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ABSTRACT: Intracellular protein delivery shows great promise in the treatment of various diseases. However, therapeutic applications

of this method are limited by its low delivery efficiency and poor targeting ability. As one of most important drug delivery cargoes,

Fe3O4 nanoparticles (nFe3O4) have attracted much attention for both therapeutic and diagnostic applications, especially for targeting

drug delivery. To use nFe3O4 for protein delivery, a simple but effective modification of nFe3O4 is critical to attach proteins on its

surface. In this work, by designing and synthesizing cationic poly(2-(dimethylamino)ethyl methacrylate) (PDMA)-grafted nFe3O4 via

in situ atom transfer radical polymerization (ATRP), we demonstrate a simple solution to improve interactions between nFe3O4 and

proteins. With the grafted PDMA on the surface, nFe3O4 exhibits not only significant enhancement in dispersibility and stability in

aqueous phase, but also an excellent capability to attach negative-charged proteins. Moreover, with the assistance of external magnetic

field, PDMA-grafted nFe3O4 can be used as a targetable vector to deliver proteins into specific cells. This work provides a novel plat-

form based on cationic magnetite nanoparticles that can deliver therapeutic proteins into specific sites for the treatment of various

diseases. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40260.
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INTRODUCTION

Intracellular protein delivery shows great promise in the treat-

ment of various diseases.1–4 To date, several promising vectors,

such as cell-penetrating peptides (CPPs),5–9 liposomes or cati-

onic polymers,10–16 have been used to deliver functional pro-

teins into cells to rectify cellular functions. The protein/CPPs

conjugates are able to translocate into cells with significant

delivery efficiency, but they are susceptible to denaturation and

degradation during endocytosis. Liposomes can assist proteins

delivery with good protection during endocytosis but low effi-

ciency. Cationic polymers have shown high efficiency as delivery

vectors by assembling proteins through noncovalent interactions

or covalent conjugation. However, cationic polymer vectors can-

not achieve the purpose of the site-specific delivery of proteins.

Recently, Fe3O4 nanoparticles (nFe3O4) have attracted much

attention for their therapeutic and diagnostic applications due

to their potential targeting property.17–28 However, their wide

applications are hampered by the weak interaction with bio-

molecules. Therefore, a simple but effective modification on

nFe3O4 surface to improve interactions between nanoparticles

and bio-molecules is very important.29

To date, the surface modification of nFe3O4 has been explored

by either direct conjugation or in situ growth of polymer chains

on the surface.30–32 Atom transfer radical polymerization

(ATRP), an in situ polymerization technique synthesizing poly-

mers with narrow molecular mass distribution, desired compo-

sition and molecular architecture,33,34 is particularly useful for

the synthesis of hybrid polymer-nFe3O4, such as (P(PEGMA))-

grafted nFe3O4,35 PNIPAAm-coated nFe3O4 and nFe3O4@-

PHEMA-g-PCL.36,37 Nonetheless, using of such approach to

modify cationic polymer on the surface of nFe3O4 for attaching

negative-charged proteins by electrostatic effect and further

delivering proteins into targetable cells by the control of exter-

nal magnetic field has not been achieved.

Herein, we present a novel intracellular protein delivery system

based on cationic poly(2-(dimethylamino)ethyl methacrylate)

(PDMA)-grafted nFe3O4. This is the first report about using

nFe3O4 grafted positively charged PDMA polymer for protein

delivery. Positively charged PDMA was first grafted on nFe3O4

surface by in situ atom transfer radical polymerization (in situ

ATRP) to obtain cationic nFe3O4 [Figure 1(a,b)]. After the graft

of PDMA, nFe3O4 acquire excellent dispersibility in aqueous
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phase and are ability to attach negative-charged proteins by

electrostatic interaction [Figure 1(c)]. Rhodamine-B-labeled

BSA and EGFP were used as model proteins to form protein/

nFe3O4 complexes and with the assistance of external magnetic

fields protein/nFe3O4 complexes were internalized by cells

[Figure 1(d)]. It was hypothesized that the delivery of these

complexes to cells would be divided into two steps. First, the

complexes were attached on cells by magnetic field under the

cell wells, and then the complexes were internalized into cells by

endocytosis way. By achieving directed delivery, the cationic

PDMA-grafted nFe3O4 show their potentiality for site-specific

delivery of proteins.

EXPERIMENTAL

Materials

Benzyl ether, N,N-dimethylformamide (DMF, anhydrous,

99.8%), 1,2-hexadecanediol, oleic acid, oleylamine, iron (III)

acetylacetonate, 2-bromo-2-methylpropionic acid (BMPA), 2,20-
bipyridyl (Bpy), copper (I) bromide, rhodamine B isothiocya-

nate, bovine serum albumin (BSA) protein and lipase from

thermomyces lanuginosus were purchased from Aldrich–Chemi-

cal and used as received. Enhanced green fluorescent protein

(EGFP) was expressed according to previous reports.38 2-(dime-

thylamino)ethyl methacrylate (DMA) was passed through a

basic alumina column, and then distilled prior to

polymerization.

Synthesis of nFe3O4

nFe3O4 were prepared according to a previously reported

method [30]: iron (III) acetylacetonate (1.05 g, 3 mmol), 1,2-

hexadecanediol (3.87 g, 15 mmol), oleic acid (2.42 g, 9 mmol),

oleylamine (2.42 g, 9 mmol), and benzyl ether (30 mL) were

mixed and magnetically stirred under a flow of nitrogen. The

mixture was heated at 200�C for 2 h, and then heated with

reflux (300�C) under nitrogen for another 1 h. When the black

mixture was cooled down to room temperature, amount of

ethanol was added to the mixture, and then black precipitate

was separated via centrifugation (5000 rpm). The black product

was redissolved in 20 mL of hexane, then precipitated with

ethanol again, and collected by centrifugation (4000 rpm, 15

min). The process was repeated three times to purify the prod-

uct. Finally, nFe3O4 were dried under reduced pressure and

stored at 4�C.

Figure 1. Schematic illustration showing the synthesis and cellular uptake of protein/nFe3O4 complexes. (a) Ligand exchange of nFe3O4; (b) Synthesis of

PDMA-grafted nFe3O4 by in situ ATRP; (c) Positively charged nFe3O4 and negatively charged BSA assembled into amorphous complexes by electrostatic

effect; (d) Cellular uptake of protein/nFe3O4 complexes by external magnetic field. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Ligand Exchange of nFe3O4

About 60 mg of nFe3O4 were dispersed in 10 mL of 2M BMPA

in hexane and stirred for a week at room temperature under

the protection of argon. The resulting black precipitate was sep-

arated using a centrifuge at 10,000 rpm for 15 min and washed

three times with hexane to remove the excess initiator. The

BMPA grafted nFe3O4 were then dried under reduced pressure

and stored at 4�C.

In Situ Atom Transfer Radical Polymerization on the Surface

of nFe3O4

The BMPA grafted nFe3O4 (10 mg), 2 mL of DMA and 20 mL

of DMF were added into a 100 mL Schlenk flask with a mag-

netic stir bar. The reagent mixture was purged under argon for

30 min and degassed by five freeze-pump-thaw cycles. CuBr

(10 mg) and bpy (20 mg) were dissolved in 1 mL of DMF,

which was purged under argon, and then injected into a flask

via syringe. The flask was heated to 90�C in oil bath for 12 h.

The PDMA-grafted nFe3O4 were separated by using a centrifuge

at 10,000 rpm for 15 min and washed three times with DMF to

remove the excess monomer and impurity. The PDMA-grafted

nFe3O4 were then dried under reduced pressure and stored at

4�C.

Attaching of Proteins to PDMA-Grafted nFe3O4

Amount of PDMA-grafted nFe3O4 (0.2, 0.4, and 0.8 mg) were

added to 2 mL of boric acid buffer (pH 8.0, 20 mM) containing

0.1 mg mL21 protein and stirred for 4 h. The protein/nFe3O4

complexes were separated via magnetic field and washed three

times with boric buffer to remove unattached proteins. Finally,

the complexes were freeze-dried and stored at 4�C.

Cell Internalization In Vitro

Cellular internalization studies were assessed via fluorescence

microscopy. HeLa cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum (FBS) and 1% penicillin. Cells (35,000 cells well21,

24-well plate) were seeded the day before adding rhodamine-B-

labeled BSA/nFe3O4 and EGFP/nFe3O4 complexes. The protein/

nFe3O4 complexes were added into cell wells with and without

external magnetic field under the plate at final concentration of

0.4 mg mL21. After incubation at 37�C for 1 h, the cells were

washed three times with PBS and assessed with a fluorescent

microscope and fluorescence-activated cell sorting (FACS).

In Vitro Cytotoxicity Assay

In vitro cytotoxicity of protein/nFe3O4 complexes was evaluated

by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) assay. HeLa cells (7000 cells per well, 96-well

plate) were seeded the day before adding PDMA-grafted nFe3O4

and protein/nFe3O4 complexes. Various concentrations of

PDMA-grafted nFe3O4 and protein/nFe3O4 complexes were

added into cell wells with an external magnetic field under the

plate. After incubation at 37�C for 1 h, the cells were washed

three times with PBS to remove free samples and incubated for

another 24 h. Nearly 20 lL of MTT solution (5 mg mL21 in

PBS) was added into each well and incubated for 4 h. The

absorbance reading was measured at 560 nm by microplate

reader. The relative cell viability compared to the control cell

culture in the absence of complexes. All the testing was per-

formed in triplicate.

Characterization

The morphologies of the nanoparticles were subsequently deter-

mined by TEM on a Philips EM120 TEM at 100,0003. Fourier

transform infrared (FT-IR) spectra were obtained with a Bruker

FT-IR spectrometer using KBr disks. Zeta potential and average

particle size distribution were measured with a MALVERN

NANO-ZS Zeta-Sizer. Crystalline structure was examined using

an X-ray diffractometer (XRD-6000 diffractometer, Shimadzu,

Japan). Fluorescence images of cells were obtained with a fluo-

rescence microscope (Zeiss, Observer.Z1). Thermogravimetric

analysis (TGA) was performed on a PerkinElmer thermal

analysis.

RESULTS AND DISCUSSION

nFe3O4 prepared by the thermal decomposition process pos-

sessed uniform particle size, eximious magnetism and high

chemical stability. Figure 2(a) shows transmission electron

microscopy (TEM) image of nFe3O4 prepared by the high tem-

perature decomposition of iron acetylacetonate with oleic acids

as ligands. The resulted nFe3O4 are quite uniform with an aver-

age size of �6 nm. Furthermore, X-ray diffraction (XRD) result

clearly shows characteristic diffraction patterns of nFe3O4 with

high degree of crystallinity [Figure 2(b)].

Figure 2. (a) TEM image and (b) X-ray diffraction pattern of oleic acid-

stabilized nFe3O4 prepared from thermal decomposition process.
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The oleic acid-stabilized nFe3O4 dispersed well in nonpolar sol-

vents, such as hexane and toluene. However, after stirred in a

hexane solution containing the initiator BMPA for 72 h, the

collected nFe3O4 were not able to redisperse in hexane, but still

showed good solubility in polar solvents, such as THF, DMF, or

ethanol. This observation indicated that these modified nFe3O4

had different surface chemistry from the initial oleic acid-

stabilized ones, indicating the successful ligand exchange with

BMPA. The BMPA on nFe3O4 were then used as an initiator to

induce in situ ATRP with DMA monomer to form cationic

PDMA-grafted nFe3O4. The formation of cationic PDMA-

grafted nFe3O4 was confirmed by TEM, DLS, Zeta potential,

FT-IR and TGA. Compared with the oleic acid-stabilized

nFe3O4, the PDMA-grafted nFe3O4 exhibit increased average

size of �24.2 nm [Figure 3(a)]. Because polymer shell is not

discernible due to the lack of contrast with the background,

only the metal oxide core of the PDMA-grafted nFe3O4 can be

observed in TEM image [Figure 3(c)].35 Moreover, as show in

Figure 3(b), after grafting PDMA, nFe3O4 exhibit a positive sur-

face potential of 116.5. The characteristic FT-IR absorption of

PDMA at 1729 cm21 (the carbonyl group) and 1148 cm21

(CAN stretching) [Figure 3(d)] is only observed on PDMA-

grafted nFe3O4, confirming the formation of PDMA chains

during the polymerization. To further investigate the surface

modification of nFe3O4 with PDMA, the thermal gravimetric

analysis (TGA) results are summarized in Figure 3(e). The

gravimetric losses of 14.3, 15.2, and 41.1% at 600�C
were observed for oleic acid-stabilized, BMPA-grafted and

Figure 3. Characterization of PDMA-grafted nFe3O4. (a) Particle size, (b) zeta potential and (c) TEM image of PDMA-grafted nFe3O4. (d) FT-IR spec-

trums of oleic acid-stabilized and PDMA-grafted nFe3O4, and (e) TGA curves of oleic acid-stabilized, BMPA grafted and PDMA-grafted nFe3O4. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Photographs of (a) PDMA-grafted nFe3O4 dispersing in

aqueous-phase and (b) PDMA-grafted nFe3O4 in aqueous-phase with

external magnetic field. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 5. Particle size (a) and zeta potentials (b) of BSA/nFe3O4 complexes and EGFP/nFe3O4 complexes. (c) TEM image of BSA/nFe3O4 complexes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Fluorescence images of cellular uptake of Rhodamine-B-labeled BSA/nFe3O4 complexes (a) and EGFP/nFe3O4 complexes (b) at the concentration

of 0.4 mg mL21 without and with external magnetic field. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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PDMA-grafted nFe3O4, respectively. According to TGA results,

the gravimetric losses of both oleic acid-stabilized and BMPA-

grafted nFe3O4 were much less than that of PDMA-grafted

nFe3O4, which could be ascribed to more organic components

on the surface of PDMA-grafted nFe3O4.

Grafting PDMA on nFe3O4 surface significantly enhanced the

particles dispersibility. Figure 4(a) shows PDMA-grafted nFe3O4

dispersing in aqueous solution. Despite the graft of PDMA

polymer, magnetic nFe3O4 were still sensitive to magnetic field.

Figure 4(b) demonstrates that well-dispersed PDMA-grafted

nFe3O4 can response to an applied external magnetic field, indi-

cating their potential applications as vectors for site-specific

drug delivery.

Owing to the graft of positively charged PDMA, nFe3O4 were

able to attach negatively charged proteins via electrostatic inter-

actions. BSA and EGFP, which presented negative surface charge

at physiological pH region of 7–8, were chosen as model

proteins. Figure 5(a,b) show the particle size and surface charge

of these two kinds of protein/nFe3O4 complexes. Average diame-

ters of 78.5 and 90.7 nm and zeta potentials of 213.5 and

211.2 mV are observed for BSA/nFe3O4 and EGFP/nFe3O4

complexes, respectively. The results demonstrated that the

PDMA-grafted nFe3O4 successfully assembles with negative-

charged proteins, resulting in increased particle size and nega-

tive surface charge. Figure 5(c) shows TEM image of BSA/

nFe3O4 complexes, indicating that positively charged nFe3O4

and negatively charged BSA assembled into amorphous com-

plexes with a diameter in the range of 50–100 nm.

Moreover, the use of external magnetic field enabled directed

intracellular delivery of the complexes. Rhodamine-B-labeled

BSA and EGFP were chosen as models for cellular uptake. Figure

6(a,b) show the fluorescence images of HeLa cells preincubated

with Rhodamine-B-labeled BSA/nFe3O4 and EGFP/nFe3O4 com-

plexes without or with external magnetic field. The cells incu-

bated with magnetic field show significantly high fluorescence

intensity from proteins is observed in the cells incubated under

magnetic field for both complexes. The FACS results of HeLa

cells preincubated with Rhodamine-B-labeled BSA/nFe3O4 and

EGFP/nFe3O4 complexes with and without external magnetic

field are shown in Figure 6(c,d). Compared with the complexes

without external magnetic field the complexes with an external

magnetic field have fold increase in fluorescence intensity for

both of Rhodamine-B-labeled BSA/nFe3O4 and EGFP/nFe3O4

complexes. The results of fluorescence images and FACS demon-

strated that the cellular uptake of the complexes depends on the

assistance of external magnetic fields and without the existence

of magnetic fields; however, the intracellular delivery efficiency

of the complexes are significantly reduced. It was hypothesized

that the delivery of these complexes to cells would be divided

into two steps. First, the complexes were attached on cells by

magnetic field under the cell wells, and then the complexes were

internalized into cells by endocytosis way.

The cytotoxicity of PDMA-grafted nFe3O4, BSA/nFe3O4, and

EGFP/nFe3O4 complexes was assessed using the MTT assay.

Figure 7 compares the viability of HeLa cells after exposure to

various concentrations of PDMA-grafted nFe3O4, BSA/nFe3O4,

and EGFP/nFe3O4 complexes. There are >80% cells remained

alive even after treatment with a maximum sample concentra-

tion of 0.4 mg mL21, suggesting neglectable cytotoxicity of all

samples.

CONCLUSION

In summary, cationic magnetite Fe3O4 nanoparticles (nFe3O4)

were synthesized via grafting positively charged polymer on

their surface. First, the macrointiator (BMPA) on the surface of

nFe3O4 was introduced through ligand exchange. The following

in situ ATRP yielded PDMA-grafted nFe3O4. These modified

nFe3O4 possess good dispersibility and stability in aqueous

phase. Moreover, the motion of the nanoparticles can be con-

trolled by external magnetic fields. Owing to the grafting of

cationic polymer, the nanoparticles enable to enrich negative-

charged proteins (such as BSA and EGFP) by electrostatic inter-

action on their surface. Furthermore, under external magnetic

fields, the protein/nFe3O4 complexes are efficiently internalized

by HeLa cells with low cytotoxicity. This work provides a robust

platform for delivering therapeutic proteins, such as HRP,39

RNase,16 and growth factor,40 to the targeted organs or tissues

by localized external magnetic fields. Moreover, we believe that

such a synthesis strategy is not limited to nFe3O4; it can be

adapted to widely functional nanoparticles for various therapeu-

tic applications.
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