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Abstract A charge reversible, magnetic-targeted, and

pH-responsive nano therapy system assembled from citra-

conic-modified dextran (Dex–COOH), glycine-stabilized

superparamagnetic iron oxide nanoparticles (SPION–NH2),

and doxorubicin (DOX) through electrostatic interaction

was designed for delivering therapeutics to tumor cells.

Dex–COOH was first synthesized to build the pH-sensitive

citraconic amide bond and further render charge reversal

upon the cleavage of the linkage. The SPION–NH2

anchored in the nanocarrier endows the carrier with mag-

netic migration. The vibrating sample magnetometer ana-

lysis exhibits the superparamagnetic behavior, and the

magnetic saturation value is estimated to be 39.6 emu

(g Fe)-1. The change of size and the reversal of zeta

potential from negative to positive in acidic environment

confirmed these expected responsibilities. The DOX-loa-

ded nanocarriers contain DOX up to 13.0 wt%. An in vitro

release profile demonstrated an efficient DOX release of

80 % at pH 5.0 while of 27 % at pH 6.8 and 13 % at pH

7.4, suggesting a pH-induced release mechanism. Micro-

scopic images of Prussian blue staining, quantification of

cellular iron and protein concentration displayed apparent

iron uptake by HeLa cells. Confocal laser scanning

microscopy observations revealed that the nanocarriers

could efficiently deliver and release DOX into the nuclei of

HeLa cells. MTT assays testified that DOX-loaded nano-

carrier exhibited high anti-tumor activity with IC50 of

0.7 lg mL-1, while plain nanocarriers were practically

non-toxic. This drug delivery system has shown the ability

to improve the chemotherapeutic efficacy and to reduce the

side effects, indicating great potential for delivery of drugs

to the targeted sites in patients.

Introduction

Recently, many efforts have been made for efficient

delivery of therapeutics into tumor cells to increase the

intracellular drug concentration at targeted site. Stimuli-

responsive delivery systems have received intensive

attention because they offer a promising approach to

maximize therapeutic activity while minimizing adversary

effects [1]. Of these stimuli, pH-responsiveness is one of

the mostly applied strategies for achieving this purpose [2].

It is well known that the environments of cancerous tissues

(pH 6.5–7.2), endosomes (pH 5.0–6.5), and lysosomes (pH

4.5–5.0) are more acidic than those of blood and normal

tissues (pH 7.4) [3–5]. Once being endocytosed, the drug

carriers will experience a pH drop from 7.4 to around 6.0 in

the early endosomes. By utilizing the variations above,

drug delivery systems have the potential to trigger drug

release responding to the pH values in the body. Jousheed

and co-workers reported the use of red-emitting conjugated

oligomer-based pH-responsive nanoparticles could provide

a sustained drug release in the physiological pH but enable

fast release at low pH, a micro environment found in tumor

[6]. Shi et al. reported using a doxorubicin (DOX)-loaded

poly(ethyleneimine) (PEI)-derived fullerene (C60–PEI–
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DOX) to facilitate chemotherapy, in which DOX was

covalently conjugated onto C60–PEI by the pH-sensitive

hydrazone linkage. The release profiles of DOX from C60–

PEI–DOX showed a strong dependence on the environ-

mental pH value [7]. These studies have demonstrated the

pH-responsive nanoparticles could be used for tumor-tar-

geting DOX delivery [8].

Positively charged nanocarriers show higher affinity

toward negatively charged plasma membranes, and are

estimated to be more readily internalized than negatively

charged nanocarriers [9]. Nonetheless, the former intensely

interacts with serum components in the bloodstream, thus

is not suitable for in vivo application on account of its

enhanced non-specific cellular uptake, which probably

leads to serious aggregation and rapid clearance from cir-

culation [10, 11]. In contrast, negatively charged nano-

carriers have shown long circulation by virtue of potential

protein resistance. Consequently, to create negatively

charged nanocarriers in the process of blood circulation

and to convert them into positively charged ones in tumor

would make great sense. A hopeful way is to utilize the

acidic tumoral extracellular environment as a trigger to

reverse the nanocarrier from negative to positive surface

charge upon the arrival of drug carriers at target sites [12–

15]. The advantages of realizing the charge reversal in light

of in situ acidic environment are obvious. Zhou recently

reported this kind of nanocarriers in which negative charge

decreased with the change of pH from 7.4 to 6.8 and finally

became positive at pH 5.0 [16]. The nanocarriers were

negatively charged to avoid the clearance from circulation

and later converted into positive charge for high cellular

uptake.

In addition, magnetic nanoparticles have been studied

for their potential applications in a wide range of bio-

medical fields, such as magnetic resonance imaging (MRI)

and targeted drug delivery [17]. The uptake of the magnetic

nanoparticles can be enhanced by guiding the nanoparticles

to the cells with the aid of a pulsed magnetic field [18–20].

The incorporation of superparamagnetic feature into pH-

responsive nanocarrier is a promising strategy for the

purpose of targeting by virtue of an external magnetic field

to direct the magnetic nanoparticle to the regions of

interest.

In this study, superparamagnetic iron oxide nanoparti-

cles (SPION) were first prepared by a co-precipitation

method. Dextran was modified by the incorporation of a

citraconic lateral chain via a three-step process. The ci-

traconic lateral chain is known to be sensitive to mild acid

and can be cleaved readily in that environment [21]. This

chain is widely applied as a convenient linkage to fabricate

a device with acid sensitivity. Interestingly, the linkage will

recover positive amino groups upon the cleavage of amide

bond, resulting in charge reversal [22]. The designed

nanocarrier, comprising magnetic SPION and pH-sensitive

dextran derivatives (Dex–COOH), endows pH-respon-

siveness, superparamagnetic behavior, and pH-triggered

charge reversal (Scheme 1). The in vitro release was

evaluated under a wide variety of conditions, and the cell

viability and the behavior of cellular uptake were assayed

in terms of cell study.

Experimental sections

Materials and cell lines

Dextran (70 kDa), 1,4-butanediol diglycidyl ether (95 %),

ethylenediamine dihydrochloride (EDA�2HCl, 98 %), ci-

traconic anhydride (98 %), sodium borohydride (NaBH4,

98 %), and glycine (98.5 %) were purchased from Aladdin

Industrial Co. Iron (II) chloride tetrahydrate (FeCl2�4H2O,

98 %), iron (III) chloride hexahydrate (FeCl3�6H2O,

97 %), picrylsulfonic acid solution (TNBS, 5 % (w/v) in

ddH2O), potassium hexacyanoferrate (II) trihydrate

(98.5 %), potassium thiocyanate (KSCN, 99 %), parafor-

maldehyde (95 %), hoechst 33258, and 3-[4,5-dimethyl-

thiazol-2-yl]-2,5-diphenyltetrazoplium bromide (MTT)

were purchased from Sigma-Aldrich. Tetrahydrofuran

(THF), dimethyl sulfoxide (DMSO), and dialysis tubing

(MWCO 8000–14000) were purchased from Sinopharm

Chemical Reagent. Doxorubicin hydrochloride (DOX�HCl,

[98 %) was purchased from Arking Pharma Scientific. All

chemicals were used as received without further purifica-

tion. Ultrapure water was prepared by Heal Force super

NW water purification system (Heal Force Development

Ltd.).

HeLa cells were purchased from the China Center for

Type Culture Collection (Wuhan University) and cultured

in RPMI-1640 (Gibco) supplemented with 10 % fetal

bovine serum (FBS, Hyclone) and 1 % antibiotics

(100 U mL-1 penicillin and 100 lg mL-1 streptomycin) at

37 �C in a humidified atmosphere containing 5 % CO2.

Instruments

Fourier transform infrared (FTIR) spectra were recorded on

a Nicolet 5700 spectrometer in the wavenumber range of

400–4000 cm-1. Samples were ground with KBr and

pressed to plates for measurement. 1H nuclear magnetic

resonance (1H NMR) spectra were recorded on a Bruker

Avance-500 spectrometer using D2O as solvent. The size,

size distribution, and zeta potential were investigated by

dynamic light scattering (DLS) using a Zetasizer ZEN3690

(Malvern) with a He–Ne laser beam at 633 nm at 25 �C.

Morphology of nanocarrier was observed under a trans-

mission electron microscope (TEM) using Tecnai G2S-
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Twin at an accelerating voltage of 200 kV. Around 5 lL of

the nanocarrier suspension was placed on a copper grid.

The grid was allowed to dry at room temperature over-

night. The magnetic property of DOX-loaded nanocarrier

was evaluated on a vibrating sample magnetometer (VSM,

Westerville, OH, USA) via changing the magnetic field

from -20000 to 20000 Oe at 25 �C.

Synthesis of glycine-modified superparamagnetic iron

oxide nanoparticles (SPION–NH2)

SPION–NH2 was synthesized following a previous publi-

cation with a minor modification [23]. In brief, glycine

(7.5 g, 0.1 mol) was dissolved in 500 mL NaOH

(3 mol L-1), which was purged under a flow of nitrogen

for 0.5 h. An ironic solution (45 mL) containing

0.76 mol L-1 of FeCl3 and 0.4 mol L-1 of FeCl2 (molar

ratio of ferric to ferrous was approximately 2:1) was pre-

pared in HCl at pH 1.7 under nitrogen protection. The

ironic solution was then added dropwise to the glycine

alkaline solution mentioned above under vigorous

mechanical stirring. This reaction mixture was gradually

heated (1 �C min-1) to 78 �C and held at this temperature

for 1 h under stirring and nitrogen protection. After

separation of the supernatant with a permanent magnet, the

wet solid collection was further purified by washing with

ultrapure water multiple times till the unreacted glycine

was removed completely. Finally, the product was redi-

spersed with pH 3.0 HCl and the concentration of SPION–

NH2 solution was adjusted to 1 mg Fe mL-1.

Synthesis of negatively charged dextran with acid

cleavable side chain (Dex–COOH)

Synthesis of dextran with a side chain of an acid cleavable

citraconic amide group was conducted by a three-step

process (Fig. 1).

First, the epoxy-activated dextran (Dex–EPO) was

synthesized by a ring-opening reaction of 1,4-butanediol

diglycidyl ether initiated by the hydroxyl groups of dex-

tran. Briefly, dextran (0.348 g, 2.0 mmol in terms of glu-

cosyl units) was dissolved in a 10 mL mixture of NaOH

(0.6 mol L-1) and NaBH4 (2.0 mg mL-1). The dextran

solution was then added dropwise to 60 mL 1,4-butanediol

diglycidyl ether solution (1.7 mol L-1) under vigorously

stirring and the reaction was kept at 37 �C for 12 h. After

that, the resultant solution was dialyzed against ultrapure

water for 3 days and lyophilized. The amount of epoxy

Scheme 1 Illustration of formation, endocytosis and pH-triggered dissociation of DOX-loaded pH-MN
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groups incorporated on dextran was determined by Axen

method [24].

Subsequently, the amino-modified dextran (Dex–NH2)

was obtained through a ring-opening reaction of the terminal

epoxy group of Dex–EPO initiated by the amino group of

EDA�2HCl. In brief, Dex–EPO (2.0 mmol in terms of glu-

cosyl units) reacted with excess amount of EDA�2HCl

(20 mmol) in pH 10 carbonate-bicarbonate buffer

(0.2 mol L-1) under vigorous stirring at 25 �C for 48 h. Then,

the resultant solution was dialyzed against ultrapure water for

3 days and lyophilized. The reaction conversion was deter-

mined both by the TNBS method [25] for amine groups and

the Axen method for epoxy groups remained [24].

Finally, to obtain the dextran with acid cleavable side

chain (Dex–COOH), Dex–NH2 was further conjugated

with citraconic anhydride to introduce pH-sensitive citra-

conic amide groups. In short, 50 mL citraconic anhydride

(7 mg mL-1) in THF was added dropwise to 72 mL Dex–

NH2 (4.8 mg mL-1) in phosphate-buffered saline (PBS,

0.2 mol L-1) at pH 8 under vigorous stirring for 10 h at

25 �C. Then, the mixture was dialyzed against PBS buffer

(0.1 mol L-1) at pH 8 at room temperature for 3 days and

dialyzed against pH 7.4 NaOH solution for 12 h. After

purification, the product Dex–COOH was lyophilized. The

degree of substitution (DS) of Dex–COOH reflected as the

molar ratio of carboxyl groups incorporated into the glu-

cosyl units of dextran was calculated by measuring the

carboxyl groups using acid–base titration method [26].

Preparation of pH-sensitive magnetic nanocarriers

The self-assembled pH-sensitive magnetic nanocarriers

were prepared through the electrostatic interaction between

pendent carboxyl groups in Dex–COOH and amino groups

on the surface of SPION–NH2.

In a typical procedure, DOX�HCl (6 mg) was mixed with

10 mL SPION–NH2 suspension (1 mg Fe mL-1). After being

adjusted to pH 5.0 with 1 mmol L-1 HCl, the suspension was

added dropwise to the Dex–COOH solution (2 mg mL-1 in

NaOH, pH 10). The mixture solution was maintained at pH 7.4

by adjusting with 0.1 mol L-1 NaOH and stirred for 6 h.

Finally, the solution was transferred to dialysis tubing and

purified by dialysis against ultrapure water. The entire pro-

cedure was performed in the dark at room temperature. The

DOX-loaded nanocarriers, named as DOX-loaded pH-MN,

was stored at 4 �C and used directly for other tests. In

experiments, the weight ratio of Dex–COOH over SPION–

NH2 was regulated in 2/1, 1/1, and 1/2, corresponding to the

sample code with DOX-loaded pH-MN2/1, DOX-loaded pH-

MN1/1, and DOX-loaded pH-MN1/2 (as Table 1), respec-

tively, with the amount of DOX and the sum amount of Dex–

COOH and SPION–NH2 fixed. Plain nanocarriers, named as

pH-MN, without DOX included in the preparation process,

was produced in the same way.

To determine the drug-loading content (DLC) and drug

loading efficiency (DLE), the DOX-loaded nanocarriers

were freeze-dried and quantified. The amount of DOX loa-

ded in nanocarriers was determined by referring to the

fluorescent characteristic of DOX (excitation at 480 nm and

emission at 590 nm) using a calibration curve constructed

from DOX solutions. The equations were as follows:

Drug loading content ð%Þ ¼ Wdrug

Wnanocarrier

� 100 %

Drug loading efficiency ð%Þ ¼ Wdrug

Wfed drug

� 100 %

Fig. 1 1H NMR spectra of

dextran (a), Dex–EPO (b),

Dex–NH2 (c), and Dex–COOH

(d), using D2O as solvent
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where Wnanocarrier was the weight of lyophilized nanocar-

riers after dialysis, Wdrug was the weight of DOX loaded in

the nanocarriers, which was taken as the total released

weight of DOX from nanocarriers, and Wfed drug was the

fed weight of DOX�HCl.

In vitro DOX release

The release behavior of DOX-loaded nanocarriers under

different pH conditions was evaluated using the following

procedure. Freeze-dried samples (20 mg) were suspended

in 5 mL PBS (0.1 mol L-1) at pH 7.4, and transferred to a

dialysis tubing, which was immersed into 15 mL PBS

(0.1 mol L-1) at pH 5.0, 6.8, or 7.4, respectively. The

release experiment was conducted in a water bath with a

shaking rate at 60 rpm at 37 �C. At predetermined inter-

vals, 2 mL of the incubated solution was taken out and

replaced with 2 mL of corresponding fresh buffer solution.

The amount of DOX released was evaluated by fluores-

cence spectrometer as mentioned in ‘‘Preparation of pH-

sensitive magnetic nanocarriers’’ section. All measure-

ments were performed in triplicate.

Cytotoxicity evaluation

MTT assay was used to evaluate the cytotoxicity of the

nanocarriers. HeLa cells were seeded into 96-well plates at

a density of *5000 cells per well in 100 lL complete

RPMI-1640 containing 10 % FBS and cultured for 1 day at

37 �C in 5 % CO2 atmosphere. Then, 100 lL solution of

pH-MN or DOX-loaded pH-MN nanocarriers, that were

serially diluted in complete RPMI-1640 in different con-

centrations ranging from 3910-3 lg mL-1 through

60 lg mL-1, was separately loaded into each well.

Meanwhile, the control wells were loaded with fresh

complete RPMI-1640 without nanocarriers. After 48 h

incubation, the culture medium was disposed, and the cells

were washed with PBS (0.01 mol L-1) at pH 7.4. Subse-

quently, 100 lL culture medium and 20 lL MTT solution

(5 mg mL-1 in PBS) were added to each well. In above

procedure, blank wells were designed by substituting PBS

solution for MTT solution. After further incubation for 4 h,

the medium was removed and 150 lL of DMSO was added

to dissolve the formazan blue crystal. The absorbance of

the solution in each well at 570 nm was measured using a

microplate reader (Bio-Rad 550, Hercules). The percentage

relative cell viability in reference to control wells con-

taining complete RPMI-1640 without nanocarriers was

calculated by the following equation:

Relative cell viability ð%Þ ¼ Asample � Ablank

Acontrol � Ablank

� 100 %:

Relative cell viability graphs were plotted against the

concentration of nanocarriers. Data were presented as

average ±SD (n = 8).

Cellular uptake of the nanocarriers

Quantitative cellular uptake of iron

The quantification of intracellular iron concentration was

determined by a colorimetric method depending on the

formation of red-colored iron compound produced by the

complexation reaction between iron and thiocyanate ion

[27]. HeLa cells were seeded into 6-well plates at a density

of *29105 cells per well and cultured for 1 day to adhere

to the well bottom. Subsequently, the culture medium was

replaced with 4 mL of fresh medium containing DOX-

loaded pH-MN2/1 nanocarriers of different concentrations.

Wells only containing cell culture medium were prepared

as control. After incubation for 24 h, the cells were washed

with PBS, trypsinized, and finally dispersed in 1 mL of

ultrapure water. The cell suspension was divided into two

aliquots. One aliquot was used for measurement of iron

concentration. After the cell suspension was centrifuged at

1500 rpm for 3 min, the collected cell pellets were dis-

solved in 37 % HCl solution and diluted to give a final

12 % HCl solution. The HCl-treated solution was then

Table 1 Composition and characteristics of pH-MNs

Sample code Fed ratio Nanoparticle

Dex–COOH

(mg/mL)

SPION–NH2

(mg/mL)

DOX�HCl

(mg/mL)

Size (nm) PdI Zeta potential

(mV)

DLC

(%)

DLE

(%)

pH-MN 0.8 0.4 – 112.5±15.0 0.155 -24.3±2.5 – –

DOX-loaded pH-MN2/1 0.8 0.4 0.24 138.5±2.1 0.133 -22.3±1.7 13.0 74.9

DOX-loaded pH-MN1/1 0.6 0.6 0.24 137.6±13.3 0.234 -24.5±2.2 11.9 67.4

DOX-loaded pH-MN1/2 0.4 0.8 0.24 102.1±9.3 0.204 -24.3±0.6 9.4 52.1

All of the nanocarriers were prepared under pH 7.4 with 6 h stirring. DLC and DLE are abbr. for drug loading content and efficiency,

respectively
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centrifuged at 12000 rpm for 10 min to collect clear

supernatant. Finally, 100 lL of the supernatant was added

into a 96-well plate, and 100 lL of 0.1 mol L-1 KSCN

solution was added into the wells and incubated for 5 min

to form the red iron-thiocyanate. The absorption was read

by a microplate reader at a wavelength of 490 nm. The

quantification of iron concentration was calculated

according to a calibration curve acquired from iron chlo-

ride solution. The value of intracellular iron content was

normalized against the protein amount of corresponding

cells. The protein amount was quantified with the other

aliquot of the test sample, which was determined by a BCA

assay kit (Promega). All measurements were performed in

triplicate.

Prussian blue staining

Prussian blue staining was used as a qualitative and visual

method to observe the intracellular iron distribution. HeLa

cells were seeded into 24-well plates at a density of

*5 9 104 cells per well in 1 mL complete RPMI-1640

containing 10 % FBS and cultured for 1 day at 37 �C in

5 % CO2 atmosphere. Then, the culture medium was

replaced with 1 mL of fresh medium containing 1.2 lg of

nanocarriers. For control cells, no nanocarriers were

applied. After 24 h incubation, the cells were washed thrice

with PBS (0.01 mol L-1, pH 7.4) and fixed for 10 min

using 4 % (w/v) paraformaldehyde at room temperature.

After washing thrice with PBS, the cells were stained with

1 mL of freshly prepared 4 % potassium ferrocyanide and

8 % HCl solution for 30 min at 37 �C. Finally, the stained

cells were washed thrice with PBS and visualized by a

reverse microscope (Ti, Nikon, Japan).

Confocal laser scanning microscopy (CLSM) observation

CLSM was employed to visualize the intracellular distri-

bution of DOX. HeLa cells were seeded in the culture dish

with a coverslip at a density of *2 9 105 cells per well

and cultured for 1 day. The cells were then incubated with

DOX-loaded pH-MN2/1 nanocarriers for 4 h or 24 h at 37

�C. The final concentration of DOX-loaded pH-MN2/1

nanocarriers and DOX from the nanocarriers was 5.4 and

0.7 lg mL-1, respectively. At predetermined time, the

culture media were subsequently removed, and the cells

were washed thrice with PBS and fixed with 4 % (w/v)

paraformaldehyde for 10 min at room temperature. The

slides were then rinsed thrice with PBS. Finally, the cells

were stained with Hoechst 33258 (5 mg mL-1 in PBS) at

37 �C for 10 min. After further rinsing with PBS thrice, the

prepared slides were examined by CLSM (Nikon, TE2000,

EZ-C1, Japan).

Results and discussion

Preparation and characterization of DOX-loaded pH-

MN

The process of formation and dissociation of the designed

DOX-loaded nanocarriers is represented in Scheme 1.

SPION–NH2 and Dex–COOH were, respectively, synthe-

sized to achieve a pair of oppositely charged precursors.

SPION–NH2, Dex–COOH, and DOX�HCl were then loa-

ded together for the preparation of pH-MN by electrostatic

attraction between the amine group and the carboxylic

group. The negative charge-carrying carboxyl groups in

Dex–COOH tend to bind the positive charge-carrying

amino groups provided by both SPION–NH2 and DOX,

resulting in the self-assembly of nanocarriers and in the

enhanced drug-loading capacity.

The electrostatic interaction will be destroyed, in one

respect, and citraconic anhydride side chain pending on

dextran will be cleaved [21], in another respect, when the

nanocarriers are transferred to a mildly acidic department,

like endosome or tumor. Both of these caused the disas-

sembly of the DOX-loaded pH-MN and triggered the

release of DOX correspondingly. More importantly, pH-

MN undertook surface charge reversal during the process

of disassembly, presumably due to the cleavage of citra-

conic amide in Dex–COOH under acidic pH. The cleavage

produced amino groups after the elimination of carboxylic

group from citraconic amide [22] (see Scheme 1). The

charge reversal was in turn beneficial to enhancing the

uptake efficiency of DOX.

Synthesis and characterization of SPION–NH2

SPION–NH2 was synthesized following a reported proce-

dure [23]. The treatment of the bare SPION, produced

previously [28], with glycine yielded SPION–NH2. This

process is based on the formation of a covalent bond of Fe–

O–C [29]. Glycine was used here to create surface positive

charge on SPION since a free amine group remained once

glycine was conjugated via the Fe–O–C bond [30]. The

average hydrodynamic size of SPION–NH2 was deter-

mined to be 21.6 ± 1.7 nm by the DLS method, with zeta

potentials of ?28.3 ± 2.4 mV in pH 3.0 HCl medium.

Synthesis and characterization of Dex–COOH

The synthetic scheme of citraconic anhydride-modified

dextran (Dex–COOH) is shown in Fig. 1. Three steps were

adopted. First, the monomer of 1,4-butanediol diglycidyl

ether was used to incorporate active epoxy groups into

dextran side chain in alkali condition through the ring-

opening reaction of epoxy groups by the hydroxyl groups

2434 J Mater Sci (2015) 50:2429–2442
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on dextran (Dex–EPO). A 50-fold excess amount of the

monomer was applied with an attempt to avoid cross-

linking and to ensure the free terminal epoxy groups on

lateral graft chain. Then, the epoxy groups reacted with

ethylenediamine at pH 10 to obtain amino-terminated

dextran (Dex–NH2). Finally, citraconic anhydride was

attached to dextran via the ring-opening reaction of anhy-

dride with the amino groups of Dex–NH2, forming the pH-

cleavable citraconic amide (Dex–COOH).

The successful synthesis of the dextran derivates was

confirmed by 1H NMR and FTIR measurements. The 1H

NMR spectra of dextran, Dex–EPO, Dex–NH2, and Dex–

COOH are shown in Fig. 1. Consistent with the results in

references [31], unmodified dextran expressed typical sig-

nals between 3.30 and 3.98 ppm and at 4.96 ppm (peak a in

Fig. 1a). In Fig. 1b, peak c (3.32 ppm) was attributed to the

methylene protons, and both peak d (2.95 ppm) and peak

d’ (2.75 ppm) were attributed to the methine protons in

epoxyl groups. Further, peak b (3.56 ppm) and peak e

(1.64 ppm) were assigned to the signal of methylene pro-

tons in the side chain. Therefore, the existence of terminal

epoxy group was confirmed. In Fig. 1c, the signals

belonging to epoxy groups (peaks c, d, and d0) disappeared

but three new peaks appeared between 2.61 and 2.94 ppm

(peaks f, g, and h). These new peaks were assigned to the

protons of the ethylenediamine chain. The observation

confirmed the success of reaction. The integral ratios of

peak f to peak g or peak h were estimated to be 1:0.97 or

1:0.96, close to 1:1. This demonstrated the peak assignment

is reliable. The final product, Dex–COOH, was analyzed

and confirmed as follows (in Fig. 1d): d (ppm) = 1.93

(peak j, 3 H, s, COCHCCH3COOH), 5.6 (peak i0, proximal

isomer, 0.46 H, s, COCCH3CHCOOH), and 5.8 (peak i,

distalisomer, 0.54 H, s, COCHCCH3COOH). These are in

good accordance with a previous report [32].

Figure 2 shows the FTIR spectra of the aforementioned

dextran derivatives. The absorbance at 1655 cm-1 is due to

the hydrogen bonding in dextran [33]. The exhibition of the

characteristic peak corresponding to the epoxy ring at

1250 cm-1 suggested the successful synthesis of Dex–

EPO. The disappearance of the characteristic peak of epoxy

ring and the appearance of the vibration peak of amine

groups appeared at *1500 cm-1 [34] in the synthesis of

Dex–NH2 evidenced the expected Dex–NH2. The existence

of peak at 1700 cm-1 due to the C=O stretching vibration

of the carboxylic groups and the peak at 1650 cm-1

assigned to C=O group of citraconic amide, which was

absent in Dex–NH2, also confirmed the preparation of

Dex–COOH.

The DS is defined as the number of functional groups

introduced in each glucosyl unit of dextran. Axen’s acid–

base titration method was used to determine the amount of

epoxy groups in Dex–EPO [24]. The DS of epoxy group

was approximately 0.33. TNBS method was used to

determine the amount of amino groups [25], and the DS of

amino group was estimated to be 0.28. Further, the car-

boxyl groups were quantitatively titrated [26], and the DS

was found out to be 0.25.

Formation of DOX-loaded pH-MN

In the formation of nanocarriers, a group of formulations

were investigated with an attempt to demonstrate the

flexibility of the preparation technique (Table 1).

The size of nanoparticles is a crucial parameter for

intracellular drug delivery, because small-sized nanoparti-

cles (\200 nm) are beneficial to the maintenance of low-

level reticuloendothelial system uptake, minimal renal

excretion, and facile-enhanced permeability and retention

(EPR) effect for passive tumor targeting [35, 36]. In order

to obtain a nanocarrier with a suitable size, a set of prep-

aration parameters were tested, including pH, stirring time,

concentration, and feeding ratio. To avoid the cleavage of

citraconic amide in Dex–COOH during preparation pro-

cedure, pH 7.4 was chosen as the optimal condition for pH-

MN formation. The optimized conditions are shown in

Table 1.

The obtained size is in the range of 100–140 nm under

the preparation conditions. The DLS measurement dis-

played a single-peak size distribution (Fig. 3a). This is the

ideal size range for the application as a drug carrier. This

testified that the nanocarriers can be easily controlled in

size in terms of synthesis conditions. TEM images

(Fig. 3b) illustrated the size and morphology. The DLS

size is in accordance with the observation in TEM images.

The uneven morphology is obvious and was usually

observed, consistent with many other works [37–39]. The

abundant negative surface charges stabilize the particle

efficiently though the particle is uneven. The nanocarrier

contains many small and dark particles (inset in Fig. 3b).

Fig. 2 FTIR spectra of the dextran derivatives
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The latter was believed to be SPION which were densely

packed together. This is regarded as the source of

superparamagnetism.

The zeta potential was revealed to be around -22*
-25 mV (Table 1). For instance, the DOX-loaded pH-

MN2/1 exhibited a negative charge of -22.3 mV. These

data demonstrate that sufficient carboxyl groups exist on

the surface of nanocarriers, which in turn guard against the

aggregation and stabilize the nanocarriers in storage

through the electrostatic repulsion forces between the

negative charges.

Due to the incorporation of SPION, the pH-MN nano-

carrier was anticipated to show magnetophoresis under an

external magnetic field. Figure 3c displays the visual varia-

tion in color after being exposed to a magnet. It was observed

that dark matter was gradually enriched at the site of the

magnet with the prolongation of exposure time. The sus-

pension fluid changed light in color from dark (0 h) to brown

(24 h) to almost colorless (72 h). The VSM results, shown in

Fig. 3d, demonstrated that the nanocarrier exhibited super-

paramagnetic properties, without remnant hysteresis loop in

the magnetization/demagnetization curves. The saturation

magnetism for the DOX-loaded pH-MN2/1 was estimated to

be 39.6 emu (g Fe)-1. This is a significant property for a

magnetic nanocarrier. When the external magnetic field was

removed, superparamagnetic nanoparticles can be re-sus-

pended due to the disappearance of the magnetic interaction.

This feature eradicates the potential of agglomerate which

may induce the thrombosis of blood vessels [40]. These

magnetic properties indicate that DOX-loaded pH-MN is

able to respond to an external magnetic field and shows high-

trapping efficiency for magnetic targeting.

Additionally, the DLC and corresponding DLE were lis-

ted in Table 1. Both the DLC and DLE data demonstrate a

descending trend with the decrease of Dex–COOH content.

DOX was considered to be entrapped into the nanocarriers

through electrostatic force. Dex–COOH provides negatively

charged sites for the anchor of DOX. Less amount of Dex–

COOH will result in low DLC and DLE value.

pH-triggered dissociation and charge reversal

The mild acid-triggered dissociation and charge reversal

behavior of DOX-loaded pH-MN was monitored by

Fig. 3 Characterization of DOX-loaded pH-MN2/1: hydrodynamic size distribution (a), TEM micrographs (b), magnetophoresis photograph

exposed to a magnet for 0, 24, and 72 h (c) and VSM spectrum (d)
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tracking the size and zeta potential change of the particles

under pH 5.0, 6.8, and 7.4 conditions at predetermined

intervals by DLS, respectively.

The surface charge change was monitored for 24 h

(Fig. 4a). No significant alteration was observed in the pH

7.4 environment. While in the pH 6.8 environment, the

negative surface charge decreased and finally approached

near to zero. However, the charge expressed instant and

ostensible variation from negative to positive in pH 5.0

medium. These charge reversal behaviors are believed to

be from the dissociation of citraconic amide linkage, which

released positive amino group after the removal of negative

carboxylic group [15, 16].

As is well known, the tumor extracellular pH (6.5–7.2),

the endosome pH (5.0–6.5), and lysosome pH (4.5–5.0) are

mildly acidic. The pH 6.8 medium was investigated herein

for the sake of simulation of the tumor extracellular envi-

ronment. Though it did not show positive at pH 6.8, the

surface charge increased significantly. The similar alter-

ation of surface charge values presumably occurs in the

tumor extracellular environment. The variation benefits

the endocytosis of nanocarriers. The reduction in negative

charges will reduce the repulsion between nanocarriers and

negatively charged cell membrane. This process may assist

the uptake of nanocarrier and enhance their internalization

by tumor cells. This observation is consistent with previous

reports [15, 16, 41–43]. Moreover, when the nanocarriers

were transferred to endosome/lysosome, the cleavage of

amide linkage was strengthened and the surface charge of

nanocarriers altered to positive, a case at pH 5.0. The

repulsion forces between recovered amino groups and

DOX may accelerate the disruption of the nanocarriers and

trigger the release of DOX, which provide an intracellular

enhanced drug delivery behavior. Therefore, the citraconic

anhydride-modified structure is much better than the reg-

ularly occurring pH-sensitive linkage. The former will

incorporate extra feature of charge reversal other than the

pH-sensitivity.

As shown in Fig. 4b, DOX-loaded pH-MN was very

stable with single size distribution at pH 7.4. No significant

size variation was monitored during the period of 24 h.

However, when being exposed to pH 5.0, the size showed

time-dependent variation (see Fig. 4b). For 2 h exposure to

pH 5.0 medium, there appeared a reduced size peak, as

expected. Other than that, there appeared another peak at

increased size positions. As a matter of fact, the acidic

medium brought about the disassembly of nanocarrier,

however, the disassembled particles tended to aggregate

because the loss of charges on the particles reduced the

electrostatic repulsion among the particles and finally

resulted in aggregation. As a consequence, increased size

of particles was monitored. The samples would end up as

precipitate. The observation after 24 h exposure to pH 5

medium, in fact, showed actual precipitation.

These experiments verified that the DOX-loaded pH-

MN can be indeed disassembled under mildly acidic con-

ditions and act as a drug carrier with the feature of pH-

triggered release.

In vitro release study

To investigate the effect of pH on the drug release

behavior, in vitro release experiments were conducted. The

release profiles are plotted in Fig. 5. As shown in Fig. 5a,

the nanocarrier exhibited a typical pH-responsive release.

Three different pH conditions were explored upon the

cumulative release percentage. It is obvious that pH 5.0

triggered significantly quicker and higher release than the

pH 6.8 and pH 7.4 medium, respectively. pH 6.8 medium

caused a lower release rate than pH 5.0 medium. As

anticipated, pH 7.4 medium did reveal the lowest release

among the three pH media. Specifically, an instant and

Fig. 4 Zeta potential (a) and size (b) of DOX-loaded pH-MN2/1 in response to pH change for different periods of time, 0.1 mol/L PBS buffer at

pH of 5.0, 6.8, and 7.4
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noticeable increase in release rate (the initial slope of the

release curve) and in the cumulative release from pH 6.8 to

5.0 was monitored, while the corresponding increase from

pH 7.4 to 6.8 was insignificant, as a sharp contrast. This

elaborated that the carriers are typically pH-sensitive.

Nanocarriers prepared in different formulations dis-

played significant differences in release profile, shown in

Fig. 5b–d. The purpose is for further illustration of the

mechanisms of pH-controlled release. It is assumed that

there are two mechanisms to trigger the release of DOX.

One is related with electrostatic interaction whereas the

other is the acid-induced cleavage of Dex–COOH. The

modified dextran acts as the matrix which holds SPION

and DOX. Apparently, the higher content of modified

dextran would provide more anchors via electrostatic

interaction to hold DOX, resulting in a slower release. In

pH 7.4 medium (Fig. 5b), the pH-MN2/1 exhibited the

lowest release ability, whereas the pH-MN1/2 revealed

the highest release ability. These results are in full

agreement with the analysis above. To note, the nano-

carriers are very stable, or the electrostatic attraction is

seldom destroyed in this case. When pH is lowered to 6.8,

the electrostatic interaction between DOX and Dex–

COOH became weak. All the cumulative release

increased in contrast with the corresponding cases in pH

7.4 medium (Fig. 5c). But still, the high content of Dex–

COOH (pH-MN2/1) reveals a low release. When pH is

further lowered to 5.0, citraconic amide linkage will be

cleaved instantly. DOX will be released quickly and

completely, regardless of the content of Dex–COOH in

the nanocarrier. No significant difference in cumulative

release was observed (Fig. 5d). Additionally, the total

release amount nearly reached the level of the case of free

DOX in dialysis tube. The observation elicited that the

nanocarrier is typically pH-sensitive and the loaded DOX

was entirely released. These studies support the feasibility

that DOX-loaded pH-MN will release DOX efficiently at

the endo-/lysosomal pH. Briefly, upon the comparison of

release profiles in three different pHs, pH-MN2/1 displays

the lowest release in pH 6.8 and pH 7.4. This kind of

nanocarrier favors the reduced premature drug release

during circulation but specifically enhances intracellular

drug release, which will be definitely beneficial to effec-

tive cancer treatment.

Fig. 5 In vitro drug release of DOX-loaded pH-MN2/1 (a), DOX-loaded pH-MN at pH 7.4 (b), pH 6.8 (c), and pH 5.0 (d) using 0.1 mol/L PBS

as the buffer solution
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To be noted, however, the magnetic migration will be

weaker with the continuing increase of the dextran content.

In this work, pH-MN2/1 was chosen as a candidate.

Cell study

Cytotoxicity assay

A MTT assay was performed to evaluate the viability of

cells. As shown in Fig. 6a, the DOX-loaded pH-MN2/1

exhibited significant cytotoxicity with IC50 0.7 lg mL-1

for HeLa cells. As a control, free DOX was examined and

found that the IC50 is 0.4 lg mL-1. Taking COS-7 as

normal cells, the IC50 (3.1 lg mL-1) was much larger than

that of HeLa cells. The explanation to the difference lies in

the intracellular pH difference. This suggests that the

nanocarrier exhibits low toxicity to normal cells and is a

highly efficient potential drug carrier.

Fig. 6 Cytotoxicity study of DOX-loaded pH-MN2/1 (a) and pH-

MN2/1 (b) against HeLa cells and COS-7 cells after incubation for

48 h. The error bars represent standard deviation of eight indepen-

dent experiments Fig. 8 Quantification of iron concentration (a) and cellular uptake

efficiencies (b) of iron in HeLa cells after incubation with different

concentrations of pH-MN2/1 for 24 h, untreated cells were used as

controls

Fig. 7 Microscopic images of

Prussian blue-stained iron in

HeLa cells: control of untreated

cells (a) and pH-MN2/1-treated

cells (b) for 24 h
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Further, the plain nanocarrier (without DOX) has no

toxicity to both of HeLa and COS-7 cells (Fig. 6b). This

testified that the whole process for the preparation of

nanocarrier, including the modification of dextran, did not

result in any toxicity.

Cellular uptake

The cellular uptake and intracellular distribution of iron

and DOX were evaluated with HeLa cells. Prussian blue-

staining experiments, which detect the presence of iron

inside the cells, were conducted to confirm the accumula-

tion of the pH-MN2/1 (no DOX loaded) and investigate its

cellular uptake. After incubation with pH-MN2/1 for 24 h,

HeLa cells were stained with potassium ferrocyanide and

visualized with reverse microscopy. The microscopic

images are shown in Fig. 7. Compared with the blank

group of untreated cells, the number of blue granules in the

cell significantly increased when the pH-MN2/1 was

applied in the cell culture test. This means that the nano-

carriers could be rapidly taken up by the HeLa cells.

The enhanced cellular uptake of pH-MN2/1 with a high

concentration was further confirmed by the quantification of

cellular iron concentration (Fig. 8). Cells which were not

exposed to the pH-MN2/1 were collected and measured as a

control. The intracellular iron content was expressed in terms

of the protein amount of cell, while the cellular uptake effi-

ciency of iron was determined in light of the iron content in

cells normalized by the fed iron in the pH-MN2/1. It was

shown that the intracellular iron content increased with the

increase of pH-MN2/1 amount (Fig. 8a). In contrast, the cel-

lular uptake efficiency decreased as the increase of the fed

amount of iron (Fig. 8b). The iron concentration in cells

reached 18.8 lg mg-1 protein after incubation with

0.24 mg mL-1 pH-MN2/1 for 24 h. These results indicated

that the dose-dependent increase of intracellular iron content

is likely attributed to HeLa cell endocytosis of pH-MN2/1,

rather than the effect of gravity.

To further demonstrate whether DOX-loaded pH-MN

can be more efficiently internalized by cancer cells,

experiments on the intracellular drug release of DOX-loa-

ded pH-MN were performed on HeLa cells after treatment

for 4 or 24 h, and their cellular distribution was evaluated

by confocal laser scanning microscopy (CLSM) analysis.

As shown in Fig. 9, cells incubated with pH-sensitive

DOX-loaded pH-MN2/1 showed strong DOX fluorescence

in the cytoplasm and nuclei after 4 h, indicating fast

internalization of nanocarriers and rapid release of DOX

inside the cells. With further incubation for 24 h, the DOX

fluorescence intensity inside the cells increased and the

accumulation of DOX in the cell nuclei became more

evident than after 4 h of incubation. Cells incubated with

Fig. 9 Confocal laser scanning microscopy images of HeLa cells

after treatment with DOX-loaded pH-MN2/1 for 4 h (top) and 24 h

(bottom). Red is DOX fluorescence, blue is cell nucleus treated with

hoechst 33258, and overlap. DOX dosage in the nanocarriers was

0.7 lg/mL. Scale bar was 20 lm (Color figure online)
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DOX-loaded pH-MN presented strong DOX fluorescence

in the cytoplasm and nuclei. The images indicated the rapid

release of DOX from DOX-loaded pH-MN and its locali-

zation in nuclei. The observation can be attributed to the

fast cleavage of citraconic amide in response to the intra-

cellular acidic environment. Consequently, the burst

release of DOX from the disrupted nanocarriers can be

readily diffused into the nuclei. This result revealed that

DOX-loaded pH-MN showed higher cytotoxicity because

of the accumulation of DOX in its intracellular active site

(nuclei), which enhanced its effect. Taken together, the

DOX-loaded pH-MN exhibits significantly enhanced cel-

lular internalization.

Conclusion

In this study, a pH-responsive DOX-loaded magnetic nano-

particle as a drug nanocarrier has been demonstrated. The

nanocarrier was able to efficiently deliver and release DOX

into cancerous cells. The significant pH-responsiveness was

introduced and readily regulated via citraconic anhydride-

modified dextran in nanocarriers. SPION was assembled to

provide the superparamagnetism, which imparts the nano-

carrier the function of magnetic targeting and MRI. Charge

reversal was achieved upon the treatment of mildly acidic

medium. The resultant positive surface charge once favors the

endocytosis and hence the cellular uptake of the nanocarrier.

DOX was found to express the highest release rate at pH 5.0

environment, while the release was mostly inhibited at pH 7.4.

Cellular uptake test and CLSM images indicated a fast inter-

nalization of the nanocarriers and efficient intracellular drug

delivery, principally in nucleus. Therefore, DOX-loaded pH-

MN are promising nanocarriers for a smart drug delivery

system with magnetic targeting and pH-sensitivity, while

providing the possibility of tracking using MRI technology.
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