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ABSTRACT

In this work, the tumor-targeted ultra-pH-responsive conjugates (PBA/Dex-g-

OE) and nontargeted conjugates (Dex-g-OE) were successfully prepared and

could easily self-assemble into stable micelles with lower CMC values in neutral

aqueous solution. Transmission electron microscopy and dynamic light scat-

tering measurement indicated that the resulting micelles have desirable size

distribution and regular spherical shape. The PBA/Dex-g-OE micelles pos-

sessed high stability in physiological condition and were pH sensitive to both

extracellular and intracellular acidic conditions. Doxorubicin (DOX) was effi-

ciently loaded to give the DOX-loaded micelles (PBA/Dex-g-OE-DOX and Dex-

g-OE-DOX) with the desirable drug loading contents. In vitro cellular uptake

and growth inhibition assays suggested that PBA/Dex-g-OE-DOX micelles were

more efficiently internalized by monolayer tumor cells and three-dimensional

multicellular tumor spheroids (MCTS) than nontargeted micelles (Dex-g-OE-

DOX), leading to the fast and complete destruction of MCTS in vitro.

Introduction

Nanoscaled drug carriers are regarded as one of the

most advanced and promising approaches for cancer

treatment [1–3]. However, the clinical efficacy is still

far from satisfaction because of the poor blood sta-

bility, nonspecific drug delivery and uncontrolled

drug release [4–6]. Furthermore, the expensive raw

material and complicated synthesis process also limit

the clinical application of therapeutic agents [6, 7].

Thus, it is high demand to develop facile and pow-

erful nanocarriers with excellent blood stability and

more prominent tumor-targeting ability to achieve a

high efficacy in cancer treatment. To realize effective

drug delivery from the injection site to the target

tumor cells, the nanocarriers need to remain stable in

blood circulation to avoid cleaning by reticuloen-

dothelial system (RES), escape from the blood vessels

and penetrate into tumor tissues, then adhere to
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tumor cells for efficient cellular uptake, and finally

accomplish rapid drug release [8, 9]. Fortunately, the

stability of nanocarriers can be improved by utilizing

coating materials with ‘‘stealth’’ property, such as

dextran or PEG [10–12]. Particularly, dextran has

been greatly used as protective shells, which protect

therapeutic agents in the core, reduce plasma protein

adsorption, extend the circulation time, and increase

nanocarriers accumulation in tumor tissues by

enhanced permeability and retention (EPR) effect

[13–16].

Nevertheless, the stealthy protective shells also

inhibit the effective uptake of nanoparticles by cancer

cells. To obtain a satisfactory therapeutic effect, the

desirable nanocarriers need to keep stealth in

bloodstream and become sticky on tumor cells

[17, 18]. The most useful strategy to enhance

nanocarrier’s tumor-targeting ability is to conjugate

active ligands in nanocarriers, which can target the

overexpressed receptors on the tumor cells’ surfaces

and induce receptor-mediated endocytosis [19, 20].

Many representative ligands such as folic acid, biotin,

peptides, and phenylboronic acid (PBA) have been

effectively decorated on the surface of nanocarriers

for efficient cellular uptake [21–25]. PBA and its

derivatives possess high affinity to sialic acid (SA),

which is overexpressed on certain tumor cells such as

hepatoma carcinoma cells [26]. And numerous stud-

ies have demonstrated that PBA-decorated carriers

displayed significant higher therapeutic efficacy than

nontargeting counterparts [27–30].

So far, a few tumor-targeted nanocarriers have

been studied in clinical trials, but they cannot effec-

tively distinguish between normal tissue and tumor

sites, and then still induce serious side effects [7, 31].

In order to target the tumor tissues, some stimuli

responsiveness such as pH, reduction, enzyme, and

temperature has been widely explored to upgrade the

therapeutic index [32–35]. Particularly, pH respon-

siveness is one of the most frequently used triggers

because of the existence of pH gradient between

extracellular matrix (pH 6.5–7.2) and endo/lyso-

somes spaces (pH 4.5–6.5) [36–38]. Currently, various

pH-sensitive nanocarriers via acid-sensitive linkages

including acetal, hydrazone, and b-amino esters have

been developed to accelerate drug release [39–41].

Despite that much progress has been achieved, most

of them cannot precisely differentiate the pH changes

between tumorous matrix and normal tissues [42, 43].

A few researchers have tried to utilize ultra-pH-

sensitive carriers to reinforce cancer therapeutic effi-

cacy via PEGylation and dePEGylation, protonation

and deprotonation, or dynamic size transition meth-

ods [44–47]. Previously, our groups have developed

some ultra-pH-sensitive nanocarriers via acid-labile

ortho ester linkages in backbones, which performed

the acid-triggered degradation upon pH 6.5–7.2, and

thus showed greatly enhanced tumor targeting and

inhibitory [48, 49].

Herein, we try to introduce the ortho ester linkages

into PBA-grafted dextran main chains to give multi-

functional ultra-pH-sensitive micelles, which can

keep stealthy in blood circulation, respond to extra-

cellular pH (6.5–7.2) for enhanced drug retention by

enlarging size, interact with SA receptors on the

tumor cell membrane and achieve rapid drug release

at intracellular acid condition. Dextran as a hydro-

philic natural polymer has been extensively used as

the coating materials to improve nanocarriers stabil-

ity and long blood circulation time because of its

excellent water solubility, non-toxicity and biocom-

patibility properties [50–55]. The ortho ester mono-

mer and tumor-targeting ligand (3-APBA) were

grafted to dextran backbones to give new multi-

functional ultra-pH-sensitive conjugates (PBA/Dex-

g-OE) via a facile one-pot strategy. PBA/Dex-g-OE

could readily self-assemble into nanoscaled micelles

in neutral aqueous solution, and DOX was easily

encapsulated. In vitro cellular uptake and antitumor

activity of empty and DOX-loaded PBA/Dex-g-OE

micelles were investigated by monolayer cell models

and three-dimensional cultured multicellular tumor

spheroids (MCTS).

Experimental section

Materials

Dextran (Dex, Mw = 15000–25000), N,N0-carbonyldi-

imidazole (CDI), Hoechst 33258 and 3-(4,5-dimethyl-

thiazol-2-yl)-2,5-diphenyl tetrazodium bromide

(MTT) were purchased from Sigma-Aldrich.

3-Aminophenylboronic acid (3-APBA, C 98%) was

obtained from Aladdin. Doxorubicin hydrochloride

(DOX�HCl) was obtained from Meilun Biological

Technology Co., Ltd and desalted with TEA before

use. The Dulbecco’s Modified Eagle’s Medium

(DMEM) and fetal bovine serum (FBS) were pur-

chased from Gibco. Human liver carcinoma cell lines
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(HepG2) and murine hepatic cancer cell lines (H22)

were purchased from KeyGENBioTECH (Nanjing,

China). Dimethyl sulfoxide (DMSO) was dried over

CaH2 and distilled under reduced pressure. The

ortho ester monomer C-(2-methoxy-[1,3]dioxolan-4-

yl)methylamine (indicated as OE) was synthesis as

described previously [56].

Synthesis of Dex-g-OE and PBA/Dex-g-OE
conjugates

Amphiphilic Dex-g-OE conjugates were synthesized

by the partial modification of dextran with ortho ester

monomer (OE) in the presence of CDI. The molar

feed ratios of Dex/CDI/OE = 1:(1.1, 1.3, or 1.5):(1.1,

1.3, or 1.5). The exemplary feed ratio of 1:1.3:1.3 was

selected to describe the synthetic procedure of Dex-g-

OE in detail. Briefly, under a nitrogen atmosphere,

dextran (1.62 g, 10 mmol) was dissolved in 30 mL

anhydrous DMSO at 25 �C. CDI (2.11 g, 13 mmol)

was added to the solution of dextran and stirred for

2 h to activate the hydroxyl groups of dextran. Then,

ortho ester monomer (OE) (1.73 g, 13 mmol) in 10 mL

anhydrous DMSO was dropwise added to the mix-

ture, and the reaction solution was stirred vigorously

at 25 �C for another 12 h. The resulting Dex-g-OE

conjugates were isolated by precipitation from the

cold diethyl ether. Then, the precipitate was collected

and dialyzed (MWCO 3500 Da) against distilled

water with a trace amount of triethylamine for 48 h.

Finally, the sample of dialysis was lyophilized to give

a white powder (3.21 g, 87% yield). The chemical

structure of Dex-g-OE was analyzed by 1H NMR in

DMSO-d6.

Similarly, PBA/Dex-g-OE conjugates were also

fabricated with the same methods, except that 0.14 g

(10 mmol) 3-APBA was co-dissolved with 1.73 g

(13 mmol) OE in 10 mL DMSO. The molar feed ratio

of Dex/CDI/OE/PBA = 1:1.4:1.3:0.1 was selected for

subsequent experiments. And the resulting product

was purified by the same process described above to

obtain PBA/Dex-g-OE conjugates (3.15 g, 82% yield).

The chemical structure of PBA/Dex-g-OE was also

characterized by 1H NMR in DMSO-d6. The molecu-

lar weight and PDI of Dex-g-OE and PBA/Dex-g-OE

conjugates were detected by Waters 1515 gel perme-

ation chromatography (GPC) instruments in DMF at

a flow rate of 1 mL/min, and a series of polystyrene

standards were applied for calibration.

Preparation of Dex-g-OE and PBA/Dex-g-OE
micelles

Dex-g-OE and PBA/Dex-g-OE-based micelles were

prepared as follows: Dex-g-OE or PBA-Dex-g-OE

conjugates (30 mg) were dissolved in DMSO (2 mL)

with a trace amount of triethylamine. Under vigor-

ously stirring, 10 mL of pH 7.4 buffer (0.01 M) was

subsequently added dropwise to the polymer solu-

tion and the mixture was further stirred for 2 h. The

resulting micelles were moved to a dialysis mem-

brane (MWCO 3500 Da) and dialyzed against PBS

(0.01 M, pH 7.4) for 48 h to remove solvents. The

dialyzed against water was exchanged with fresh

water with a trace amount of triethylamine every 3 h

in 24 h. Finally, the polymeric micelles were obtained

by lyophilization.

Characterization of Dex-g-OE and PBA/Dex-
g-OE micelles

1H NMR spectra were recorded on a Bruker Advance

III 400 MHz Digital NMR spectrometer using

deuterated dimethyl sulfoxide (DMSO-d6) as the

solvent. The average hydrodynamic diameter and

distribution of Dex-g-OE and PBA/Dex-g-OE

micelles were measured by dynamic light scattering

(DLS) using Nano-ZS90 apparatus (Malvern Instru-

ments). All samples were diluted with PBS (0.01 M,

pH 7.4) to achieve a proper concentration before

testing. The morphology of the micelles was observed

by transmission electron microscopy (TEM) (JEM-

2100, Japan). And the conjugation of

3-aminophenylboronic acid was detected by ICP-MS

measurement (ICAP 7400 Duo) [30]. Elemental anal-

ysis was employed to evaluate the substitution

degree of the ortho ester monomer (OE) using a Vario

EL-3. The change of size and colloid status of Dex-g-

OE and PBA/Dex-g-OE micelles at neutral condition

(pH 7.4) were detected continuously in 10 days to

verify long-time storage stability. Moreover, micelles’

stability in different conditions were also performed

by DLS.

Determination of the critical micelle
concentration (CMC)

The critical micelle concentration (CMC) of Dex-g-OE

and PBA/Dex-g-OE micelles was determined using

Nile Red as a fluorescence probe [57]. Briefly, 20 lL
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of Nile Red solution (1 9 10-4 mol/L) in acetone was

added to a series of 10 mL brown volumetric flasks

and then acetone was evaporated. Then, 2 mL of

different concentrations of Dex-g-OE or PBA/Dex-g-

OE micelles solutions (ranging from 1 9 10-7 to

5 mg/mL) was added into the flasks. All samples

were incubated overnight at room temperature in the

dark and performed using a Shimadzu Spectrofluo-

rophotometer RF-5301PC Series with the excitation

wavelength of 554 nm. The emission spectra were

recorded from 550 to 720 nm. The CMC values were

determined at the inflection point on the plots rep-

resenting the maximum emission wavelength as a

function of micelles concentration.

pH-triggered behaviors

pH-triggered degradation behaviors of Dex-g-OE and

PBA-Dex-g-OE micelles were detected by 1H NMR

and DLS, respectively. Briefly, freeze-dried Dex-g-OE

or PBA-Dex-g-OE micelles (10.0 mg) were dispersed

in 2 mL PBS (0.01 M, pH 5.5, 6.5, and 7.4) and placed

in a shaking table with a rotation speed of 120 rpm at

37 �C. At different time point, the particle size and

count rate changes of micelles in response to different

pHs (0.01 M, pH 5.5, 6.5, and 7.4) were monitored by

DLS. Then, the solutions were lyophilized and then

analyzed by 1H NMR using DMSO-d6 as a solvent.

Otherwise, the images of PBA-Dex-g-OE micelles

incubated with PBS (0.01 M, pH 6.5 and 5.5) for 9 h

were captured by TEM.

Preparation of DOX-loaded micelles

The DOX-loaded micelles were fabricated by the

same method with empty micelles, except that 6 mg

of desalted DOX was co-dissolved with 30 mg Dex-g-

OE or PBA/Dex-g-OE conjugates in 2 mL DMSO.

Then, the micelles were centrifuged at 12000 rpm for

15 min, then washed and re-suspended with 4 mL

PBS (0.01 M, pH 7.4). The suspension was lyophilized

to obtain DOX-loaded micelles (Dex-g-OE-DOX or

PBA/Dex-g-OE-DOX). To calculate the drug loading

content (DLC) and drug loading efficiency (DLE), the

freeze-dried DOX-loaded micelles were dissolved in

DMSO, and optimal absorbance of DOX at 481 nm

was recorded by microplate reader (M2e Molecule

Devices, USA). And a standard curve was prepared

by using the free DOX solution at the same condi-

tions. The drug loading content (DLC) and the drug

loading efficiency (DLE) were calculated as follows:

DLC% = (weight of the DOX in micelles)/(weight of

the micelles) 9 100%; DLE% = (weight of the DOX in

micelles)/(weight of the feeding drug) 9 100%.

In vitro drug release

The release profile of DOX from DOX-loaded

micelles was studied by a dialysis method. Typically,

1.0 mL Dex-g-OE-DOX or PBA/Dex-g-OE-DOX sus-

pension with known drug concentration (0.5 mg/

mL) was transferred into a dialysis bag (MWCO

14 kDa) and immersed into 20 mL PBS (0.01 M, pH

5.5, 6.5, and 7.4) solution with continuously shaken

(120 rpm) at 37 �C. At preset time intervals, 1.0 mL

release media was sampled and replaced with an

equal volume of fresh PBS. The amount of DOX

released from Dex-g-OE-DOX and PBA/Dex-g-OE-

DOX was measured using a microplate reader (M2e

Molecule Devices, USA) at 481 nm. All experiments

were carried out in triplicate.

In vitro cytotoxicity assay

The cytotoxicity of free DOX, blank micelles, and

DOX-loaded micelles was estimated in vitro by MTT

assay with H22 and HepG2 cells. Briefly, two kinds of

cells were seeded in 96-well plates (5 9 103 cells/

well) and cultured at 37 �C with 5% CO2 for 24 h to

allow cells attachment, respectively. The medium

was replenished by 180 lL of fresh medium and

20 lL of free DOX, DOX-loaded micelles at final DOX

concentration ranging from 0.5 to 16 lg/mL or

empty Dex-g-OE and PBA/Dex-g-OE micelles at final

concentration ranging from 1 to 1000 lg/mL,

respectively. The cells were further cultured at 37 �C
in a humidified atmosphere with 5% CO2 for 24 h.

Then, the culture medium was removed and washed

with PBS three times. Instead, 180 lL of fresh med-

ium and 20 lL of MTT solution (5 mg/mL) in PBS

were added to each well for another 4 h. Finally, the

medium in each well was removed and 150 lL of

DMSO was added to dissolve the formazan crystals.

The absorbance at 570 nm of each well was recorded

on a microplate reader after vibrating for 10 min in

the dark.
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Cellular uptake and flow cytometry

The cellular uptake of DOX-loaded micelles was

assessed by confocal laser scanning microscope

(CLSM) and flow cytometry against HepG2 and H22

cells. Taking HepG2 cells as an example, briefly,

HepG2 cells were seeded in 6-well plate containing a

cover glass and cultured for 24 h. Then, the original

medium was replaced by 2 mL of fresh DMEM con-

taining DOX-loaded micelles or free DOX with

equivalent DOX concentration (8 lg/mL). After 4-h

incubation, the culture medium was removed and

washed with PBS (0.01 M, pH 7.4) twice. The cells

were fixed with 4% paraformaldehyde, and the

nuclei were dyed with Hoechst 33258 for 15 min,

respectively. All samples were cleaned with PBS

before imaging by CLSM. H22 cells were also eval-

uated as the same method.

In vitro cellular uptake of these DOX-loaded

micelles was further quantified by flow cytometry.

HepG2 and H22 cells were placed into 6-well plate at

a concentration of 1 9 105 cells/well and allowed to

adhere for 24 h. Next, free DOX, Dex-g-OE-DOX, and

PBA/Dex-g-OE-DOX were added to each well with a

final drug dosage of 8 lg/mL for 4 h. The culture

medium was removed, and the cells were washed

with PBS three times. Finally, all cell samples were

collected by centrifugal and dispersed into 0.8 mL of

PBS, and the fluorescence intensity of DOX in each

sample was investigated using a BD flow cytometry.

Formation of HepG2 multicellular tumor
spheroids (MCTS)

The MCTS of HepG2 cells were built as previously

reported [58, 59]. Briefly, a layer of poly(2-hydrox-

yethyl methacrylate) (PHEMA) thin film was coated

on the bottom of cell culture flasks to avoid adhering.

Then, HepG2 cells (5 9 105) in 5 mL of fresh medium

were added into a PHEMA-coated cell culture flask.

The cells were cultured under the humidified atmo-

sphere with 5% CO2 at 37 �C, and the medium was

replaced by fresh medium every 2 days. The MCTS

were formed with the size about 200–300 lm in a

week.

The penetration and growth inhibition
study in HepG2 MCTS

After several days of growth, MCTS with the diam-

eter about 220 lm were gathered and co-cultured

with free DOX and DOX-loaded micelles (final

dosage of 8 lg/mL), respectively. At different time

intervals (2, 4, 8, 12, and 24 h), the MCTS were

thoroughly washed with PBS and then imaged by

CLSM. In addition, the fluorescence intensity of DOX

in each MCTS was estimated by using Image J.

Z-stack. The cytotoxicities of free DOX, empty

micelles and DOX-loaded micelles against MCTS

were determined by a growth inhibition assay. MCTS

with a diameter about 220 lm were collected and co-

incubated with empty micelles, free DOX, and DOX-

loaded micelles (final dosage 8 lg/mL) for 5 days at

37 �C, respectively. The diameter of each spheroid

was measured every other day after images were

recoded by optical microscope.

Results and discussion

Synthesis of Dex-g-OE and PBA-Dex-g-OE

Dex-g-OE conjugates were prepared by grafting

ortho ester monomer (OE) to the backbones of dex-

tran using CDI as an activator (Scheme 1a). The

chemical structure of Dex-g-OE was verified by 1H

NMR spectra (Fig. 1a). The characteristic chemical

shift at 5.75–5.77 ppm belonged to the special shift of

ortho ester proton, and other proton signals corre-

sponded well to their molecular structures. Similarly,

PBA/Dex-g-OE conjugates were also readily

obtained by grafting ortho ester monomer (OE) and

tumor-targeting ligand (3-APBA) to dextran through

their terminal amine groups, as shown in Scheme 1b.
1H NMR (Fig. 1b) spectra confirmed PBA/Dex-g-OE

was structurally correct. The peaks at d (ppm)

5.75–5.77 belonged to the special shift of ortho ester

proton, and other new peaks arising at 6.54, 6.89–6.93,

and 7.59 ppm correspond to the phenyl protons of

PBA. The average molecular weights of Dex, Dex-g-

OE, and PBA/Dex-g-OE were measured by GPC to

be 1.69, 1.87, and 2.05 9 104 with PDI of 1.37, 1.54,

and 1.45, respectively (Table S1, Supporting Infor-

mation), which indicated that the dextran did not

conjugate with each other, and Dex-g-OE and PBA/

Dex-g-OE conjugates were successfully prepared.
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(b)

(a)Scheme 1 Synthesis route of

Dex-g-OE (a) and PBA/Dex-

g-OE (b) conjugates. Reaction

conditions: (i) N,N0-

Carbonyldiimidazole (CDI);

(ii) DMSO.

Figure 1 1H NMR spectra of

Dex-g-OE (a) and PBA/Dex-

g-OE (b) in DMSO-d6.
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Fabrication and characterization of micelles

Dex-g-OE and PBA/Dex-g-OE as amphipathic

copolymers could easily self-assemble into nanos-

caled micelles in neutral aqueous solution. The size of

Dex-g-OE micelles could be controlled by regulating

the molar feed ratio of Dex to OE. The diameter of

Dex-g-OE micelles with different feed ratio was

detected by DLS, as given in Table S2. The size of

Dex-g-OE micelles varied from 139.7 to 268.9 nm,

which should be suitable for drug delivery and

accumulation into tumor tissues. So, the feed ratio of

Dex to OE (1/1.3) was chosen to prepare Dex-g-OE

and PBA/Dex-g-OE micelles. As shown in Fig. 2a, b,

the diameter of Dex-g-OE and PBA/Dex-g-OE

micelles was less than 170 nm with a narrow size

distribution (PDI\ 0.15), which was appropriate for

tumor targeting by the EPR effect. TEM images

(Fig. 2c, d) indicated that Dex-g-OE and PBA/Dex-g-

OE micelles had a uniform spherical shape and the

size was smaller than that was determined by DLS,

which were probably attributed to the dehydration

effect of micelles in TEM preparation. The zeta

potential of Dex-g-OE and PBA/Dex-g-OE micelles

was - 6.4 mV and - 4.3 mV, which will be good for

blood circulation and decreasing interactions with

biomolecules present in the blood. The critical micelle

concentration (CMC) measurements using Nile Red

as a fluorescence probe showed that Dex-g-OE and

PBA/Dex-g-OE micelles have low CMC values of

2.3 9 10-4 and 7.6 9 10-4 mg/mL (Figure S1), indi-

cating that these micelles could keep stable during

the blood circulation. The kinetic stability of Dex-g-

OE and PBA/Dex-g-OE micelles in PBS 7.4 was

evaluated by DLS. As shown in Fig. 2f, g, the change

of size and colloid status for both micelles were

negligible in 10 days, suggesting that these micelles

could perform desirable long-term stability. Further-

more, Dex-g-OE and PBA/Dex-g-OE micelles also

exhibited high stability in different physiological

conditions (Fig. 2e). The grafting degree of ortho

ester was measured by the elemental analysis

(Table 1). Moreover, the PBA graft value of PBA/

Dex-g-OE was calculated to be 9.7% by ICP-MS

measurement (Table 1).

Ultra-pH sensitivity of Dex-g-OE and PBA/
Dex-g-OE

In order to validate the ultra-pH sensitivity of Dex-g-

OE and PBA/Dex-g-OE conjugates, the degradation

kinetic of ortho ester in micelles was performed at

different pH conditions (pH 5.5, 6.5, and 7.4), and

then the samples were lyophilized and analyzed by
1H NMR. As expected, the hydrolysis of ortho esters

at pH 7.4 was paltry for 72 h, but was much accel-

erated at slightly acidic conditions (pH 5.5 and 6.5).

Briefly, ortho ester bonds of Dex-g-OE and PBA/Dex-

g-OE micelles were completely hydrolyzed in 7.5 h

and 9 h at pH 5.5, respectively. And the hydrolysis of

ortho esters in Dex-g-OE and PBA/Dex-g-OE

micelles was complete in 20 h and 24 h at pH 6.5

(Figs. 3, 4a). These results indicated that Dex-g-OE

and PBA/Dex-g-OE micelles showed the ultra-pH

sensitivity, which could be sensitive to the tumor

extracellular (pH 6.5–7.0) and intracellular environ-

ments (pH 5.5–6.5). Moreover, the characteristic

proton peak of ortho ester at d 5.77 ppm reduced

gradually at pH 5.5 and 6.5, and a new proton peak of

formate at d 8.23 ppm emerged and the peak inten-

sity increased with the extend of treated time. In

addition, the hydrolysis of cyclic ortho ester in Dex-g-

OE and PBA/Dex-g-OE also followed an exocyclic

pathway, which was the same with previously

reported studies (Scheme S1) [60–62].

The size and count rate change of two micelles in

response to different pH values were also detected by

DLS. As revealed in Fig. 4b, c, the diameter of two

micelles was hardly changed over 24 h at pH 7.4,

which was probably due to the slow hydrolysis rate

of ortho esters (Fig. 3). On the contrast, the average

size of Dex-g-OE and PBA/Dex-g-OE micelles

increased to 458 and 481 nm in initial 6 h at pH 5.5,

respectively. Surprisingly, the diameter of two

micelles almost disappeared at pH 5.5 after incubat-

ing for 9 h, which revealed that the acid-triggered

rapid hydrolysis of ortho esters could induce the

swelling and dissolution or agglomeration of

micelles. The diameter of micelles gradually

increased from 143 to 311 nm (Dex-g-OE) and from

161 to 371 nm (PBA/Dex-g-OE) in 12 h and then

decreased to 46 nm (Dex-g-OE) and 90 nm (PBA/

Dex-g-OE) at pH 6.5 after treated for 24 h, respec-

tively. This result was probably because of the slow

hydrolysis of ortho esters at pH 6.5, which might be

conducive to drug retention in deeper tumor areas
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after the micelles accumulated at the tumor extra-

cellular microenvironments [49, 63]. Furthermore, we

also found that the count rate of micelles at mildly

acidic conditions continuously declines, while only

slight change was observed at pH 7.4 (Fig. 4d). As

shown in Figure S2a and 2b, TEM images of PBA/
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Figure 2 Size distribution of

PBA/Dex-g-OE (a) and Dex-

g-OE (b) micelles by DLS;

TEM images of PBA/Dex-g-

OE (c) and Dex-g-OE

(d) micelles, scale bar 200 nm;

the stability of PBA/Dex-g-OE

and Dex-g-OE micelles in

different physiological

conditions (e); time-dependent

stability of PBA/Dex-g-OE

and Dex-g-OE micelles in PBS

(pH 7.4) for 10 days (f); the

long-time storage stability of

Dex-g-OE (i) and PBA/Dex-g-

OE (ii) micelles in PBS (pH

7.4) for 10 days (g).
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Dex-g-OE micelles (incubated at pH 6.5 and 5.5 for

9 h, respectively) showed that the size of micelles

continued to increase at pH 6.5, while the micelles

almost lost their micromorphology structure at pH

5.5. These results also demonstrated that PBA/Dex-g-

OE was ultra-pH sensitive, which could respond to

the extracellular pH (6.5–7.2) for enhanced drug

retention by enlarging size and achieve rapid drug

release at the intracellular acid condition (pH

5.5–6.5).

DOX loading and in vitro drug release

In this study, DOX was easily loaded into the core of

micelles to give Dex-g-OE-DOX and PBA/Dex-g-OE-

DOX. As given in Table 2, DLC of Dex-g-OE-DOX

and PBA/Dex-g-OE-DOX was 11.8% and 17.1%,

respectively, which corresponded to DLE of 78.5%

Table 1 Characterization of micelles formulations

Formulation Sizea (nm) PDIa Zetab (mV) Graft ratio of OEc (%) Graft ratio of PBAd (%)

Dex-g-OE 139.7 ± 10.8 0.112 ± 0.006 - 6.4 ± 0.6 20.8 –

PBA/Dex-g-OE 160.2 ± 14.3 0.117 ± 0.015 - 4.3 ± 1.2 19.6 9.7

Data are reported as mean ± SD (n = 3)
aDetermined by DLS in PBS buffer (0.01 M, pH 7.4)
bDetermined by zeta potential accessory attached to DLS in PBS buffer (0.01 M, pH 7.4)
cDetermined by elemental analysis
dDetermined by ICP-MS

Dex-g-OE
pH 7.4

PBA/Dex-g-OE
pH 7.4

PBA/Dex-g-OE

pH 6.5

PBA/Dex-g-OE

pH 5.5pH 5.5

Dex-g-OE

Figure 3 1H NMR spectra of Dex-g-OE and PBA/Dex-g-OE at different pHs; peaks indicated in red and blue rectangles represent

characteristic protons of ortho ester and formate, respectively.
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and 88.7%. The DOX-loaded micelles were 30 nm

larger than the blank micelles with a desirable PDI in

aqueous medium.

In order to study the influence of pH on the drug

release of DOX-loaded micelles, in vitro drug release

profiles were monitored at different pH values (PBS,

pH 5.5, 6.5, and 7.4). As shown in Fig. 5a, less than

15% of DOX was released in 48 h at neutral envi-

ronment (pH 7.4). Obviously, drug release in neutral

environment was strictly suppressed due to the

coordination effect between DOX and ortho esters, as

well as the high stability of micelles, while the DOX

release rate was remarkably accelerated at mildly

acidic conditions, and the cumulative DOX release

attained 91% (PBA/Dex-g-OE-DOX) and 88% (Dex-g-

OE-DOX) within 24 h at pH 5.5, respectively. At pH

6.5, the DOX release showed a similar trend, which

attained 62% (Dex-g-OE-DOX) and 66% (PBA/Dex-g-

OE-DOX) in 36 h, respectively. Otherwise, there was

no significant difference in the drug release between

PBA/Dex-g-OE-DOX and Dex-g-OE-DOX at tested

pH values, indicating that the 3-APBA-modified

micelles had no obvious effect on drug release. Thus,

these ultra-pH-sensitive micelles possessed great

potential to kill tumor cells, which may minimize the

off-target toxicity and provide a sufficient amount of

agents in cancer therapy.

In vitro cytotoxicity assay

The cytotoxicity of empty and DOX-loaded micelles

was verified by MTT assay on H22 and HepG2 cell

lines for 24 h. As shown in Fig. 5b, the viability of

Dex-g-OE and PBA/Dex-g-OE micelles was over 93%

even at high treated concentration of 1 mg/mL,

indicating Dex-g-OE and PBA/Dex-g-OE micelles
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Figure 4 Hydrolysis kinetics

of Dex-g-OE and PBA/Dex-g-

OE micelles at pH 7.4, 6.5,

and 5.5 (a); time and pH-

dependent changes of average

size of Dex-g-OE (b) and

PBA/Dex-g-OE (c) micelles in

different aqueous phosphate

buffer (pH 7.4, 6.5, and 5.5)

measured by DLS; the count

rate change of Dex-g-OE and

PBA/Dex-g-OE micelles

(d) in different pHs (7.4, 6.5,

and 5.5).

Table 2 Characterization of

DOX-loaded micelle

formulations

Formulation Sizea (nm) PDIa DLCb (%) DLEb (%)

Dex-g-OE-DOX 171.0 ± 11.2 0.163 ± 0.016 11.8 ± 0.7 78.5 ± 4.2

PBA/Dex-g-OE-DOX 186.4 ± 16.1 0.125 ± 0.037 17.1 ± 1.1 88.7 ± 6.9
aDetermined by DLS in PBS (0.01 M, pH 7.4)
bDetermined by spectra Max M2e Molecular devices at 481 nm.; data are represented as mean ± SD

(n = 3)
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had excellent biocompatibility. On the contrary, a

dose-dependent decrease in cell viability was dis-

played in two cells after incubation with free DOX

and DOX-loaded micelles (Fig. 5c, d). Dex-g-OE-DOX

and PBA/Dex-g-OE-DOX micelles showed lower

cytotoxicity than free DOX at all tested concentra-

tions, which might be attributed to the sustained

DOX release. It should be noted that PBA/Dex-g-OE-

DOX micelles showed lower cell viability than Dex-g-

OE-DOX at corresponding concentrations against

two cell lines. For PBA/Dex-g-OE-DOX, the viability

declined to 27% (H22) and 22% (HepG2) at higher

DOX concentration of 16 lg/mL, respectively. As for

Dex-g-OE-DOX, the viability of H22 cells and HepG2

cells decreased to 35% and 33% at the same condi-

tions (16 lg/mL), respectively. The IC50 (Figure S3)

values of PBA/Dex-g-OE-DOX micelles were lower

than that of Dex-g-OE-DOX micelles against H22 and

HepG2 cells, which was probably caused by the

higher ligand–receptor interactions between SA

receptors and PBA derivatives.

Cellular uptake and intracellular drug
release

In order to assess cellular uptake and drug delivery

in tumor cells, free DOX and DOX-loaded micelles

were co-cultured with H22 and HepG2 cells for 4 h,

respectively, and then the cells were imaged by

CLSM. After 4 h incubation, a weak red signal of

DOX was observed in cell nuclei for free DOX-treated

cells. Compared to free DOX, DOX-loaded micelles

possessed a higher intensity of DOX fluorescence

signal in cells cytoplasm and nuclei (Fig. 6a, b),

indicating that Dex-g-OE-DOX and PBA/Dex-g-OE-

DOX micelles could be quickly internalized into

tumor cells and effectively release drug in cytoplasm.

Importantly, PBA/Dex-g-OE-DOX-treated cells

showed much stronger DOX fluorescence than Dex-

g-OE-DOX both in the cytoplasm and the nuclei,

suggesting that more PBA/Dex-g-OE-DOX micelles

were internalized into cancer cells than Dex-g-OE-

DOX.

To further study the cellular uptake and drug

delivery in tumor cells, flow cytometry was used to
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Figure 5 Release kinetics of the loaded DOX in Dex-g-OE and

PBA/Dex-g-OE micelles at pH 7.4, 6.5, and 5.5 (a); in vitro

cytotoxicity of Dex-g-OE and PBA/Dex-g-OE micelles co-

cultured with H22 and HepG2 cells for 24 h (b); dose-

dependent cytotoxicity of free DOX, Dex-g-OE-DOX, and PBA/

Dex-g-OE-DOX on HepG2 (c) and H22 (d) cells for 24 h in vitro

determined by MTT assay.
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offer quantitative analysis. H22 and HepG2 cells

were selected and incubated with free DOX and

DOX-loaded micelles for 4 h. As shown in Fig. 6c, the

DOX fluorescence intensity of PBA/Dex-g-OE-DOX

micelles was higher than Dex-g-OE-DOX and free

DOX in each cell line, which was consistent with the

results of CLSM as described above. Moreover, the

cell uptake efficiency of DOX-loaded micelles against

HepG2 and H22 cells was quantitatively measured

by testing the DOX fluorescence intensity for 4 h.

Figure S4a shows that the DOX fluorescence intensity

in HepG2 and H22 cell lines increased in the fol-

lowing order: free DOX, Dex-g-OE-DOX, and PBA/

Dex-g-OE-DOX. Notably, the DOX fluorescence

intensity was 3.54-fold (HepG2) and 3.67-fold (H22)

higher than that of free DOX at 4 h (Figure S4b). All

results demonstrated that the functionalized PBA/

Dex-g-OE-DOX micelles could be more efficiently

internalized into SA-positive tumor cells via receptor-

mediated endocytosis.

Penetration and growth inhibition
on HepG2 cells MCTS

To further investigate antitumor efficacy of DOX-

loaded micelles, the multicellular spheroids (MCTS)

were selected to evaluate the penetration and accu-

mulation effect of drug delivery system [64]. Free

DOX and DOX-loaded micelles were incubated with

HepG2 MCTS for 2, 4, 8, 12, and 24 h, respectively.

The representative images of MCTS were imaged by

CLSM (Fig. 7a). Clearly, a time-dependent penetra-

tion and accumulation behavior could be observed in

all tested samples, and the DOX fluorescence inten-

sity increased with the extension of treatment time.

The penetration of free DOX into MCTS was tightly

limited to the outer regions of the spheroids even

treated for 24 h, while the weak red fluorescence of

DOX-loaded micelles diffused deeper into the center

of the MCTS at initial 4 h and gradually occupied the

entire MCTS after 24 h co-incubation. This result

demonstrated that DOX-loaded micelles could effi-

ciently penetrate deeper into the interior of spheroids

than free DOX, which was probably because the

positively charged DOX-loaded micelles were avidly

binding with negatively charged cell membranes and

tightly limited by extracellular matrix [49, 65].

Otherwise, DOX-loaded micelles could achieve

dynamic size change in response to extracellular

acidic condition (pH 6.5), which could facilitate drugs

diffuse into the tumor matrix and then be retained

due to micelles swelling. Figure 7b shows the

HepG2 H22

control

Free DOX

PBA/Dex-g-OE

Dex-g-OE

Sample

(a)

(c)

MergeDOXNucleusBright field
(b)

Bright field Nucleus DOX Merge

Figure 6 Representative images of H22 (a) and HepG2 (b) cells co-incubated with all tested DOX formulations by CLSM, scale bar

10 lm; cellular uptake of control, free DOX, Dex-g-OE-DOX, and PBA/Dex-g-OE-DOX determined by flow cytometry (c).
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semiquantitative analysis of DOX fluorescence in

each drug-treated HepG2 MCTS, and the results were

in agreement with the above described. It was worth

highlighting that the highest red signal and deepest

penetration was observed from the PBA/Dex-g-OE-

DOX-treated MCTS at each time point, indicating that

the introduction of PBA could greatly improve the

penetration and accumulation of micelles resulted

from the receptor-mediated endocytosis.

The HepG2 MCTS with the diameter about

200–300 lm were further incubated with empty

micelles, free DOX and DOX-loaded micelles for

5 days. The morphology of MCTS was imaged by the

optical microscope every other day. As shown in

Fig. 8a, the MCTS treated with medium (control) or

empty micelles displayed a dramatic increase both in

size and in volume because of the quick proliferation

of cells in MCTS, which further demonstrated that

empty micelles were nontoxic and possessed excel-

lent biocompatibility. On the contrary, the cells trea-

ted with free DOX and DOX-loaded micelles

exhibited a continuous inhibition on spheroid

growth, and the diameter of MCTS decreased at dif-

ferent extent during the 5 days, suggesting that outer

layer cells of MCTS were killed. Figure 8b shows the

alteration of average MCTS diameter (n = 6) of all

tested groups during the experiment. The diameter of

MCTS treated with control groups, Dex-g-OE, and

PBA/Dex-g-OE increased apparently and attained to

371.2, 361.5, and 359.7 lm at day 5, respectively. By

contrast, the diameter of MCTS treated with free

DOX, Dex-g-OE-DOX, and PBA/Dex-g-OE-DOX

micelles showed a persistent decline from 225.0 to

160.7 lm, 218.7 to 133.6 lm, and 203.2 to 90 lm,

respectively. Particularly, PBA/Dex-g-OE-DOX-trea-

ted MCTS almost lost their compact 3D structure
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Figure 8 Typical images of
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after 5-day treatment, leading to the most obvious

growth inhibition. These results suggested that PBA/

Dex-g-OE-DOX and Dex-g-OE-DOX micelles could

penetrate into MCTS and rapidly release DOX to kill

tumor cells. More importantly, 3-APBA-functional-

ized micelles (PBA/Dex-g-OE-DOX) could more

effectively penetrate into MCTS than nontargeting

micelles because of the receptor-mediated

endocytosis.

Conclusion

In this work, dextran acted as a stabilizing and sur-

face-modifying agent for the synthesis of tumor-tar-

geted ultra-pH-responsive conjugates (PBA/Dex-g-

OE) and nontargeted conjugates (Dex-g-OE). Both

PBA/Dex-g-OE and Dex-g-OE conjugates could

easily self-assemble into stable micelles with low

CMC values in neutral aqueous solution, and DOX

was efficiently loaded. The PBA/Dex-g-OE micelles

possessed high stability in physiological condition

and were pH sensitive to both extracellular and

intracellular acidic conditions, which could probably

realize prolonged blood circulation, improve drug

retention by increased size at pH 6.5, enhance cellular

uptake via receptor-induced endocytosis, and accel-

erate drug release under intracellular acid conditions.

In vitro MTT and cellular uptake assays revealed that

the DOX-loaded micelles (PBA/Dex-g-OE-DOX)

could be more effectively internalized through the

receptor-mediated endocytosis and possess higher

toxicity effect on tumor cells than Dex-g-OE-DOX.

Moreover, in vitro penetration and growth inhibition

studies also demonstrated that PBA/Dex-g-OE-DOX

micelles could greatly enhance penetration and

accumulation of DOX into the deeper region of

MCTS, resulting in more effective growth inhibition

than Dex-g-OE-DOX micelles and free DOX. All the

results suggested that these tumor-targeting and

ultra-pH-sensitive PBA/Dex-g-OE micelles have

great potentials as drug carriers in cancer treatment.
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