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Abstract 

Carmustine (BCNU), a vital type of chloroethylnitrosourea (CENU), inhibits tumor cells growth by inducing DNA 
damage at O6 position of guanine and eventually forming dG-dC interstrand cross-links (ICLs). However, the clinical 
application of BCNU is hindered to some extent by the absence of tumor selectivity, poor stability and O6-
alkylguanine-DNA alkyltransferase (AGT) mediated drug resistance. In recent years, tumor microenvironment 
has been widely utilized for advanced drug delivery. In the light of the features of tumor microenvironment, we 
constructed a multifunctional hypoxia/esterase-degradable nanomicelle with AGT inhibitory activity named HACB 
NPs for tumor-targeting BCNU delivery and tumor sensitization. HACB NPs was self-assembled from hyaluronic 
acid azobenzene AGT inhibitor conjugates, in which O6-BG analog acted as an AGT inhibitor, azobenzene acted 
as a hypoxia-responsive linker and carboxylate ester bond acted as both an esterase-sensitive switch and a connector 
with hyaluronic acid (HA). The obtained HACB NPs possessed good stability, favorable biosafety and hypoxia/
esterase-responsive drug-releasing ability. BCNU-loaded HACB/BCNU NPs exhibited superior cytotoxicity 
and apoptosis-inducing ability toward the human uterine cervix carcinoma HeLa cells compared with traditional 
combined medication of BCNU plus O6-BG. In vivo studies further demonstrated that after a selective accumulation 
in the tumor site, the micelles could respond to hypoxic tumor tissue for rapid drug release to an effective therapeutic 
dosage. Thus, this multifunctional stimulus-responsive nanocarrier could be a new promising strategy to enhance 
the anticancer efficacy and reduce the side effects of BCNU and other CENUs.
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Introduction
As a classical type of chloroethylnitrosoureas (CENUs), 
carmustine (BCNU) has been demonstrated to be effi-
cient against various tumors including brain tumors, 

bronchogenic carcinoma and carcinoma of the female 
genitalia [1–3]. It exerts antitumor activity through 
alkylating guanine bases at the O6 position followed by 
covalently connecting with the complementary cytosine 
to form interstrand cross-links (ICLs) [4, 5]. The DNA 
ICLs hinders double-strand separation during DNA 
replication or transcription and consequently inhibits 
the growth of tumor cells eventually killing tumor cells 
[6]. Unfortunately, the shortcomings of BCNU, such 
as short elimination half-life, deficient selectivity and 
poor water-solubility, increase the frequency of systemic 
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administration of BCNU and result in serious side effects, 
including hepatic toxicity, myelosuppression, and pulmo-
nary fibrosis [7]. Besides, the occurrence of drug resist-
ance is one of the main factors leading to the failure of 
BCNU chemotherapy. O6-Alkylguanine-DNA alkyltrans-
ferase (AGT), a DNA-repair enzyme, can restore the 
BCNU-induced DNA damage by transferring the alkyl 
groups from the O6-position of guanine to the cysteine 
145 (Cys145) residue in the active site [8, 9]. This repair 
of the O6-alkylated guanine blocks the formation of ICLs, 
resulting in resistance of cells to BCNU, especially in the 
tumor tissues with high expression levels of AGT [10].
O6-Benzylguanine (O6-BG) is an effective AGT inacti-

vator, which is often used as chemotherapeutic adjuvants 
to improve the therapeutic efficacy of BCNU. It acts as 
a pseudosubstrate to transfers its benzyl group to the 
Cys145 residue at the active site of AGT, resulting in the 
ubiquitination and degradation of AGT enzyme. A large 
amount of research has revealed that O6-BG adminis-
tration could effectively reverse the resistance of cancer 
cells to BCNU both in vitro and in vivo [11–14] In recent 
years, several combi-nitrosourea prodrugs have been 
synthesized to improve the treatment efficacy of CENUs, 
which combine the CENU pharmacophore and the O6-
BG analog moiety in one molecule [15–18]. Neverthe-
less, both the traditional combination therapy and the 
combi-nitrosourea prodrugs have a fatal disadvantage of 
inability to target tumors tissue. They were observed to 
act on tumor cells and normal cells indiscriminately, con-
sequently resulting in serious side effects including bone 
marrow toxicity and even secondary tumors [19]. Thus, 
new approaches are required to improve the therapeutic 
efficiency and reduce the side effects by targeted delivery 
of CENUs to tumor regions.

Tumor hypoxia is a unique feature of most solid tumors 
stemming from the rapid proliferation of tumor cells, 
abnormal vasculatures, and high interstitial pressures of 
solid tumors [20, 21]. Due to its important role in tumor 
metabolism, hypoxia has been considered a critical char-
acteristic for developing novel tumor therapeutics [22]. 
Last decade, hypoxia-activated prodrugs, which could be 
transformed from nontoxic prodrug molecules into anti-
tumor agents by reduction under hypoxia, have become a 
promising strategy in precision treatment of tumors [23, 
24]. In our previous study, an azobenzene-based combi-
nitrosourea prodrug, named AzoBGNU, was synthesized 
to selectively sensitize the oxygen-deficient tumor cells to 
the chloroethylating agent by achieving hypoxia-target-
ing inhibition of AGT. As expected, AzoBGNU showed 
higher proliferation inhibition against DU145 cells with 
high levels of AGT expression than free nimustine under 
hypoxic conditions [10]. However, the in vivo application 
of the combi-molecular prodrugs might be limited by its 

poor solubility as a result of the complicated chemical 
modification [25]. Moreover, the high synthetic burden 
for obtaining the final prodrug was also a restriction of 
the development of combi-nitrosourea prodrugs from the 
viewpoint of pharmacoeconomics [22]. Thus, it is neces-
sary to discover a novel approach for overcoming the limi-
tations of these hypoxia-responsive nitrosourea prodrugs.

Nanomicelles constructed by the self-assembly behavior 
of polymer-drug conjugates possess advantages of sim-
ple process, high drug-loading and controllable release, 
displaying great potential in tumor-targeted delivery 
[26]. Hyaluronic acid (HA), a natural polysaccharide, 
was widely utilized in biomedical applications due to its 
biocompatibility and strong hydrophilicity. Additionally, 
owing to the specifical combination with the CD44 recep-
tors overexpressed on the surface of cancer cells, HA can 
be used for the construction of targeting nano delivery 
system of chemotherapies [27, 28]. Li et al. [29] reported 
that HA modification resulted in a significant increase of 
the amount of cisplatin-loaded nano-assembly internal-
ized by 4T1 cells. Sun et al. [30] described that HA modi-
fication could enhance the tumor-specific accumulation 
of nanoparticles via CD44-mediated pathway. Therefore, 
we hypothesized that HA could be covalently bonded 
with the azobenzene-modified O6-BG conjugates for the 
construction of a hypoxia-responsive delivery system for 
targeted delivery of BCNU. However, a critical issue faced 
by hypoxia-responsive delivery systems is that because of 
the heterogeneity of hypoxia inside tumors, the loaded 
chemotherapy cannot be rapidly released in oxygen-rich 
tumor cells nearby blood vasculatures, which reduces 
the sensitivity of the nanocarrier to tumor environment 
and thereby decreases drug efficacy [26, 31]. As a result, 
hypoxia-responsive nanocarriers are needed to be opti-
mized to achieve desirable drug concentrations in whole 
tumor tissue. Based on the high-level expression of ester-
ase in tumor cells, an esterase-sensitive chemical bond, 
carboxylate ester bond, was introduced into the structure 
of the nanocarriers to enhance the efficacy of targeted 
drug release [32, 33]. The stability of the nanocarriers can 
be destroyed because of the hydrolyzation of the ester 
bond by the intracellular esterase [34, 35]. Su et  al. [36] 
developed a prodrug conjugate (ICG-HA-PTX) by cova-
lently linking indocyanine green derivative and PTX to 
HA through an ester bond, which was disrupted by the 
overexpressed esterase, leading to rapid release of PTX 
and ICG.

In this study, we successfully constructed an amphiphi-
lic conjugate by covalently linking HA and the azoben-
zene-modified O6-BG derivative (BG-AZO-COOH) 
through an ester bond, forming HA-AZO-COO-BG 
(abbreviated as HACB). In an aqueous solution, BCNU 
was encapsulated within the synthesized HACB to form 
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micelles (HACB/BCNU NPs) via self-assembly behav-
ior. In the micelles, BCNU itself was not modified, but 
rather hosted within the hydrophobic core of the stim-
uli-responsive drug-delivery system. As displayed in 
Scheme 1, after reaching the tumor site, the ester bonds 
are cleaved by the overexpressed esterase leading to rapid 
release of BCNU. Under the oxygen-deficient environ-
ment of tumor, O6-(3-amino-benzyl) guanine acting as 
an AGT inhibitor is yielded via the reduction of the azo 
bond to aniline, and BCNU is fully released simultane-
ously, thus achieving an enhanced anticancer therapeutic 
efficacy. In  vitro and in  vivo investigations were car-
ried out to confirm the dual responsive release behavior 
and the anticancer activity of HACB/BCNU NPs. This 
study is expected to contribute to the development of 
novel tumor-targeting nitrosourea chemotherapies with 
enhanced efficacy and reduced side effect.

Materials and methods
Materials
3-Aminobenzylalcohol, phenol and sodium hydride 
were purchased from Energy Chemical (Shanghai, 
China). 1-Methylpyrrolidine and 6-chloropurine 
were obtained from Bidepharm (Shanghai, 
China). Hyaluronic acid (HA, MW 5000  Da) was 

brought from HEOWNS Co., Ltd. (Tianjin, China). 
N-Hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
(dimethylamino) propyl) carbodiimide (EDC) were 
acquired from Aladdin Reagent Co., Ltd. (Shanghai, 
China). Reduced nicotinamide adenine dinucleotide 
phosphate oxidase (NADPH) and coumarin-6 (Cou6) 
were got from Sigma-Aldrich (St. Louis, United States). 
BCNU was brought from Tokyo Chemical Industry Co., 
Ltd. (Tokyo, Japan). Esterase from porcine liver was 
provided by MACKLIN Co., Ltd. (Shanghai, China). 
Fetal bovine serum (FBS) was bought from Zhejiang 
Biological technology stock Co., Ltd. (Zhejiang, China). 
Rat liver microsomes were obtained from PrimeTox 
(Wuhan, China). Roswell Park Memorial Institute 
1640 Medium (1640) and penicillin–streptomycin 
solution were purchased from HyClone (Logan City, 
USA). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) was provided by 
Beyotime Biotechnology Co., Ltd (Shanghai, China). 
Hoechst33342/PI apoptosis detection kit, Annexin 
V-FITC/PI apoptosis detection kit and Alamar blue 
were acquired from Solarbio Life Science (Beijing, 
China). All other reagents were purchased from Beijing 
Chemicals Co. (Beijing, China) and J&K Scientific Ltd. 
(Shanghai, China).

Scheme 1 Schematic illustration for the synthesis and antitumor mechanism of HACB/BCNU NPs
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Cell culture
The human uterine cervix carcinoma cells (HeLa), the 
human non-small cell lung cancer cells (A549), the hepa-
tocellular carcinoma cells (SMMC-7721) and mouse 
brain endothelial cells (b End. 3) were purchased from 
Peking Union Medical College (Beijing, China). All cells 
were cultured in RPMI-1640 medium containing 10% 
FBS, 100 U/mL of penicillin and 100  µg/mL of strepto-
mycin at 37  ℃ using a humidified 5%  CO2 incubator 
(Thermo Fisher Scientific Inc., Waltham, MA, USA). 
Hypoxic conditions in cell culture were generated by a 
hypoxia anaerobic incubator chamber (Thermo 1025, 
Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with an appropriate humidified gas mixture con-
taining 1%  O2 and 5%  CO2 balanced with  N2.

Animals
BALB/c nude mice (female, 4–6 weeks) were purchased 
from Vital River Laboratory Animal Technology Co. Ltd 
(Beijing, China). All animal experiments were conducted 
under a protocol approved by Beijing University 
of Technology Institutional Animal Care and Use 
Committee. Subcutaneous tumor models were planted 
by injecting 1 ×  107 HeLa cells (100 µL) into the left side 
of each mouse near the armpit. Tumor volume (V) was 
determined by measuring the length (L) and the width 
(W), and was calculated according to Eq. (1).

Synthesis of HACB Conjugates
Synthesis of 4‑((3‑(hydroxymethyl)phenyl) diazenyl) phenol 
(a)
3-Aminobenzylalcohol (123  mg) was dissolved in 800 
µL deionized water. Then, 800 µL hydrochloric acid and 
1 mL cold sodium nitrite solution (2 mmol/L) were drop-
wise added to the above solution stirring for 20  min at 
0–4 ℃. After that, 96 µL phenol was added to the solu-
tion stirring for 24  h at 0–4 ℃. Then the solution was 
extracted with distilled water/ethyl acetate (1:1). The 
organic layers were collected, dehydrated with sodium 
sulfate and evaporated to get a bronzing solid (0.19 mmol, 
19% yield). 1H NMR (400  MHz, DMSO-d6) δ: 10.26 (s, 
1H), 7.69–7.83 (m, 4H), 7.43–7.53 (m, 2H), 6.94–6.96 
(d, 2H), 5.35–5.38 (t, 1H), 4.60–4.61 (d, 2H). 13C NMR 
(101 MHz, DMSO-d6) δ: 161.38, 152.56, 145.72, 144.47, 
129.48, 128.85, 125.25, 121.69, 119.68, 116.41, 63.00. 
IR (KBr) υ: 3479.41, 3184.31 (OH), 2881.61  (CH2), 1593 
(C=C), 1506.40 (N=N), 1145.05 (C–N), 1145.05 (C–O), 
838.95 (=C–H), 694.11 (C–H).

(1)V =

1

2
L×W 2

Synthesis 
of 1‑(2‑amino‑9H‑purin‑6‑yl)‑1‑methylpyrrolidine‑1‑chloride 
(b)
Compound b was synthesized according to the method 
described by Keppler et  al. with modification [37] 
Briefly, 2-amino-6-chloropurine (2 g) was dissolved in N, 
N-dimethylformamide (DMF). Then, 1-methylpyrrolidine 
(3 mL) was added into the DMF solution to react under 
stirring for 20  h at room temperature. Subsequently, 
acetone (3  mL) was added to the above solution for 
precipitation. Then, the precipitates were filtered and 
washed twice by ether to get a white solid (7.08  mmol, 
60% yield). 1H NMR (400  MHz, DMSO-d6) δ: 13.45 (s, 
1H), 8.35 (s, 1H), 7.12 (s, 2H), 4.63–4.57 (m, 2H), 4.01–
3.95 (m, 2H), 3.66 (s, 3H), 2.34–2.20 (m, 2H), 2.11–2.00 
(m, 2H). 13C NMR (101  MHz, DMSO-d6) δ: 161.30, 
159.52, 157.63, 150.63, 141.81, 117.07, 65.23, 51.50, 
22.37. IR (KBr) υ: 3290.57  (NH2), 3350.92 (NH), 3184.60 
(=C–H), 2897.59  (CH2), 1631.80 (C=N), 1564.10 (C=C), 
1366.87 (C–C), 1293.28 (C–N), 816.40 (=C–H), 789.91 
(N–H), 625.06 (C–H).

Synthesis of 4‑((3‑(((2‑amino‑9H‑purin‑6‑yl) oxy) methyl) 
phenyl) diazenyl) phenol (c)
Compound a (580 mg) was dissolved in 10 mL DMF, to 
which 600 mg potassium tert-butoxide and 300 mg com-
pound b were added. Then, the mixture was stirred under 
a nitrogen atmosphere for 6 h at room temperature. Sub-
sequently, 1  mL of deionized water containing 100 µL 
glacial acetic acid was added to the above solution. Then, 
the mixture was extracted with ethyl acetate/deionized 
water (1:1). The organic layers were dried with anhydrous 
sodium sulfate and concentrated under a vacuum. Finally, 
the crude product was purified by column chromatogra-
phy with dichloromethane/methanol (50:1–10:1) as an 
eluent to obtain a yellow solid (1.28  mmol, 51% yield). 
1H NMR (400 MHz, DMSO-d6) δ: 12.48 (s, 1H), 10.37 (s, 
1H), 7.93 (s, 1H), 7.84–7.79 (m, 4H), 7.64–7.57(m, 2H), 
6.96–6.94 (d, 2H), 6.36 (s, 2H), 5.60 (s, 2H). 13C NMR 
(101 MHz, DMSO-d6) δ: 161.57, 160.13, 152.67, 145.67, 
138.73, 138.41, 130.64, 129.90, 125.39, 122.26, 122.05, 
116.43, 66.73. IR (KBr) υ: 3683.45 (OH), 3487.84  (NH2), 
3340.02 (NH), 2802.47 (CH), 1587.03 (C=C), 1501.92 
(N=N), 1355.59 (C–C), 1283.92 (C–O–C), 1146.54 
(C–N), 837.46 (=C–H), 786.69 (N–H), 628.41 (C–H).

Synthesis of HACB conjugates
An aliquot of HA (35  mg, MW =  ~ 5000  Da) was dis-
solved in distilled water (7  mg/mL) followed by addi-
tion of 15 mg EDC and 9 mg NHS, and the mixture was 
stirred at room temperature for 0.5  h to activate the 
carboxyl groups of HA. Then, 243  mg of compound c 
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was added to the above solution and stirred at 40 ℃ for 
48 h. The obtained crude product was then dialyzed by a 
dialysis bag (MWCO 3500 Da) against an excess amount 
of water/DMSO (1:3 to 1:1) for 1  day and against dis-
tilled water for another 2 days. The solution was filtered 
through a microporous membrane with 0.45  µm pores 
followed by freezing and lyophilizing to obtain a yellow-
ish fluffy powder, named HACB.

Preparation of blank (HACB NPs) or BCNU‑loaded micelles 
(HACB/BCNU NPs)
HACB/BCNU NPs were prepared by solvent volatiliza-
tion method according to the literature with some modi-
fications [38]. Briefly, a solution of BCNU in ethanol 
(100 mg/mL) was dropwise added into the aqueous solu-
tions of HACB (25  mg/mL) at different BCNU/HACB 
ratios (0.5:10, 1:10, 2:10, 3:10, 4:10, w/w) with continuous 
stirring. For blank micelles, BCNU was omitted. Sub-
sequently, the mixture was sonicated with a probe-type 
ultrasonicator (Autotune, SONICS Newtown, USA) in 
an ice bath for 15 min (400 W, working for 5 s, intermit-
tent 2  s). After that, the solution was filtered through a 
microporous membrane with 0.45 µm pores followed by 
lyophilizing and stored at − 20 ℃ until further use. For 
visualization, Cou6-loaded micelles (HACB/Cou6 NPs) 
were prepared using Cou6 instead of BCNU.

Characterization of HACB NPs and HACB/BCNU NPs
Dynamic light scattering (DLS) measurements were 
performed to examine the hydrodynamic size, zeta-
potential and poly-dispersity (PDI) of HACB NPs 
and HACB/BCNU NPs using a laser diffraction 
particle sizer (Nano-ZS, Malvern Instrument, UK). 
The optical absorption was determined with a UV–
vis spectrophotometer (TU-1901, PERSEE, China). 
The morphology of the micelles was monitored using 
transmission electron microscopy (TEM, JEM-2100, 
JEOL, Japan). To investigate the stability of HACB NPs, 
the mean particle size of the micelles dissolved in  H2O, 
PBS (pH 7.4) or DMEM with 10% FBS was measured at 
different time points (0, 6, 12, 24, 36 and 48 h).

The encapsulation efficiency (EE) and drug loading (DL) 
of HACB/BCNU NPs were determined by measuring the 
concentration of the loaded drugs using HPLC (U3000, 
Thermo Fisher Scientific, USA) with a C18 column 
(ZORBAX 5 µm C18, 4.6 × 250 mm, Agilent Technologies 
Inc., California, USA). Briefly, the total dispersoid was 
filtered with an Amicon Ultra 10  kD molecular weight 
centrifugal filter (Millipore, Billerica, MA, USA) to obtain 
filtrate, which contained the unencapsulated BCNU. 
Then, the total mixture of the drug was dissolved in ten-
fold volume of methanol followed by filtering through 
0.22 µm membrane filters. The obtained filtrate was used 

for the determination of the total BCNU concentration in 
the solution. All the samples were analyzed by HPLC and 
the ultraviolet absorption was monitored at 230  nm for 
BCNU. The values of EE and DL of HACB/BCNU NPs 
were calculated according to Eqs. (2) and (3):

Cleavage study of HACB NPs
Hypoxia‑sensitivity of HACB NPs
To simulate the hypoxic reductive environment, 1  mM 
 Na2S2O4 was added into the aqueous solution with HACB 
NPs (1 mg/mL) and the mixture was stirred continuously 
at 37 ℃. The change of the absorption peak of the azoben-
zene group in the reaction was recorded by a UV–vis 
spectrophotometer. Moreover, HACB NPs was incubated 
with or without  Na2S2O4 for 1  h at 37 ℃, and then the 
hydrodynamic diameter distributions and the morphol-
ogy were observed by DLS and TEM, respectively.

Esterase responsiveness of HACB NPs
HACB NPs dispersion at a concentration of 1 mg/mL was 
incubated with or without 30 U/mL porcine liver ester-
ase at 37 ℃ under continuous shaking (100 rpm) for 1 h. 
After that, the hydrodynamic diameter distributions of 
the micelles were monitored by DLS, and the morphol-
ogy was observed by TEM.

In vitro drug release profile
On account of the high instability of BCNU in solution, 
a Cou6 model was used to examine the in  vitro release 
profile of the micelles. In brief, 2  mL HACB/Cou6 NPs 
dispersion (containing 2  mg Cou6) was placed into a 
dialysis bag (MWCO of 1  kDa), and then immersed in 
40 mL release media containing 0.5% w/v sodium dode-
cyl sulfate, porcine liver esterase (0 or 30 U/mL), 790 µg/
mL rat liver microsomes and 100 µM NADPH. Air and 
Nitrogen gas were bubbled through the reaction mixture 
to create normoxic and hypoxic conditions, respectively. 
Then, each group was gently shaken at 37 ℃ at a speed 
of 100 rpm. At the predetermined time point, 0.5 mL of 
the mixture containing the released Cou6 was drawn for 
measurement and replaced with fresh medium to main-
tain a constant volume. Three independent repeats were 
performed for each sample (n = 3).

(2)

EE =
Weight of loaded BCNU

Total weight of BCNU in the reaction solution
× 100

(3)DL =

Weight of loaded BCNU

Total weight of micelles
× 100



Page 6 of 21Li et al. Journal of Nanobiotechnology          (2023) 21:291 

Cellular uptake and intracellular release of HACB/Cou6 NPs
Hela cells were seeded in 12-well plates at a density of 
1.5 ×  105/well and cultured for 24  h at 37 ℃. Then, cells 
were treated with Cou6 or HACB/Cou6 NPs (Cou6 con-
centration of 10  ng/mL) for 30  min and 2  h under nor-
moxia and hypoxia. To demonstrate the assisted targeting 
effect of HA, the cells were pretreated with 5 mg/mL HA 
for 2 h before exposure to HACB/Cou6 NPs. After treat-
ment, the cells were washed twice with PBS, stained by 
Hoechst 33342 (10 µg/mL) for 15 min and observed by an 
IX-51 inverted fluorescence microscope (Olympus Cor-
poration, Tokyo, Japan). To further reveal the intracel-
lular distribution of HACB/Cou6 NPs, the intracellular 
fluorescence was observed under a confocal laser scanning 
microscope (CLSM, Nikon AX R, Tokyo, Japan).

In vitro cytotoxicity assay
The cytotoxicity of HACB/BCNU NPs was investigated 
by an MTT assay. Generally, HeLa cells were seeded in 
96-well plates at a density of 5 ×  103/well and cultured 
for 24 h at 37 ℃. Then, the cells were treated with BCNU 
and HACB/BCNU NPs (at equivalent BCNU concentra-
tions of 10, 20, 50, 100, 200, 400, 600 and 1000 µM) under 
normoxic and hypoxic conditions. For the combination-
treated groups, the cells were pretreated with 40 µM O6-
BG for 2  h before exposure to BCNU. Moreover, HeLa 
cells and a normal cell line b End.3 cells were treated 
with HACB NPs (0.02, 0.04, 0.10, 0.21, 0.42, 0.83, 1.25 
and 2.08  mg/mL) to evaluate the cytotoxicity of blank 
micelles. After a 24-h treatment, 10 µL MTT solutions 
(5  mg/mL) were added in each well, and the cells were 
incubated in the dark for 4 h. Subsequently, the medium 
was removed and formazan crystals were dissolved in 150 
µL DMSO. Finally, the absorbance at 560 nm was deter-
mined by a Thermo Scientific Multiskan FC (Multiskan 
FC, Thermo Scientific, Waltham, MA, USA). The cell via-
bility was calculated according to Eq. (4) as follows:

Here, the ODsample is the absorbance values of the drug-
treated cells, ODblank is the absorbance values of blank 
only containing medium and ODcontrol is the absorbance 
values of the cells without drug treatment.

Live/dead cell staining assay
HeLa cells were seeded in 48-well plates at 8 ×  104 cells 
per well and incubated for 24 h. Afterward, the cells were 
exposed to BCNU and HACB/BCNU NPs based on BCNU 
concentrations of 0.1  mM or 0.3  mM under normoxic 
and hypoxic conditions for 24 h. The combination-treated 
groups were pretreated with 40 µM O6-BG for 2 h before 

(4)
Cell viability(%) = (ODsample − ODblank )/(ODcontrol − ODblank )

exposure to BCNU. After that, the cells were stained with 
5 µL Hoechst 33,342 and 5 µL PI solution for 15  min. 
Finally, the cells were washed three times with PBS and 
observed with a fluorescent microscope (IX-51, Olympus 
Corporation, Tokyo, Japan).

Colony formation assay
HeLa cells were seeded in 6-well plates at 800 cells per 
well and maintained for 24  h. Thereafter, the medium 
was replaced with fresh medium containing BCNU, 
BCNU + O6-BG or HACB/BCNU NPs (containing 
0.05 mM BCNU) under normoxia or hypoxia. The dose 
of BCNU in each group was 0.05  mM. After treatment 
for 24  h, the medium was replaced with fresh medium 
followed by incubation for another 8  days. For the 
BCNU + O6-BG group, the cells were pretreated by 40 µM 
O6-BG for 2 h before exposure to BCNU. The cell clones 
were stained with crystal violet for 10  min followed by 
washing three times with PBS for observation.

Cell apoptosis
The apoptosis induced by HACB/BCNU NPs was evalu-
ated by Annexin V-FITC/PI apoptosis detection kit. HeLa 
cells were seeded in 6-well plates at 4 ×  105 cells per well 
and incubated for 24  h. Later, the cells were exposed to 
BCNU or HACB/BCNU NPs (containing 0.1  mM or 
0.3  mM BCNU) under normoxic or hypoxic conditions 
for 24 h. The combination-treated groups were pretreated 
by 40 µM O6-BG for 2  h before BCNU exposure. Then, 
the cells were digested with trypsin without EDTA, cen-
trifuged and washed twice with pre-cooled PBS. The cells 
were resuspended in a 1 × binding buffer and co-stained 
with Annexin V-FITC/PI kit for detection by FACS Cali-
bur flow cytometer (BD Biosciences, San Jose, CA, USA).

Cell wound‑healing assay
Wound-healing assay was performed to evaluate the 
migration of HeLa cells after drug treatment. Briefly, 
HeLa cells were seeded in 6-well plates at 4 ×  105 cells 
per well and cultured till approximately 90% conflu-
ence. Afterward, the medium was removed and a 10 µL 
pipette tip was used to generate a wound area by scraping 
the cell monolayer. The cells were treated with BCNU, 
BCNU + O6-BG or HACB/BCNU NPs under normoxia 
or hypoxia for 24 h. The concentration of BCNU in each 
group was 0.1  mM. For the BCNU + O6-BG group, the 
cells were pretreated with 40 µM O6-BG for 2  h before 
exposure to BCNU. The wound width was observed and 
recorded by a fluorescent microscope (IX-51, Olympus 
Corporation, Tokyo, Japan). The cell migration rate was 
calculated according to Eq. (5) as follows:

(5)Migration rate(%) = (S0 − S24)/S0 × 100
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Here, S24 and S0 referred to the area of the region 
without cells at 24 and 0 h, respectively.

Cell viability in spheroidal cultures
Tumor spheroid culture and morphology analysis
Three-dimensional (3D) tumor spheroids were estab-
lished to mimic the in vivo hypoxic tumor microenviron-
ment by culturing HeLa cells in a chitosan-hyaluronic 
acid (C-HA) scaffold, which was prepared according to 
the method described by Florczyk et al. [39]. HeLa cells 
were seeded onto the C-HA scaffold in 24-well plates at 
5 ×  104 cells per scaffold and maintained for 1  h till the 
cell suspension penetrated the scaffold. Then, 1 mL com-
plete medium was added to each well and the cells were 
incubated for 10 days at 37 ℃ and 5%  CO2 with regular 
media changes every 2 days. The morphology of the HeLa 
spheroids inside the C-HA scaffold was acquired on a 
scanning electron microscope (SEM). The cell-cultured 
samples were fixed by 2.5% Karnovsky’s fixative overnight 
at 4 ℃ and dehydrated in a graded series of ethanol (0%, 
30%, 50%, 75%, 95%, 100%). After that, the samples were 
critical-point dried and sputter-coated with gold before 
imaging with a SU3500 SEM (Hitachi, Tokyo, Japan) [10].

Inhibitory activity of HACB/BCNU NPs against tumor 
spheroids
HACB/BCNU NPs-induced inhibition of proliferation 
in tumor spheroids was assessed by Alamar blue assay. 
After 10  days of incubation, the samples were treated 
with BCNU, BCNU + O6-BG, HACB/BCNU NPs with 
proposed concentrations (50, 100, 200, 400 and 1000 µM) 
in normoxia or hypoxia for 24  h. As described above, 
cells were exposed to 40 µM O6-BG for 2 h before BCNU 
exposure for the combination-treated groups. The 
cells were washed with PBS followed by adding 500 µL 
medium containing 10% Alamar blue. After incubation 
for 2 h, 100 µL Alamar blue solution was transferred to 
a 96-well plate followed by measuring the absorbance at 
570 nm and 630 nm. Ultimately, the cell viability (%) was 
calculated according to Eq. (6) as follows:

Here E570 and E630 refer to the absorption coefficient of 
Alamar blue at 570 nm and 630 nm, respectively. ODT570 
and ODT630 are the absorption values of the drug-treated 
groups at 570 nm and 630 nm, respectively. ODNC570 and 
ODNC630 are the absorption values of the negative control 
groups at 570 nm and 630 nm, respectively [10].

In vivo fluorescence imaging
In order to determine the bio-distribution of HACB/
BCNU NPs, DiR-labelled HACB NPs were injected 

(6)Cell viability(%) = (E630×ODT570−E570×ODT630)/(E630×ODNC570−E570×ODNC630)×100

into the HeLa tumor xenograft mice via the tail vein 
followed by observation via a non-invasive near-infra-
red (NIR) optical imaging technique. When the tumor 
reached about 300  mm3, the HeLa tumor xenograft 
mice were randomly divided into three groups and 
treated with DiR and HACB/DiR NPs both at a dose 
of 1  mg DiR/kg via the tail vein. In addition, to fur-
ther confirm the interaction between CD44 receptors 
and HA, the mice were administrated with a high dose 
of free HA (1200  mg/kg) via the tail vein 1  h before 
being treated with HACB/BCNU NPs. At the prear-
ranged time points after injection, NIR fluorescent 
images were captured by an in  vivo imaging system 
(IVIS, PerkinElmer, United States). Furthermore, major 
organs (including hearts, livers, spleens, lungs and kid-
neys) and tumors of each mouse were collected and 
imaged via the in vivo imaging system.

In vivo synergistic therapeutic efficacy
Tumor growth inhibition of HACB/BCNU NPs was 
evaluated on HeLa tumor xenograft models. When 
the tumor reached about 100  mm3, the mice were ran-
domly divided into five groups (five mice per group): 
(I) control group (PBS); (II) BCNU group at 15  mg 
BCNU/kg; (III) BCNU + O6-BG group (10  mg/kg of 
O6-BG was injected intraperitoneally 2 h before BCNU 
being injected through caudal vein at a dose of 15 mg/
kg); (IV) HACB/BCNU NPs-low dose group at 5  mg 
BCNU/kg; (V) HACB/BCNU NPs-high dose group at 
15 mg BCNU/kg. The body weights and the tumor vol-
umes were recorded every 2 days. At day 15, the mice 
were sacrificed, and the tumors were collected and 
weighed. All tumors and major organs were fixed in 
10% neutral buffered formalin for histological examina-
tion. TdT-mediated dUTP nick-end labeling (TUNEL) 
assay and hematoxylin and eosin (HE) assay were per-
formed to further evaluate the antitumor effect of dif-
ferent formulations. Meanwhile, the major organs were 
also analyzed by the HE staining at the end of the treat-

ment to determine the biocompatibility and adverse 
effect of formulations.

Statistical analysis
The data are given as mean ± S. D.. The statistical 
significance was tested by a two-tailed Student’s t-test 
or one-way ANOVA. The values between groups were 
compared using Student’s t-test. A p-value of less than 
0.05 was considered statistically significant.
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Results and discussion
Synthesis and characterization of HACB conjugate
The synthesis procedure of HACB conjugate is depicted 
in Fig.  1A. Compound a was synthesized via diazotiza-
tion between 3-aminobenzylalcohol and phenol. Then, 
compound c was formed by the condensation between 
compound a and compound b under the nitrogen atmos-
phere in presence of potassium tert-butoxide. Due to its 
azobenzene group, which undergoes azo bond cleavage 
and releases AGT inhibitor through electrons reduction 
under tumor hypoxic conditions, compound c is consid-
ered to be a hypoxia-degradable AGT inhibitor deriva-
tive [40–42]. Moreover, with abundant aromatic rings, 
the water-insoluble compound c acts as the hydrophobic 
terminal of HACB conjugate. Finally, amphiphilic con-
jugates HACB were synthesized by linking -COOH of 
HA and -OH of compound c with the esterification reac-
tion. The chemical structure of the HACB conjugate was 
characterized and verified by 1H NMR and FT-IR. As 

shown in Fig. 1B, the peaks of HACB observed at δ = 1.8–
2.1  ppm and δ = 6.5–8.2  ppm were assigned to -CH3 of 
HA and aromatic groups of compound c, respectively. 
Compared to the FT-IR spectrum of HA, the peak of 
HACB observed at 1730  cm−1 was assigned to stretching 
vibration of the carbonyl group from the newly formed 
ester (Fig.  1C). Moreover, the broad peak at 3330   cm−1 
and the peak at 1043  cm−1 belonged to stretching vibra-
tion of –OH and C–O–C of HA, respectively. The peak 
at 1506  cm−1 was the characteristic peak of N=N group, 
and the peak at 1145   cm−1 was attributed to stretching 
vibration of C-N of azobenzene. These results together 
confirmed that HACB was successfully synthesized.

Preparation and characterization of HACB NPs and HACB/
BCNU NPs
Due to its amphiphilic property, HACB conjugate could 
self-assemble into HACB micelles (HACB NPs) in an 
aqueous solution. As shown in Fig.  2A, the obtained 

Fig. 1 Synthesis, preparation and characterization of HACB. A Synthetic route of HACB. Reagents and conditions: (i) (1)  H2O, HCl,  NaNO2, 0–4 ℃; (2) 
Phenol, 0–4 ℃, 24 h. (ii) 1-Methylpyrrolidine, DMF, room temperature, 20 h. (iii) Tert-butoxide, DMF, nitrogen atmosphere, room temperature, 6 h. 
(iv) (1) HA, EDC, NHS,  H2O, room temperature, 0.5 h; (2) Nitrogen atmosphere, 40 ℃, 48 h. B 1H NMR spectrum of compound c, HA and HACB: inset 
is a blown up of spectrum 5.5–8.2 ppm. C FT-IR spectrum of compound a, compound b, compound c, HA and HACB, from the bottom to the top
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HACB NPs presented a particle size of 174.36 ± 0.43 nm 
and polydispersity index (PDI) of 0.22 ± 0.02 with the 
zeta potential of − 27.47 ± 0.25 mV. From the TEM image 
shown in Fig. 2B, HACB NPs appeared a homogeneous 
spherical structure with an average diameter of 150–
170  nm, which was consistent with the results of DLS. 
Moreover, HACB NPs retained its original size without 

any aggregation after incubation with  H2O, PBS and 
DMEM containing 10%FBS, which confirmed the high 
stability of HACB NPs (Fig. 2C).

The particle size determines the tumor targeting ability 
and internalization efficiency of vehicles [43–45]. Hence, 
the particle size of HACB/BCNU NPs was chosen as 
the key indexes to optimize the synthesis conditions. 

Fig. 2 Characterization of HACB/BCNU NPs. A The hydrodynamic particle size of HACB NPs measured by dynamic light scattering. B TEM image 
of HACB NPs. Scale bars are 500 nm (left) and 200 nm (right). C The stability of HACB NPs. D The particle size and PDI of HACB/BCNU NPs. E Zeta 
potential of HACB/BCNU NPs. F The hydrodynamic particle size of HACB/BCNU NPs. G TEM image of HACB/BCNU NPs. Scale bars are 500 nm 
(left) and 200 nm (right). H The azo-benzene bond absorption changes of HACB NPs under reduction  (Na2S2O4) at different time points. I The 
hydrodynamic particle size of HACB NPs after  Na2S2O4 incubation. J TEM images of HACB NPs after  Na2S2O4 or esterase incubation. Scale bars are 
500 nm (left) and 200 nm (right). K The hydrodynamic particle size of HACB NPs after esterase incubation. L In vitro Cou6 release behavior of HACB/
Cou6 NPs. Data are shown as mean ± S. D. (n = 3)
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Besides, the weight ratio of BCNU and HACB conjugate 
is another important factor to change the particle size 
of HACB/BCNU NPs. As shown in Fig. 2D, the particle 
size of HACB/BCNU NPs gradually fluctuated with the 
increasing weight ratio of BCNU and HACB conjugate. 
When the weight ratio of BCNU and HACB conjugate 
increased to 4: 10 (w/w), the particle size exceeded 
250  nm. Additionally, the PDI values of HACB/BCNU 
NPs with a dosing ratio of 4: 10 were greater than 
0.3, which were considered unstable in drug delivery 
applications. The optimal particle size (190.47 ± 1.87 nm) 
of HACB/BCNU NPs was achieved at 3:10 (w/w) with the 
PDI of 0.19 ± 0.03 (Fig. 2F). The zeta potential of HACB/
BCNU NPs was − 28.53 ± 0.52 mV in this ratio (Fig. 2E). 
The high negative charge would increase the stability of 
vehicles in dispersion and make them more attracted 
to the surfaces of tumor cells [46, 47]. Moreover, the 
selection of micelles feeding weight ratio should ensure 
that BCNU-loaded micelles possess as high DL and EE as 
possible. As shown in Additional file  1: Table  S1, when 
the weight ratio of BCNU and HACB conjugate increased 
to 3:10 (w/w), the EE and DL of HACB/BCNU NPs were 
up to 54.0 and 10.3%, respectively, which implied that 
the suitable feeding weight ratio was favorable for BCNU 
encapsulation. As observed by TEM, the morphology of 
HACB/BCNU NPs exhibited spherical structure without 
significant change after encapsulation of BCNU (Fig. 2G).

The hypoxia/esterase‑responsive of HACB NPs
Hypoxia‑responsive dissociation of HACB NPs
To verify the responsiveness of HACB NPs to hypoxia, 
the hypoxic bioreductive environment was stimulated 
by the incubation of  Na2S2O4 and HACB NPs in aqueous 
solution at 37 ℃ [48]. As shown in Fig. 2H, the character-
istic absorption peak of azo at 370 nm presented a time-
dependent disappearance, indicating that the azobenzene 
bridge in HACB NPs was successfully disrupted under 
hypoxic bioreductive environment. As shown in Fig.  2I 
and J, the hydrodynamic size of HACB NPs transformed 
into tri-modal distribution from original unimodal dis-
tribution and HACB NPs showed an irregular island-like 
morphology after  Na2S2O4 treatment. The above data 
confirmed that HACB NPs possessed high hypoxia sen-
sitivity and could be disintegrated via the breakage of azo 
bonds under hypoxia conditions, resulting in the changes 
of morphology and hydrodynamic size of the micelles.

Esterase responsiveness of HACB NPs
The phenyl hydroxyl ester structure in HACB NPs, which 
is a typical moiety undergoing rapid response to esterase 
[32], combines HA with the azobenzene-modified O6-
BG and acts as an esterase-sensitive switch to control 
the drug release locating at the core of the micelles. To 

evaluate the esterase responsiveness of HACB NPs, we 
recorded the hydrodynamic size and morphology of the 
micelles after incubation with esterase by DLS and TEM, 
respectively. As shown in Fig. 2J and K, when subjected 
to esterase, the hydrodynamic size of HACB NPs was 
increased to more than 1000 nm and the intact spherical 
structure of the nanoparticles was destroyed. Therefore, 
these results suggested that esterase-induced uncoupling 
of the conjugates HACB eventually led to the disintegra-
tion of the micelles. The zeta potential of the nanopar-
ticles after esterase treatment was measured, and the 
result showed that the treated micelles with the cleavage 
of ester bond still exhibited a negative potential without 
charge reversal (Additional file 1: Fig. S4).

In vitro drug release profile
Cou6 is a classic model for the exploration of drug-
releasing characteristics. Considering the poor stability 
of BCNU in aqueous solution, Cou6-loaded HACB NPs 
was prepared as an alternative of HACB/BCNU NPs. The 
release behavior of HACB/Cou6 NPs was analyzed by 
detecting the absorbance of Cou6 at 457 nm via HPLC. 
As shown in Fig.  2L, HACB/Cou6 NPs released only 
8% over a period of 240  min under normoxia without 
esterase. While, in the presence of esterase, Cou6 was 
released from the HACB/Cou6 NPs rapidly with a 
cumulative release amount of 49% under normoxia, 
which was ascribed to the esterase-triggered rupture of 
the ester bonds in the micelles. Furthermore, hypoxic 
microenvironment facilitated the rapid release of Cou6 
from HACB/Cou6 NPs. Over a period of 240 min under 
hypoxia, the cumulative release amount of Cou6 was 63% 
without esterase addition, while it reached to 75% with 
esterase addition, which was significantly higher (p < 0.05) 
than that of the group with esterase addition under nor-
moxia. These results confirmed that the HACB/BCNU 
NPs were stable under normoxic physiological condi-
tions, but the micelles could be disintegrated under high 
esterase content and hypoxic environment achieving 
rapid BCNU release in tumor tissues.

Cellular uptake and intracellular tracking of HACB/Cou6 
NPs
The cellular uptake behavior of HACB/Cou6 NPs was 
observed by the fluorescent microscopic. Hoechst33342, 
a blue dye, was used to stain the nucleus for locating 
HeLa cells. Cou6 and HACB/Cou6 NPs were shown as 
green fluorescent. As illustrated in Fig.  3A, all groups 
showed enhanced green fluorescence signals with the 
extension of coincubation time. Similar green fluores-
cence signal intensity was observed for the normoxia 
and hypoxia groups treated by Cou6. While, stronger 
green fluorescence was observed in HeLa cells exposed to 
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HA-AZO-BG/Cou6 (abbreviated as HAB/Cou6) NPs or 
HACB/Cou6 NPs under hypoxia than those under nor-
moxia, indicating that azobenzene-based micelles could 
selectively dissociate and release Cou6 under hypoxia. 
It is noteworthy that the green fluorescence signal of 
HACB/Cou6 NPs group was stronger than HAB/Cou6 

NPs group under normoxic conditions, which implied 
that HACB/Cou6 NPs entering HeLa cells could be 
hydrolyzed by the high content of esterase in the cells 
and release Cou6. Besides, the obvious weaker green flu-
orescence signal was observed in the HACB/Cou6 NPs 
groups with HA pretreatment than that in the HACB/

Fig. 3 Uptake and intracellular localization of HACB/Cou6 NPs. A Cellular uptake of HeLa cells after treatment with Cou6, HAB/Cou6 NPs, HACB/
Cou6 NPs and HA + HACB/Cou6 NPs under normoxia and hypoxia observed by fluorescence microscope (×100). B Fluorescence image of HeLa cells 
after 2 h treatment observed by confocal laser scanning microscopy. The profiles show the fluorescence of Cou6 in the area indicated by the red 
line. The scale bar is 10 μm
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Cou6 NPs groups without HA treatment, which could be 
due to the competitive blocking of HA-mediated active 
targeting, resulting in a significant reduction in cellular 
uptake of HACB/Cou6 NPs.

The intracellular localization of nano-micelles was 
further observed by CLSM (Fig.  3B). HACB/Cou6 NPs, 
which mainly distributed in the cytoplasm of HeLa 
cells, showed stronger green fluorescence compared 
with the HAB/Cou6 NPs under normoxia. In addition, 
the strongest green fluorescence signal was observed in 
HeLa cells exposed to HACB/Cou6 NPs under hypoxic 
conditions. Those results revealed that HACB/Cou6 NPs 
could be effectively internalized and accumulated in the 
cell cytoplasm, followed by degradation under the effect 
of hypoxia and high content of esterase in the cells.

In vitro cytotoxicity assay
In vitro anti-cancer efficacy of HACB/BCNU NPs was 
evaluated by MTT assay, colony-forming and live/dead 
staining assay. MTT assay was performed in HeLa, 
A549, and SMMC-7721 cells. The cell survival rate of 
all groups decreased with the increase of drug concen-
tration (Fig.  4A–C). As depicted in Fig.  4A, HeLa cells 
treated with BCNU + O6-BG showed a lower survival 
rate compared with BCNU treatment. The  IC50 values for 
the BCNU + O6-BG-treated groups were 213.2  µM and 
257.3 µM in normoxia and hypoxia, respectively, which 
was lower than 489.5  µM (normoxia) and 512.5  µM 
(hypoxia) of the BCNU-treated groups (Additional file 1: 
Table  S2). These results manifested that O6-BG could 
effectively sensitize tumor cells to BCNU by inhibiting 
the AGT activity.

Furthermore, no significant difference was observed 
in cell survival rate between the hypoxia and normoxia 
groups exposed to BCNU or BCNU + O6-BG (Fig.  4A). 
While, the cell survival rates of HeLa cells treated with 
azobenzene-based micelles (HAB/BCNU NPs groups 
and HACB/BCNU NPs groups) under hypoxia were sig-
nificantly lower than those under normoxia. The  IC50 
values of HACB/BCNU NPs groups in normoxia and 
hypoxia were 401.4 µM and 129.2 µM, respectively, dem-
onstrating the superior hypoxia selectivity of the micelles 
(Additional file 1: Table S2). In addition, compared to the 
HAB/BCNU NPs, HACB/BCNU NPs exhibited higher 
cytotoxicity against HeLa cells under normoxia. The  IC50 
value of HACB/BCNU NPs was 401.4  µM under nor-
moxia, which was significantly lower than HAB/BCNU 
NPs (> 1000 µM) (Additional file  1: Table  S2). This sug-
gested that HAB/BCNU NPs with esterase-insensitive 
amide bonds was stable under normoxia and rarely 
caused drug leakage. While, BCNU could be released 
from the hydrolysis of the ester bonds in HACB/BCNU 
NPs by the high concentration of esterase in HeLa cells. 

Furthermore, it is worth noting that HACB/BCNU NPs 
exhibited about 3.8- and 1.9-fold stronger cytotoxicity 
than BCNU and BCNU + O6-BG under hypoxic condi-
tions, respectively. This result could be attributed to the 
abundant O6-BG derivatives yielded by the fragmenta-
tion of the nano carriers via the cleavage of the azo bonds 
in HACB, thereby substantially sensitizing HeLa cells 
to BCNU. Similar results were obtained in A549 and 
SMMC-7721 cells (Fig.  4B and C). The biosafety of the 
blank carriers was investigated in HeLa cells and a nor-
mal cell line b End.3. As depicted in Fig. 5A and B, HACB 
NPs showed negligible cytotoxicity in HeLa and b End. 3 
cells with more than 80% cellular viability at 0.83 mg/mL. 
Until the concentration of HACB NPs reached 2.08 mg/
mL, the survival rates of HeLa and b End. 3 cells under 
hypoxic and normoxic conditions still exceeded 70%, 
showing only mild toxicity.

Figure  5C showed the colony formation inhibition of 
HeLa cells by the micelles. Under hypoxic conditions, 
HAB/BCNU NPs obviously inhibited the colony 
formation of Hela cells, while little inhibition effect 
was observed under normoxic conditions. However, 
the inhibition of HACB/BCNU NPs on HeLa colony 
formation was observed under both normoxic and 
hypoxic conditions. The above results are in accordance 
with the MTT assays, suggesting that HACB/BCNU 
NPs possessed strong inhibitory ability toward HeLa 
cell proliferation, especially in hypoxia. The live/dead 
staining assay was performed in HeLa cells to further 
assess the cellular injury induced by HACB/BCNU 
NPs. The apoptotic cells emitted a brighter fluorescence 
signal than the viable cells after stained with Hoechst 
33342. The death cells showed red fluorescence after 
stained with PI. According to Fig. 5D, brighter blue and 
red fluorescence signal appeared in the group of HACB/
BCNU NPs under normoxia compared with the group 
of HAB/BCNU NPs. Furthermore, HACB/BCNU NPs 
exhibited elevated activity inducing HeLa cells death 
under hypoxia than normoxia (Fig.  5E and F). Severe 
apoptosis and necrosis were observed in hypoxic HeLa 
cells exposed to high-dose HACB/BCNU NPs.

Increase of apoptotic level by HACB/BCNU NPs
BCNU exerts antitumor activity by inducing the can-
cer cells to form the dG-dC ICLs, which causes cellu-
lar apoptosis by blocking the opening of DNA double 
strands in replication and transcription [49, 50]. Based on 
the results of cytotoxicity assays, we further analyzed the 
apoptosis level of HeLa cells induced by HACB/BCNU 
NPs. As shown in Fig.  6A and B, high-dose (0.3  mM) 
groups produced higher cellular apoptosis rates than 
their related low-dose (0.1  mM) groups. Under nor-
moxic conditions, obvious enhanced apoptosis rate was 
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Fig. 4 Survival rate of different cell lines after treatments. A HeLa, B A549, C SMMC-7721
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observed in HeLa cells after HACB/BCNU NPs treat-
ment compared with HAB/BCNU NPs. The cell apopto-
sis rate of HACB/BCNU NPs-group reach up to 16.30% 
at low-dose and 25.63% at high-dose, which was 1.67-fold 

(p < 0.001) and 2.4-fold (p < 0.001) higher than that of 
HAB/BCNU NPs-group, respectively (Fig.  6C and D). 
This result might be attributed to the successful hydrol-
ysis of HACB/BCNU NPs by the esterase in HeLa cells. 

Fig. 5 Cytotoxicity assay in vitro. A, B Survival rate of HeLa cells (A) and b End. 3 cells (B) treated with HACB NPs. C Colony formation images 
and colony formation rate were performed with HeLa cells after treatment. D–F The fluorescent images and dead population of HeLa cells 
after treatment observed by fluorescence microscope (×100). E Drug concentration of BCNU in each group is 0.1 mM; F Drug concentration 
of BCNU in each group is 0.3 mM. I Control, II BCNU, III BCNU + O6-BG, IV HAB/BCNU NPs, V HACB/BCNU NPs. Data are shown as mean ± S. D. (n = 3), 
*p < 0.05, **p < 0.01 and ***p < 0.001
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Moreover, the highest apoptosis ratio was observed in 
the HAB/BCNU NPs-treated cells under hypoxia. The 
cell apoptosis rates of HACB/BCNU NPs-treated groups 
under hypoxia rose to 35.48% at low-dose and 46.56% at 
high-dose, which were 1.68-fold (p < 0.001) and 1.44-fold 
(p < 0.01) higher than those of BCNU + O6-BG-treated 
group, respectively. These results confirmed that HACB/
BCNU NPs could efficiently release BCNU and produce 
AGT inhibitors to induce apoptosis of HeLa cells under 
hypoxia.

HACB/BCNU NPs inhibited the literal migration ability 
of HeLa cells
To further evaluate the antitumor efficiency of HACB/
BCNU NPs, the wound healing assay was carried out 
to investigate the inhibition of HACB/BCNU NPs on 
HeLa cell migration. As shown in Fig.  7A and B, no 
significant differences were observed between the 
cells treated with BCNU or BCNU + O6-BG under 
normoxic and hypoxic conditions. On the contrary, 
HACB/BCNU NPs exhibited superior hypoxia-
responsive inhibition in HeLa cell migration. The cell 
migration ratio of HACB/BCNU NPs was 5.2% under 

hypoxia, obviously lower than that of BCNU (29.7%) 
and BCNU + O6-BG (14.4%).

HACB/BCNU NPs inhibits the growth of tumor spheroids
As an in  vitro model, 3D cell tumor spheroid is emerg-
ing as a promising platform for evaluating the anticancer 
activity of chemotherapeutic drugs. Three-dimensional 
(3D) tumor models possess similar characteristics to solid 
tumors, such as oxygen-deficient microenvironment, 
enhanced resistance and abnormal enzyme level [51]. In 
this study, 3D HeLa spheroids were cultivated on C-HA 
scaffolds to evaluate the antitumor ability of HACB/
BCNU NPs. As shown in Fig. 7C and D, a dose-depend-
ent decreased of cell survival rate was observed in all 
groups. HACB/BCNU NPs displayed notably enhanced 
inhibition against HeLa tumor spheroids compared 
with the other drug formulations. The  IC50 of HACB/
BCNU NPs in normoxia and hypoxia were 185.2 µM and 
175.2  µM, respectively, which were remarkably lower 
(p < 0.001) than those treated with BCNU (800.8 µM in 
normoxia and 805.8 µM in hypoxia) and BCNU + O6-BG 
(442.4 µM in normoxia and 392.4 µM in hypoxia) (Addi-
tional file 1: Table S3).

Fig. 6 Flow cytometry analysis of HeLa cells after treatment. A, C Drug concentration of BCNU in each group is 0.1 mM; B, D Drug concentration 
of BCNU in each group is 0.3 mM. Data are shown as mean ± S. D. (n = 3), *p < 0.05, **p < 0.01 and ***p < 0.001
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Different from the results of 2D cells MTT assay, 
HACB/BCNU NPs presented superior inhibition against 
HeLa tumor spheroids under normoxia. This implied 
that the hypoxic and high enzyme content microenvi-
ronment formed by the 3D tumor model induced thor-
ough fragmentation of the micelles, leading to complete 
drug leakage. In additions, due to the aggravation of 
drug resistance in HeLa tumor spheroids, the  IC50 of 
BCNU and BCNU + O6-BG in HeLa tumor spheroids 
were higher than those of 2D adherent cells (Additional 
file  1: Table  S3). While, the strong reversal effect on 

drug-resistance by HACB/BCNU NPs could still effec-
tively sensitize and suppress HeLa cells, especially under 
hypoxic conditions.

In vivo imaging analysis
To assess the tumor-targeting capability, the biological 
distribution of HACB/DiR NPs was visualized by non-
invasive near-infrared fluorescence imagining technique. 
In  vivo fluorescence images of free DiR and HACB/
DiR NPs were monitored after injection within 24 h. As 
shown in Fig.  8A, HACB/DiR NPs displayed obvious 
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Fig. 7 In vitro antitumor effect of HACB/BCNU NPs. A, B The migration of HeLa cells after treatment. A, B Indicates the visualization and quantified 
analysis of wound healing (×100). Data are shown as mean ± S. D. (n = 3). C, D Survival rate of HeLa cells in the tumor spheroids after treatment 
under normoxia (C) and hypoxia (D). Data are shown as mean ± S. D. (n = 6), *p < 0.05, **p < 0.01 and ***p < 0.001
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fluorescence signal in the tumor region after 1  h injec-
tion, implying the rapid tumor targeting effect and effi-
cient tumor-responsive release of HACB/DiR NPs. The 
obvious fluorescence signal was still observed after 24 h 
injection, demonstrating the persistent tumor reten-
tion effect of HACB/DiR NPs. On the contrary, free DiR 
was rapidly cleared after injection, and almost no fluo-
rescence signal at the tumor site was captured within 
24 h. To further verify the active-target ability of HACB/
BCNU NPs, a high dose of HA was administrated intra-
venously before HACB/DiR NPs treatment to satu-
rate CD44 receptors of tumor tissue. Then, a significant 
attenuation of fluorescence signal was observed in tumor 
tissue after HA + HACB/DiR NPs administration, illus-
trating that HACB/DiR NPs targeted tumors effectively.

After injection for 24  h, the mice were euthanized. 
The tumors and the major tissues were collected for 
ex  vivo imaging. The fluorescence signal intensity was 
quantitative analyzed by region of interest (ROI). As 

illustrated in Fig.  8B, after 24  h injection, free DiR was 
mainly concentrated in the tissues of liver and lung, and 
negligible fluorescence signal was observed in the tumor 
tissues treated by free DiR. While for the HACB/DiR NPs 
group, the fluorescence signal was mainly concentrated 
in the tumor tissues, and the fluorescence intensity was 
11.9- and 13.2-fold higher than those of the free DiR and 
HA + HACB/DiR NPs groups, respectively (Fig.  8C). 
These results suggested that the tumor targetability of the 
nanocarrier-based chemotherapy could effectively reduce 
the side effects of the traditional non-targeted BCNU.

In vivo antitumor efficacy of HACB/BCNU NPs
To further evaluate the in  vivo antitumor efficacy of 
HACB/BCNU NPs, HeLa tumor-bearing mice were 
treated with saline, free BCNU, BCNU + O6-BG, and 
HACB/BCNU NPs. As shown in Fig.  9A, free BCNU 
exhibited negligible suppression of tumor growth, while 
combination of BCNU with O6-BG showed an enhanced 

Fig. 8 Tumor targetability of HACB NPs. A In vivo fluorescence imaging of HeLa tumor-bearing mice at 1, 2, 6, 12 and 24 h after intravenous 
injection of (I) free DiR, (II) HACB/DiR NPs with pre-injection of free HA and (III) HACB/DiR NPs. B Ex vivo fluorescence imaging of the tumor 
and normal tissues harvested from the euthanized HeLa tumor-bearing mice at 24 h post-injection. C Region-of-interest analysis of fluorescent 
signals from the tumors and normal tissues. Data are shown as mean ± S. D. (n = 3), *p < 0.05, **p < 0.01 and ***p < 0.001
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inhibitory effect (p < 0.05), but was still insufficient to 
completely eliminate HeLa tumors. It is noticeable that 
a higher inhibitory effect on tumor growth was achieved 
in the low-dose HACB/BCNU NPs group compared with 
BCNU + O6-BG group, which was attributed to the effec-
tive accumulation and degradability of the micelles on 
tumor tissue. Besides, the high-dose HACB/BCNU NPs 
group showed the strongest tumor inhibition potency. 
On day 15, the tumor weight of the high-dose HACB/
BCNU NPs group was only 14.5% and 24.9% of the weight 
of BCNU and BCNU + O6-BG groups, respectively 

(Fig. 9B). As shown in Fig. 9C and D, the mice treated by 
high-dose HACB/BCNU NPs exhibited complete elimi-
nation of tumors at the end time point, indicating the 
superior therapeutic effect of HACB/BCNU NPs. More-
over, no significant weight loss was observed in all groups 
during treatment (Fig. 9E).

Subsequently, HE staining and TUNEL assay were 
performed to investigate the in vivo therapeutic efficacy 
of the five formulations. As showed in Fig.  9F, the typi-
cal pathological features of tumor cells including large, 
deep and irregularly shaped nuclei were observed in 

Fig. 9 In vivo tumor therapeutic effect of HACB/BCNU NPs. A Tumor growth curves and B average tumor weight of the mice after injection 
with saline, BCNU, BCNU + O6-BG and HACB/BCNU NPs. C Image of tumors harvested after 15 days post-treatment. D Image of tumor-bearing 
mice after treatments. E The body weight variation of HeLa tumor-bearing mice during treatment. F Histological observation and detection 
of apoptosis in tumor tissues after treatment. The red circles indicate sites of apoptosis. Data are shown as mean ± S. D. (n = 5), *p < 0.05, **p < 0.01 
and ***p < 0.001
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the negative control group. HACB/BCNU NPs treat-
ment groups showed obvious tumor cell remission, such 
as tumor coagulative necrosis and nuclear fragmenta-
tion, especially in the high-dose group. Moreover, the 
high-dose HACB/BCNU NPs group displayed obvious 
morphological changes of apoptosis compared with the 
BCNU and BCNU + O6-BG groups.

The organs (heart, liver, spleen, lung and kidney) of 
the mice were excised for pathological examination to 

evaluate the biological toxicity of HACB/BCNU NPs. 
As showed in Fig.  10A, no obvious pathological change 
of toxicity was observed in all groups. In addition, the 
biosafety of HACB NPs was explored by performing the 
blood tests. As provided in Fig. 10B–D, all the biochemi-
cal blood indexes of HACB NPs group did not show 
abnormal changes compared to the control group, dem-
onstrating that HACB NPs exhibited good biocompat-
ibility and biosafety in vivo.

Fig. 10 Biosafety evaluation in vivo. A Histological assessment of heart, liver, spleen, lung and kidney tissues of mice after treatment. The scale 
bar is 100 µm. B–D Alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total protein (TP), albumin (ALB), 
globulin (GLB), creatinine (CREA), urea and uric acid (UA) levels from the mice treated with PBS and HACB NPs (1.5 mg/kg, i. v.) for 24 h. Data are 
shown as mean ± S. D. (n = 5)
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Conclusion
In this study, a multifunctional hypoxia/esterase-sensitive 
nanomicelle was fabricated for the application of BCNU 
responsive delivery and tumor sensitization. The poor 
solubility and low stability of free BCNU in physiological 
buffers were improved by packaging BCNU in a spherical 
micelle with a hydrophilic surface. HACB/BCNU NPs 
could selectively disintegrate by azo bond cleavage 
under hypoxic conditions, leading to the emergence 
of AGT inhibitors and the release of BCNU. In  vitro 
characterization experiment verified the good stability, 
high loading capacity of BCNU, HA-mediated high cell 
uptake and effective hypoxia/esterase responsiveness. By 
cytotoxicity assays, apoptosis analysis, wound-healing 
assays and in  vivo antitumor assays, we observed that 
HACB/BCNU NPs exhibited significantly potentiated 
anticancer effect compared with conventional BCNU 
chemotherapeutics. Moreover, in  vivo fluorescence 
imaging indicated that HACB NPs could specifically 
target tumor tissue. HACB/BCNU NPs showed favorable 
biocompatibility and biosafety in  vivo. This high-
performance stimulus-responsive nanocarrier paves a 
promising way for enhancing the anticancer efficacy and 
reducing the side effects of BCNU and other CENUs.
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