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Abstract

Superparamagnetic iron oxide (SPIO) nanoparticles are excellent magnetic resonance contrast

agents and surface engineering can expand their applications. When covered with amphiphilic

alkyl-polyethyleneimine (PEI), the modified SPIO nanoparticles can be used as MRI visible gene/

drug delivery carriers and cell tracking probes. However, the positively charged amines of PEI can

also cause cytotoxicity and restricts their further applications. In this study, we used lactose to

modify amphiphilic low molecular weight polyethylenimine (C12-PEI2K) at different lactosylation de-

gree. It was found that the N-alkyl-PEI-lactobionic acid wrapped SPIO nanocomposites show better

cell viability without compromising their labelling efficacy as well as MR imaging capability in

RAW 264.7 cells, comparing to the unsubstituted ones. Besides, we found the PEI induced cell

autophagy can be reduced via lactose modification, indicating the increased cell viability might

rely on down-regulating autophagy. Thus, our findings provide a new approach to overcome the

toxicity of PEI wrapped SPIO nanocomposites by lactose modification.
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Introduction

Superparamagnetic iron oxide (SPIO) nanoparticles have been widely

used in magnetic resonance imaging (MRI) owing to their unique

properties in shorting spin-spin (T2) relaxation time of protons of wa-

ter molecules. In the last decade, numerous studies have concentrated

on the surface engineering of SPIO nanoparticles which can function-

alize or improve them in many aspects, such as drug delivery, gene de-

livery and cell tracking [1–3]. Polyethylenimine (PEI) is one of the

most commonly used polycations for gene delivery [4, 5], and can

be used for forming of polycation/SPIO nanocomposites [6–8].

Importantly, the alkylation of PEI25K is capable of phase transferring

of hydrophobic SPIO nanoparticles into water and improving the T2

relaxivity [9]. High-molecular weight PEI shows high transfection effi-

ciency but accompanied by high cytotoxicity compared with low-

molecular weight PEI due to higher number of amine groups on the

polymer [4, 10]. Thus, in our previous work, we chose low-

molecular-weight amphiphilic alkylated PEI of 2000 Da molecular

weight (N-Alkyl-PEI2K) to wrap multiple SPIO nanoparticles with im-

proved T2 relaxivity. The N-Alkyl-PEI2K/SPIO nanocomposites have

demonstrated reasonable applications in gene delivery [11, 12], cell la-

belling and in vivo tracking (such as mesenchymal stem cells [13],

chondrocytes [14] and dendritic cells [15, 16]). However, the N-

Alkyl-PEI2K/SPIO nanocomposites still have certain degree of cytotox-

icity when used at higher concentrations.

In recent years, it has been demonstrated that nanoparticles

can activate autophagy and leads to nanoparticle-induced toxicity

[17–19]. Autophagy is a dynamic process of intracellular degrada-

tion with several sequential steps: (i) initiation of the phagophore;
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(ii) formation of autophagosome; (iii) fusion of autophagosome

with lysosome, a.k.a. formation of autolysosome; (iv) utilization of

degradation products by lysosomal enzymes [20, 21]. Autophagy is

considered as a strategy for cell survival under stress, while excessive

autophagy will lead to cell death. The machnisms of PEI induced cy-

totoxicity have been investigated in several studies previously [10,

22–24]. And recently, more detailed findings have revealed that the

PEI-induced cytotoxicity is an autophagy event in a stepwise manner

[25]. To better utilize PEI/SPIO nanocomposites in biomedical appli-

cations, one needs to overcome PEI-induced cytotoxicity. Therefore,

we hypothesized that appropriate modification of PEI may reduce

autophagy and result in improved cell viability.

Herein, we chose the previously well-studied N-alkyl-PEI

(C12-PEI2K) as a model polycation and modified it with lactose at

different lactosylation degree (6.8 and 11.7%). Then we used these

polymers to encapsulate multiple hydrophobic SPIO nanoparticles,

and studied if lactosylation of PEI can reduce its cytotoxicity via

modulating autophagy. Furthermore, we tested how the lactosyla-

tion of PEI would affect its cell labelling efficacy and T2 relaxivity.

Materials and methods

Materials
Mouse macrophage cell line RAW 264.7 was obtained from West

China School of Pharmacy Sichuan University (Chengdu, China).

RPMI-1640, phosphate buffered saline (PBS) and penicillin/strepto-

mycin was purchased from Hyclone (USA). Fetal bovine serum

(FBS) was purchased from Gibco (USA). Cell counting kit-8 (CCK-

8) was purchased from Beyotime Institute of Biotechnology

(Jiangsu, China). Mammalian Cell Lysis Reagent was purchased

from Fermentas (USA). b-Actin antibody, P62 antibody, goat-anti-

mouse-IgG-HRP and goat-anti-rabbit-IgG-HRP were purchased

from Santa Cruz (USA). LC3 antibody was purchased from NOVUS

(USA). Enhanced chemiluminescence (ECL) kit and PVDF mem-

brane were purchased from Bio-Rad (USA). LPS (lipopolysaccha-

ride) was purchased from Hycult Biotech (Netherlands).

Preparation and characterization of SPIO-loaded

C12-PEI2K-LAC nanoparticles (N-alkyl-PEI-LAC/SPIO)
Alkylated polyethyleneimine (PEI) of 2000 Da molecular weight

(C12-PEI2K) was synthesized following a published protocol [9, 26].

PEI2K was reacted with 1-iodododecane in ethanol. C12-PEI2K was

obtained as gummy solid by freeze-drying and was confirmed by 1H

NMR (CDCl3) and Elemental analysis.

C12-PEI2K was dissolved in water and added with lactobionic

acid (LAC) [27]. The solution was adjusted to pH¼5 with diluted

hydrochloric acid and added with 1-(3-Dimethylaminopropyl)-3-

ethylcarbodiimide Hydrochloride. The mixture was stirred for 3

days at room temperature, then dialyzed in water and lyophilized to

obtain C12-PEI2K-LAC. The product was confirmed by 1H NMR

dimethylsulfoxide (DMSO) and Elemental analysis. Different graft-

ing ratio of C12-PEI2K-LAC could be prepared by changing the ratio

between C12-PEI2K and LAC.

SPIO nanoparticles were synthesized following a method from

Sun et al. [28]. SPIO nanoparticles were stored in hexane and dried

by argon gas, and then dispersed in chloroform. C12-PEI2K-LAC was

dissolved in DMSO, and then added into chloroform under sonica-

tion. A mixture of SPIO nanoparticle/C12-PEI2K-LAC at a mass ratio

of 1: 0.6 was added into water under sonication. Chloroform and

DMSO was stepwise removed by evaporation and dialysis. Size

distribution and zeta potential of C12-PEI2K-LAC/SPIO nanocompo-

sites was characterized through dynamic light scattering (DLS) and

scanning electron microscope (SEM). Iron concentration of

C12-PEI2K-LAC/SPIO nanocomposites solution was analyzed by

atomic absorption spectroscopy.

Cell culture
RAW 264.7 cells were cultured in RPMI-1640 medium containing

10% FBS, 100 U/ml penicillin, and 100 lg/ml streptomycin in a hu-

midified atmosphere of 5% CO2 at 37�C with the medium changed

every other day.

Cell viability evaluation
CCK-8 was used to assess the cytotoxicity of nanocomposites. Cells

were seeded in 96-well plates (3 � 103 cells/well) and the nanocom-

posites were added in the following day and incubated for 24 h.

CCK-8 solution (10 ll) was added to each well of the plate and incu-

bated for 2 h in a CO2 incubator. The absorbance was measured at

450 nm using a microplate reader (Thermo Scientific, USA).

Western blotting assay
RAW 264.7 cells were seeded in six-well plates at a density of 3 �
105 cells/well, and incubated with indicated nanocomposites for

24 h in a CO2 incubator. The cells were harvested and lysed in

Mammalian Cell Lysis Reagent and centrifuged at 13 000 rpm for

15 min at 4�C. Proteins from each sample were separated on a 12%

SDS/PAGE gel and transferred to PVDF membrane (Bio-Rad, USA).

After blocking with 5% nonfat milk in TBST at room temperature

for 1 h, membranes were washed three times with TBST and incu-

bated overnight at 4�C with primary mouse monoclonal antibody

(b-Actin antibody, P62 antibody) and primary rabbit antibody LC3

antibody. The membranes were washed three times with TBST,

followed by 1 h incubation at room temperature with goat anti-

mouse-IgG-HRP and goat-anti-rabbit-IgG-HRP. After incubation,

membranes were washed three times in TBST. Then the antigen-

antibody complexes were visualized with ECL kit.

GFP-LC3 dot formation assay
RAW 264.7 cells stably expressing GFP-LC3 were cultured on glass

slides in a 24-well plate. Following treatment, cells were fixed with

4% paraformaldehyde for 15 min. The fixed cells were rinsed in PBS

twice and mounted in Diamond Antifade Mountant (Life

Technologies, USA). The images were observed and captured under

a confocal laser scanning microscope (CLSM: TCS SP4, Leica

Microsystems, Germany).

Cellular uptake of nanocomposites
Intracellular iron content was detected by colorimetric ferrozine as-

say. RAW 264.7 cells were labelled with different concentrations of

SPIO nanocomposites (2.5, 5, 10, 15 lg/ml) within 48-well culture

plate for 24 h. Following three washes, iron-releasing reagent (mix-

ture of equal volume of 1.4 M HCl and 4.5% (w/v) KMnO4 in

H2O) was added and incubated for 2 h at 60�C within a drying

oven. Upon cooled to room temperature, iron-detection reagent

(6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium acetate

and 1 M ascorbic acid dissolved in water) was added. Absorbance of

the samples was read at 550 nm on a plate reader (Varioskan Flash,

Thermo Scientific, USA). Iron contents were determined by match-

ing the absorbance to those from a range of standard

concentrations.

224 Du et al.



MRI study of labelled cells
RAW 264.7 cells were labelled with nanocomposites for 24 h at

5 lg/ml (iron concentration). Cells were collected and washed with

PBS twice, then fixed with 600 ll 4% paraformaldehyde for 30 min

at 4�C. Cells were washed with PBS and mixed with 5% gelatin

crosslinked with glutaraldehyde inside 250 ll microcentrifuge tubes.

MRIwas performed under a clinical 3 T scanner (Achieva, Philips)

and with a head coil. Axial images of the phantoms were acquired

by T2-weighted spin echo sequence (TR ¼ 5000 ms, TE ¼ 6.90enc

ms; number of averages, 1, matrix¼384�224, field of vi-

sion¼250�190 mm, slice thickness¼2.0 mm). Signal Intensities at

different TE were measured to calculate the T2 value of each

phantom.

Statistical analysis
The results are presented as mean 6 SDs with n¼3, Statistical

analysis was performed using a two-tailed Student’s t test. The

differences were considered statistically significant with P values of

*P < 0.05, **P < 0.01, and ***P < 0.001.

Results and discussion

Characterization of C12-PEI2K-LAC/SPIO

nanocomposites
C12-PEI2K and C12-PEI2K-LAC were synthesized following published

protocols [9, 26, 28] and confirmed by 1H NMR spectrum. C12-

PEI2K (400 MHz, CDCl3): d 2.97–2.30 (–NH–CH2–CH2–NH–),

1.54–1.16 (–CH2–(CH2)10CH3), 0.87 (–CH2–(CH2)10CH3);

C12-PEI2K-LAC (400 MHz, DMSO): d 4.74–3.12 (LAC), 3.11-2.30

(–NH–CH2–CH2–NH–), 1.34-1.07 (–CH2–(CH2)10CH3), 0.85

(–CH2–(CH2)10CH3). The LAC grafting ratio of C12-PEI2K-LAC

was calculated by the changes of carbon (C) and nitrogen (N)

contents. Elemental analysis shows the C/N ratio of C12-PEI2K

is 3.54, and the C/N ratio of C12-PEI2K-LAC is 4.36 and 4.94. So ra-

tio of Sugar unit’s C element to N of polymer is 0.82 and 1.40.

Sugar unit have 12 C, and respectively the grafting ratio is 6.8% and

11.7. And Figure 1 shows that the SPIO have a relatively narrow

size distribution in hexane, and have a mean diameter of

9.0 6 0.6 nm characterized by DLS. C12-PEI2K/SPIO shows a diame-

ter of 73 6 5 nm, C12-PEI2K-LAC6.8%/SPIO shows a diameter of

67 6 4 nm, C12-PEI2K-LAC11.7%/SPIO shows a diameter of

75 6 3 nm in water.

Cell viability evaluation of C12-PEI-LAC/SPIO

nanocomposites
The transfection efficiency of PEI is accompanied with certain de-

grees of cytotoxicity, depending on its molecular weight. Previously,

a number of studies have demonstrated that low molecular weight

PEI shows satisfactory transfection and minor cytotoxicity [29, 30].

To understand how lactose modification of PEI would affect the

SPIO loaded nanocomposites, we assessed the cell viability after

incubation with different concentrations of nanocomposites for

24 h. A standard CCK-8 assay was used to evaluate the cytotoxicity

of nanocomposites in RAW 264.7 cells. As shown in Figure 2, two

series of C12-PEI-LAC/SPIO nanocomppsites showed higher cell via-

bility compared with C12-PEI/SPIO nanocomposites. Besides, with

the higher degree of lactosylation, the cell viability was markedly

improved. Especially, when the iron concentration is 15 lg/ml, the

C12-PEI-LAC11.7%/SPIO group showed no obvious cytotoxicity,

while the C12-PEI/SPIO group had only �40% cell viability. These

results demonstrated that the lactose modification can considerably

reduce the PEI-induced cell death.

Figure 1. (a) DLS of SPIO, C12-PEI2K-LAC/SPIO nanoparticles. SPIO shows a diameter of 9.0 6 0.6 nm in hexane, C12-PEI2K/SPIO shows a diameter of 73 6 5 nm,

C12-PEI2K-LAC6.8%/SPIO shows a diameter of 67 6 4 nm, C12-PEI2K-LAC11.7%/SPIO shows a diameter of 75 6 3 nm. (b) SEM of C12-PEI2K/SPIO (1), C12-PEI2K-LAC6.8%/

SPIO (2), and C12-PEI2K-LAC11.7%/SPIO (3).
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Reduction of PEI-induced autophagy in RAW 264.7 cells

through lactosylation
PEI can induce autophagy which is considered as a major cause of

cytotoxicity besides apoptosis [25]. To determine how lactosylation

of PEI would affect autophagy, we detected the autophagy flux in

RAW 264.7 cells after the treatment with nanocomposites. First, we

investigated LC3 conversion (from LC3-I to LC3-II) and p62 deg-

radation by immunoblotting, as they are two well-established

markers of autophagy [31, 32]. And we found that in C12-PEI/SPIO

nanocomposites treated cells, LC3-I converted to LC3-II with

a dose-dependent manner, while in C12-PEI-LAC/SPIO nanocompo-

sites groups showed no obvious LC3-II formation (Fig. 3a). And

rapamycin (Rap) and LPS served as positive controls which can in-

duce autophagy through different mechanisms [33–35].

Interestingly, the PEI induced autophagy did not lead to degradation

of p62 (Fig. 3a), which might indicate the positive amine groups of

PEI can elevate lysosomal pH and result in insufficient protein deg-

radation. But it is also possible that PEI activates autophagy through

Toll-like receptor 4 which leads to up-regulation of p62 in a non-

classical autophagy pathway [36, 37]. Because in C12-PEI/SPIO

Figure 2. Cell viability of C12-PEI/SPIO, C12-PEI-LAC6.8%/SPIO, C12-PEI-LAC11.7%/SPIO in RAW 264.7 cells was evaluated by CCK-8 assay. Results were expressed as

the mean 6 SD, n¼3; *(P < 0.05), **(P < 0.01), ***(P < 0.001) vs. C12-PEI/SPIO alone group.

Figure 3. C12-PEI/SPIO nanocomposites induced autophagy can be prevented by PEI lactosylation. (a) Western blotting assay of RAW 264.7 cells that were

untreated (negative control), treated with rapamycin (50 lg/ml, 8 h), LPS (1 lg/ml 24 h) and nanocomposites (0.5, 2.5, 5 lg/ml, 24 h). Both rapamycin and LPS

groups served as positive controls. The RAW 264.7 cells stably expressing GFP-LC3 were labelled with nanocomposites at an iron concentration of 5 lg/ml for

24 h. (b) the GFP puncta in RAW 264.7 cells were measured and summarized. Data were the mean value of three independent experiments with each count of no

less than 60 cells. Values are expressed as the mean 6 SD, n¼ 3. (c) the representative images of GFP puncta in RAW 264.7 cells after treatment under a CLSM.

Scale bar: 10 lm.
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group, when Fe concentration is 2.5 or 5 lg/ml, p62 showed a slight

increase similar to LPS group.

To further confirm the protective role of lactosylation in autoph-

agy induction, we used a stable RAW 264.7 cell line expressing

GFP-LC3 to observe the autophagosome formation. After 24 h incu-

bation with different nanocomposites, the GFP-LC3 puncta were

observed and captured under a CLSM. As shown in Figure 3b and c,

the numbers of green fluorescent dots were increased after treated

with C12-PEI/SPIO nanocomposites, compared with the untreated

group (control). However, the lactosylation group showed a dra-

matic decrease in autophagosome formation which is close to the

untreated group. Taken together, these results demonstrated that

lactosylation of PEI can reduce its induced autophagy which con-

tributes to the improved cell viability.

The effects of lactosylation on surface charge and

intracellular uptake of C12-PEI/SPIO nanocomposites
Our results showed that the lactosylation of PEI can reduce autoph-

agy and lead to the reduced cytotoxicity. To unveil how lactose

modification can down regulate autophagy, we first analyzed the

surface charge of nanocomposites. C12-PEI/SPIO nanocomposites

are positively charged with zeta potentials ofþ34.6 mV, which is

higher than C12-PEI-LAC/SPIO nanocomposites. The zeta potentials

of C12-PEI-LAC6.8%/SPIO is þ33.4 mV and C12-PEI-LAC11.7%/

SPIO is þ28.7 mV. Therefore, we concluded that lactosylation can

partially shield the positive charge of PEI. It is possible that with the

decreased surface charge, cellular uptake of nanoparticles is also re-

duced. It has been reported that the positive surface charge of nano-

particles is positively correlated with cellular uptake [38]. Cellular

iron content was measured to determine the internalization degree

of nanocomposites. Different from previous reports, the C12-PEI-

LAC/SPIO nanocomposites showed an increased cellular uptake,

particularly at high iron concentrations (Fig. 4). Briefly, our data in-

dicated that lactose modification of PEI can decrease its positive

charge and may promote C12-PEI-LAC/SPIO cellular uptake by

macrophages at high iron concentrations.

MRI study of C12-PEI-LAC/SPIO nanocomposites in cell

labelling
SPIO-based MRI contrast agents could shorten the T2 (spin-spin) re-

laxation time. To figure out whether the lactosylation of PEI will

affect its capability as a high efficient MRI contrast agent, we stud-

ied the MR imaging of C12-PEI-LAC/SPIO nanocomposites labelled

cells. We first labelled RAW 264.7 cells with unmodified and modi-

fied PEI wrapped SPIO nanoparticles for 24 h at the same iron con-

centration (5 lg/ml). And under a clinical 3 T scanner, we

performed the in vitro MR imaging study of SPIO-laden cells. Under

T2 scan, T2 value decreased from �560 to �150 ms with the SPIO

loaded nanocomposties labelling (Fig. 5). In addition to that, it is

noteworthy that lactosylation of PEI did not show any dramatic dif-

ference in T2 value, comparing to C12-PEI/SPIO nanocomposites.

Thus these results demonstrated that latosylation of PEI is able to

improve cell viability without compromising its capability in short-

ening T2 relaxation times.

Figure 4. The iron content of RAW 264.7 cells after labelled with SPIO-loaded nanocomposites for 24 h at varied iron concentrations.

Figure 5. In vitro MRI study of SPIO-loaded nanocomposites (5 lg/ml) labelled

RAW 264.7 cells for 24 h. (a) T2 values of labelled RAW 264.7 cells as a func-

tion of ratio of lactosylation. (b) Definition of the detectable threshold of

SPIO-labelled RAW 264.7 cells in gelatin phantoms.
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Conclusions

To utilize PEI wrapped SPIO nanocomposites for tracing cells of in-

terest in vivo under clinic MR scanners, the cytotoxicity is still a ma-

jor concern. In this study, we used an N-alkyl-PEI (C12-PEI2K) as a

model polycation to test if the lactose modification of PEI can reduce

its induced cytotoxicity. Our data showed that lactosylation signifi-

cantly decreased PEI-induced cytotoxicity. And further investigations

demonstrated that lactosylaltion can down regulate autophagy which

contributes to the improved cell viability. As suggested in Scheme 1,

we propose that C12-PEI/SPIO nanocoposites could induce lysosome

damage (or lysosome dysfunction at low dose) followed by autophagy

activation which leads to cytotoxicity, while with the surface decora-

tion of lactose, C12-PEI-LAC/SPIO nanocomposites can be degraded

by lysosome gradually without eliciting obvious cytotoxicity. More

importantly, we showed that the lactosylation did not affect cellular

uptake of nanocomposites and resulted in an uncompromised T2

relaxivity. In conclusion, we provide a unique approach to overcome

the PEI wrapped SPIO nanoparticles induced cytotoxicity by down-

regulating autophagy and this modification will not affect its effi-

ciency in MR imaging as contact agents.

Funding

This work was supported by grants from National Key Basic Research Program

of China (2013CB933903), National Key Technology R&D Program

(2012BAI23B08), and National Natural Science Foundation of China

(20974065, 51173117 and 50830107).

Conflict of interest statement. None declared.

References

1. Gupta AK, Gupta M. Synthesis and surface engineering of iron oxide

nanoparticles for biomedical applications. Biomaterials

2005;26:3995–4021.

2. Xie J, Liu G, Eden HS et al. Surface-engineered magnetic nanoparticle

platforms for cancer imaging and therapy. Acc Chem Res

2011;44:883–92.

3. Jin R, Lin B, Li D et al. Superparamagnetic iron oxide nanoparticles for

MR imaging and therapy: design considerations and clinical applications.

Curr Opin Pharmacol 2014;18:18–27.

4. Godbey WT, Wu KK, Mikos AG. Poly(ethylenimine) and its role in gene

delivery. J Control Release 1999;60:149–60.

5. Taranejoo S, Liu J, Verma P et al. A review of the developments of charac-

teristics of PEI derivatives for gene delivery applications. J Appl Polym Sci

2015;132:

6. Scherer F, Anton M, Schillinger U et al. Magnetofection: enhancing and

targeting gene delivery by magnetic force in vitro and in vivo. Gene Ther

2002;9:102–9.

7. Thunemann AF, Schutt D, Kaufner L et al. Maghemite nanoparticles pro-

tectively coated with poly(ethylene imine) and poly(ethylene oxide)-

block-poly(glutamic acid). Langmuir 2006;22:2351–7.

8. Park IK, Ng CP, Wang J et al. Determination of nanoparticle vehicle

unpackaging by MR imaging of a T(2) magnetic relaxation switch.

Biomaterials 2008;29:724–32.

9. Wang Z, Liu G, Sun J et al. Self-assembly of magnetite nanocrystals with

amphiphilic polyethylenimine: structures and applications in magnetic

resonance imaging. J Nanosci Nanotechnol 2009;9:378–85.

10. Fischer D, Li YX, Ahlemeyer B et al. In vitro cytotoxicity testing of polyca-

tions: influence of polymer structure on cell viability and hemolysis.

Biomaterials 2003;24:1121–31.

11. Lin G, Zhu W, Yang L et al. Delivery of siRNA by MRI-visible nanove-

hicles to overcome drug resistance in MCF-7/ADR human breast cancer

cells. Biomaterials 2014;35:9495–507.

12. Liu G, Xie J, Zhang F et al. N-Alkyl-PEI-functionalized iron oxide nano-

clusters for efficient siRNA delivery. Small 2011;7:2742–9.

13. Liu G, Wang Z, Lu J et al. Low molecular weight alkyl-polycation

wrapped magnetite nanoparticle clusters as MRI probes for stem cell la-

beling and in vivo imaging. Biomaterials 2011;32:528–37.

14. Liu G, Xia C, Wang Z et al. Magnetic resonance imaging probes

for labeling of chondrocyte cells. J Mater Sci Mater Med 2011;

22:601–6.

15. Xu Y, Wu CQ, Zhu WC et al. Superparamagnetic MRI probes for in vivo

tracking of dendritic cell migration with a clinical 3 T scanner.

Biomaterials 2015;58:63–71.

16. Wu CQ, Xu Y, Yang L et al. Negatively charged magnetite nanoparticle

clusters as efficient mri probes for dendritic cell labeling and in vivo track-

ing. Adv Funct Mater 2015;25:3581–91.

17. Zabirnyk O, Yezhelyev M, Seleverstov O. Nanoparticles as a novel class

of autophagy activators. Autophagy 2007;3:278–81.

18. Stern ST, Adiseshaiah PP, Crist RM. Autophagy and lysosomal dysfunc-

tion as emerging mechanisms of nanomaterial toxicity. Particle Fibre

Toxicol 2012;9:20.

19. Peynshaert K, Manshian BB, Joris F et al. Exploiting intrinsic nanoparticle

toxicity: the pros and cons of nanoparticle-induced autophagy in biomedi-

cal research. Chem Rev 2014;114:7581–609.

20. Mizushima N. Autophagy: process and function. Genes Dev

2007;21:2861–73.

21. Klionsky DJ, Abdalla FC, Abeliovich H et al. Guidelines for the use and in-

terpretation of assays for monitoring autophagy. Autophagy

2012;8:445–544.

22. Moghimi SM, Symonds P, Murray JC et al. A two-stage poly(ethyleni-

mine)-mediated cytotoxicity: Implications for gene transfer/therapy. Mol

Ther 2005;11:990–5.

23. Hunter AC, Moghimi SM. Cationic carriers of genetic material and cell

death: a mitochondrial tale. Biochim Biophys Acta 2010;1797:1203–9.

24. Beyerle A, Irmler M, Beckers J et al. Toxicity pathway focused gene ex-

pression profiling of PEI-based polymers for pulmonary applications. Mol

Pharm 2010;7:727–37.

25. Gao X, Yao L, Song Q et al. The association of autophagy with

polyethylenimine-induced cytotoxicity in nephritic and hepatic cell lines.

Biomaterials 2011;32:8613–25.

26. Thomas M, Klibanov AM. Enhancing polyethylenimine’s delivery of plas-

mid DNA into mammalian cells. Proc Natl Acad Sci USA

2002;99:14640–5.

27. Kramer M, Perignon N, Haag R et al. Water-soluble dendritic

architectures with carbohydrate shells for the templation and stabilization

of catalytically active metal nanoparticles. Macromolecules 2005;38:

8308–15.

28. Sun S, Zeng H, Robinson DB et al. Monodisperse MFe2O4 (M ¼ Fe, Co,

Mn) nanoparticles. J Am Chem Soc 2004;126:273–9.

29. Fischer D, Bieber T, Li Y et al. A novel non-viral vector for DNA delivery

based on low molecular weight, branched polyethylenimine: effect of

Scheme 1. The suggested model of how PEI lactosylation prevents autoph-

agy and improves cell viability.

228 Du et al.



molecular weight on transfection efficiency and cytotoxicity. Pharm Res

1999;16:1273–9.

30. Kunath K, von Harpe A, Fischer D et al. Low-molecular-weight polyethy-

lenimine as a non-viral vector for DNA delivery: comparison of physico-

chemical properties, transfection efficiency and in vivo distribution with

high-molecular-weight polyethylenimine. J Control Release 2003;

89:113–25.

31. Kabeya Y, Mizushima N, Uero T et al. LC3, a mammalian homologue of

yeast Apg8p, is localized in autophagosome membranes after processing.

Embo J 2000;19:5720–8.

32. Pankiv S, Clausen TH, Lamark T et al. p62/SQSTM1 binds directly to

Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by

autophagy. J Biol Chem 2007;282:24131–45.

33. Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase homologue, con-

trols autophagy in yeast. J Biol Chem 1998;273:3963–6.

34. Xu Y, Kim SO, Li Y et al. Autophagy contributes to caspase-independent

macrophage cell death. J Biol Chem 2006;281:19179–87.

35. Xu Y, Jagannath C, Liu XD et al. Toll-like receptor 4 is a sensor for

autophagy associated with innate immunity. Immunity 2007;27:135–44.

36. Fujita KI, Maeda D, Xiao Q et al. Nrf2-mediated induction of p62 con-

trols Toll-like receptor-4-driven aggresome-like induced structure forma-

tion and autophagic degradation. Proc Natl Acad Sci USA

2011;108:1427–32.

37. Mulens-Arias V, Rojas JM, Perez-Yague S et al. Polyethylenimine-coated

SPIONs trigger macrophage activation through TLR-4 signaling and ROS

production and modulate podosome dynamics. Biomaterials 2015;

52:494–506.

38. He CB, Hu YP, Yin LC et al. Effects of particle size and surface charge on

cellular uptake and biodistribution of polymeric nanoparticles.

Biomaterials 2010;31:3657–66.

Reduction of PEI/SPIO induced autophagy by lactosylation 229




