-BP render it a fascinating platform
for targeted chemotherapy of multiple myeloma cancer.

4. Conclusion

We have demonstrated that hyaluronic acid-shelled and core-
disulfide-crosslinked biodegradable micelles (HA-CCMs) enable
high loading and targeted delivery of lipophilized bortezomib to
multiple myeloma in vivo, leading to enhanced treatment efficacy
compared with free bortezomib. Interestingly, HA-CCMs made of a
single block copolymer have integrated many unique properties
such as small size, excellent stability, long circulation time,
enhanced accumulation in CD44-overexpressing multiple mye-
loma xenografts in mice, fast and selective internalization by mul-
tiple myeloma cells, and triggered intracellular drug release.
Lipophilized bortezomib has a significantly lower cytotoxicity than
bortezomib while following loading into HA-CCMs shows
improved anticancer activity, approaching that of free bortezomib,
in CD44-positive multiple myeloma cells. As a result, lipophilized
bortezomib-loaded HA-CCMs exhibit enhanced toleration, broad-
ened therapeutic window, and more effective growth suppression
of CD44-overexpressed multiple myeloma in nude mice than free
bortezomib. The concept of using hyaluronic acid-shelled and
core-disulfide-crosslinked biodegradable micelles to deliver lipo-
philized bortezomib has opened a new avenue for targeted borte-
zomib therapy of multiple myeloma.
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