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Intracellular accumulation and immunological
responses of lipid modified magnetic iron
nanoparticles in mouse antigen processing cells

Chenmeng Qiao, (2% Jun Yang, @ ° Lei Chen,*¢ Jie Weng*® and Xin Zhang*®

Understanding the effects of magnetic iron nanoparticles (MINPs) on the immune response is vitally impor-
tant for biomedical applications such as cancer therapy, disease diagnosis and novel cancer imaging. In this
study, lipid modified MINPs were designed and prepared by introducing the neutral lipid DSPE-PEG or the
zwitterionic lipid DSPE-PCB into hydrophobic MINPs through hydrophobic interaction (L-MINPs and
ZL-MINPs, respectively). The effect of L-MINPs and ZL-MINPs on the intracellular accumulation and immune
responses of three kinds of antigen processing cells was examined. The results indicated that the high cellular
uptake efficiency of surface coated MINPs was strongly related to the nature of the coating lipid, with the
zwitterionic lipid being more effective than PEGylated ones. Besides, the results from flow cytometry (FCM),
confocal laser scanning microscopy (CLSM) and Prussian blue staining demonstrated a time- and concen-
tration-dependent MINP internalization. The uptake of zwitterionic lipid modified MINPs (ZL-MINPs) induced
very low cytotoxicity and a strong mixed Th1/Th2 type immune response. L-MINPs could induce a strong
increase in pro-inflammatory cytokines with a slight secretion of Th2 cytokines. Besides, no IL-10 was
observed in both groups, indicating that MINPs with lipid modification were absence of immunosuppression.
In conclusion, this study addresses an important implication of the lipid type and Fe concentration on the
immune stimulation of cells and supports the potential for further development of biomedical applications.
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of nanoparticles, magnetic iron oxide nanoparticles (MINPs)
with extensive shape and size control, tuneable magnetism
and biocompatibility have attracted a great deal of attention
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for drug delivery, cancer imaging and immune activation
applications.”® Generally, MINPs consist of two segments: (I)
a hydrophobic magnetic iron oxide core and (II) the outer
coating which is utilized to improve their solubility, biocom-
patibility and colloidal stability, such as fatty acids, polysac-
charides, polymers or lipids.”” It is necessary to modify
MINPs with coating due to their hydrophobic surfaces with
large surface-to-volume ratios and propensity to agglomerate."’

The first encounter and the physical barrier between bio-
logical systems and magnetic iron oxide cores is the surface
coating. Thus, the behaviour of MINPs in a variety of appli-
cations is greatly affected by the properties of the surface
coatings.’™® For instance, Hu et al introduced neutral
lipids 1,2-distearoyl-sn-glycero-3-phosphor-ethanolamine-N-
[methoxy( polyethyleneglycol }-2000] (DSPE-PEG2000) into mag-
netic nanoparticles to improve the performance of NPs.® The
obtained DSPE-PEG coated nanoparticles possessed a fine
serum stability and a long blood circulation lifetime which
were probably due to the capability of DSPE-PEG coating to
resist non-specific protein absorption.* The zeta potential or
lipid type could also alter the behaviour of modified MINPs.
Using multiple emulsions, Akbaba et al. developed cationic
lipid coated magnetic nanoparticles with an appropriate par-
ticle size and surface zeta potential for drug or nucleic acid
delivery.'> Moreover, for a full understanding, the influence of
different surface coatings on cells was also tested by Xu and
his colleagues.'® Nevertheless, the immunological effects of
lipid modified MINPs are seldom evaluated.

In this paper, given the importance of macrophages and
APCs in the immune response of the organism to nano-
particles, the effect of DSPE-PEG modified and DSPE-PCB
modified MINPs on these cells was evaluated, namely their
capacity to uptake into cells and to elicit the immune response
(Scheme 1). The obtained results showed that the studied
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Scheme 1 The preparation of neutral lipid modified magnetic iron
nanoparticles (L-MINPs) and zwitterionic lipid modified magnetic iron
nanoparticles (ZL-MINPs).

DSPE-PEG modified and DSPE-PCB modified MINPs had a
high uptake efficiency and could induce the secretion of cyto-
kines in a time- and concentration-dependent manner. This
lipid type showed a significant effect on the type of immune
response which is related to the type of secret cytokine.

Experimental section

Materials

FeCl;-6H,0, CuCl,2H,0, ethanol, hexane, chloroform, and
N,N-dimethylformamide (DMF) were all purchased from
Beijing  Chemicals  (Beijing, China).  1-Octadecene,
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B-propiolactone (98%), copper bromide (98%), 2-bromo-2-
methylpropionyl bromide and 2-(N,N-dimethylamino) ethyl
methacrylate (DMAEMA, 98%) were obtained from J&K
Scientific Ltd (Shanghai, China). Sodium oleate (95%), oleic
acid (90%), 1-octadecene (95%), N,N,N',N',N"-pentamethyldi-
ethylenetriamine (PMDETA, 99%), triethylamine (TEA, 99%),
iron assay kit (MAKO025), 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT) and deuterium reagent were
purchased from Sigma-Aldrich (St Louis, Missouri, USA).
DSPE-PEG was purchased from Advanced Vehicle Technology
Ltd, Co. (Shanghai, China). Roswell Park Memorial Institute
(RPMI) 1640, penicillin (10000 U mL™"), streptomycin (10
mg mL "), trypsin-EDTA and fetal bovine serum (FBS) were pur-
chased from Invitrogen (Carlsbad, CA, USA). 4',6-Diamidino-2-
phenylindole dihydrochloride (DAPI) and Prussian blue stain-
ing kit were obtained from Solarbio Science & Technology Co.,
Ltd (Beijing, China). Cy5 dye was purchased from Fanbo
Biochemicals Co., Ltd (Beijing, China). LysoTracker Green was
purchased from Invitrogen. ProcartaPlex™ multiplex immuno-
assays panels (EPX060-20931-901, Essential Th1/Th2 cytokines
panel), mouse IL-2 simplex (EPX01A-20601-901), mouse IL-10
(EPX01A-20614-901) were obtained from eBioscience (CA,
USA). All the reagents were of analytical grade and used
without further purification. High-purity water (Milli-Q
Integral) with a conductivity of 18 MQ ecm™" was used for the
preparation of all aqueous solutions.

Synthesis of DSPE-PCB

DSPE-PCB was synthesized according to the method reported
by our group using an atom transfer radical polymerization
(ATRP)."”

Preparation of magnetic iron nanoparticles (MINPs)

The magnetic iron nanoparticles (MINPs) were synthesized by
high temperature thermal decomposition as reported in our
previous work.'® In brief, 5.4 g of FeCl;-6H,0 and 18.25 g of
sodium oleate were dissolved in a mixture of 40 mL ethanol,
30 mL distilled water and 70 mL hexane. The mixed solution
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was reacted by refluxing at 70 °C for 4 h. The impurities and
the iron-oleate complexes within the upper organic solution
were washed three times with 30 mL distilled water in a separ-
ating funnel. The iron-oleate complex was obtained after the
removal of remaining hexane. Then 3.6 g of the received iron-
oleate complex and 0.57 g of oleic acid were dissolved in 20 g
of 1-octadecene at room temperature. The reaction mixture
was heated to 320 °C with a constant heating rate of 10 °C per
3 min, and kept at that temperature for 30 min. Then the
initial transparent solution became turbid and brownish
black. The resulting solution was cooled to room temperature,
and ethanol was added to the solution to precipitate the oleic
acid coated iron oxide nanoparticles. The nanoparticles were
separated by centrifugation (5000 rpm for 10 min x 3 times) to
yield a dark-brown precipitate. Finally, the product was stored
as a solution of known concentration in hexane in a fridge.

Preparation of lipid modified MINPs (L-MINPs) and
zwitterionic lipid modified MINPs (ZL-MINPs)

The lipid modified MINPs (L-MINPs) were prepared by thin
film dispersion as follows."” In brief, magnetic iron nano-
particles and DSPE-PEG with a mass ratio of 1:2 were dis-
solved in chloroform, and then the organic phase was removed
at 55 °C on a rotary evaporator to obtain a thin lipid film.
Vacuum was used to remove the residual solvents. The lipid
films were finally hydrated in 5 mL phosphate buffered saline
(0.01 M PBS, pH 7.4) under sonication for 30 min to obtain
L-MINP solution. The zwitterionic lipid modified MINPs
(ZL-MINPs) were prepared by the same method as above, with
only DSPE-PEG instead of DSPE-PCB. The Fe concentration of
L-MINPs and ZL-MINPs was tested with an iron assay kit
according to the protocol.

Preparation of Cy5 labelled lipid modified MINPs (L-MINPs)
and Cy5 labelled zwitterionic lipid modified MINPs
(ZL-MINPs)

Cy5 labelled L-MINPs were prepared according to the men-
tioned method with slight changes. Briefly, the fat-soluble dye
Cy5, magnetic iron nanoparticles and DSPE-PEG with a mass
ratio of 0.01:1:2 were dissolved in chloroform, and then the
organic phase was removed at 55 °C on a rotary evaporator to
obtain a thin lipid film. Vacuum was used to remove the
residual solvents. The lipid films were finally hydrated in 5 mL
phosphate buffered saline (0.01 M PBS, pH 7.4) under soni-
cation for 30 min to obtain Cy5 labelled L-MINP solution. Cy5
labelled L-MINPs and ZL-MINPs were filtered using Amicon®
cut-off filters (2 kDa) at 10000 rpm for 10 min and diluted
with 5 mL phosphate buffered saline (PBS 0.01 M, pH 7.4).
The Cy5 labelled =zwitterionic lipid modified MINPs
(ZL-MINPs) were prepared by the same method as above, with
only DSPE-PEG instead of DSPE-PCB.

Physicochemical characterization

The hydrodynamic diameters and zeta potentials of lipid
modified MINPs (L-MINPs) and zwitterionic lipid modified
MINPs (ZL-MINPs) were measured by using a dynamic light
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scatting (DLS) instrument (Malvern Nano ZS). The mor-
phologies of the magnetic iron nanoparticles, lipid modified
MINPs (L-MINPs) and zwitterionic lipid modified MINPs
(ZL-MINPs) were determined by transmission electron
microscopy (H-7650 TEM, Japan). These NPs were dripped
onto 200 mesh copper grids coated with carbon. The Cy5
labelled L-MINPs and ZL-MINPs were added in DMEM con-
taining 10% FBS at 37 °C with gentle shaking at designated
time points of 1, 2, 4, 8, 12, 24, 36 and 48 h. The serum stabi-
lity of L-MINPs and ZL-MINPs was evaluated by measuring the
average size with DLS and fluorescence with a microplate
spectrophotometer (the absorbance at Ae;, = 646 nm and ey =
664 nm) in the triple test. The fluorescence intensity was nor-
malized to the maximum emission of Cy5 labelled L-MINPs
and ZL-MINPs at 0 h.

Cell culture

RAW264.7 (one kind of macrophage) from the Chinese
Academy of Medical Sciences was maintained in DMEM sup-
plemented with 10% FBS and 1% v/v penicillin/streptomycin
at 37 °C with 5% CO,. DC2.4 (one kind of dendritic cell) and
J774 (one kind of macrophage) cells from the Chinese
Academy of Medical Sciences tumour cell bank were main-
tained in RPMI 1640 supplemented with 10% FBS and 1% v/v
penicillin/streptomycin at 37 °C with 5% CO,. All these three
cell lines are derived from mice.

Cytotoxicity measurement

The cytotoxicity of the prepared MINPs was evaluated through
the MTT assay against these three kinds of cells. Briefly,
100 uL of cell suspension (5 x 10* cells per mL) were seeded on
96-well plates. After the cells were incubated with various NPs
for 24 h and 48 h, 20 uL MTT solution (5 mg mL™" in sterile
1 x PBS) was added to each well, and incubated for 3 h at
37 °C. Finally, the absorbance was measured at 490 nm using
a microplate reader. The percentage of cell viability was deter-
mined by comparing cells treated with various NPs with the
untreated control cells.

Flow cytometry measurement

The cellular uptake of MINPs was evaluated by flow cytometry.
Briefly, the cells were seeded in 24-well plates at a density of
1 x 10° cells per mL in 500 pL of culture medium and allowed
to adhere for 24 h. The concentration and time-dependent cellu-
lar uptake of L-MINPs and ZL-MINPs were conducted by incu-
bating these MINPs with three cell lines, RAW264.7, DC2.4
and J774 cells. After a certain period time of co-culture, the
cells were rinsed with 1 x PBS for three times, trypsinized and
harvested in PBS. Then the samples were assessed by BD
Calibur flow cytometry to determine the fluorescence intensity
of Cy5 loaded within L-MINPs or ZL-MINPs (red fluorescence).

Confocal laser scanning microscopy (CLSM) analysis

The intracellular location of MINPs was investigated using a
confocal laser scanning microscope (CLSM). Briefly, 1 x 10°
cells were plated into Petri dishes and allowed to attach
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overnight. The MINPs were then added into each dish and
incubated for 3 h (Fe concentration: 0.1 mg mL™"). Then the
cells were washed three times with 1 x PBS and incubated with
Lysotracker Green dye solution for 20 min at 37 °C. When the
time was up, cells were washed with 1 x PBS again and fixed
subsequently in 4% paraformaldehyde for 10 min at room
temperature. Finally, cells were rinsed with 1 x PBS for three
times and the nuclei were stained with DAPI for 10 min at
room temperature. The fluorescence was observed using a
Zeiss LSM780 confocal microscope.

Prussian blue staining

DC2.4 cells were seeded in cell culture dishes at a density of
1 x 10° cells per mL and cultured overnight. The cells were
incubated with of fresh culture medium, L-MINPs or
ZL-MINPs (Fe concentration: 0.1 mg mL "), respectively. After
24 h incubation, cells were stained with Prussian blue accord-
ing to the instructions.

Cytokines expression

The secretion of cytokines was assayed after incubation with
RAW264.7, DC2.4 and J774, respectively. In detail, cells were
plated into a 24-well plate overnight, and then were incubated
with the prepared nanoparticles for 24 h. After that the super-
natant was collected and detected with ProcartaPlex multiplex
immunoassays panels. The levels of cytokines were detected by
using the Luminex 100/200 System (Thermo Fisher Scientific,
Pittsburgh, PA, USA).

Statistical analysis

All data from three independent experiments were expressed
as means + standard deviations (SD). Differences were ana-
lysed by using one-factor analysis of variance (ANOVA), and
were considered significant when p < 0.05.

Results and discussion
Synthesis and characterization of a DSPE-PCB polymer

Firstly, we prepared the CB monomer by conjugating
DMAEMA and p-propiolactone through the ring open reaction.
'H NMR spectra recorded for CB are shown in Fig. 1A. 'H
NMR (600 MHz, D,O, §): 6.06 (s, 1H, -CH=CCHj;-), 5.85 (s,
1H, -CH—CCHj;-), 4.58 (m, 2H, -OCH,CH,N-), 3.70 (m, 2H,
-OCH,CH,N-), 3.59 (t, 2H, -NCH,CH,COO-), 3.10 (s, 6H,
-NCH;CH;-), 2.64 (t, 2H, -NCH,CH,COO-), 1.84 (s, 3H,
CH,=CCH,).

The ATRP initiator (DSPE-Br) was obtained through the
esterification reaction of the terminal amino group of the
DSPE with 2-bromoisobutyryl bromide. The final structure of
DSPE-Br was confirmed by "H NMR spectra (Fig. 1B). '"H NMR
(600 MHz, CDCl;): § = 5.20: -OCHCH,O-P-; § = 4.40:
-CH,COOCH,~; & = 4.18: -P-OCH,CH,—; & = 3.98: —P-
OCH,CH-; § = 3.44: -OCH2CH,N-; § = 2.25: -COCH,CH,—; § =
1.86: -BrCCH;3CH3; 6 = 1.58: -COCH,CH,—; 6 = 1.23: <(CHy)14—;
5=0.88: -CH,CH,.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 'H NMR spectra recorded for the (A) CB monomer; (B) DSPE-Br
initiator and (C) DSPE-PCB polymer.

Finally, DSPE-PCB polymers were synthesized by the ATRP
of the DSPE-Br initiator and the CB monomer with the CuBr/
PMDETA as the catalyst system. The structure of DSPE-PCB
was confirmed by the "H NMR spectrum, and the degree of
polymerization of PCB was 20 (Fig. 1C). "H NMR (600 MHz,
CDCl;): 6 = 4.0 -OCH,CH,N-; & = 3.0-4.8:
-~OCH,CH,NCH,CH,—; § = 2.60: -NCH,CH,COO-; § = 2.25:
-NCH;CH;-; 6 = 1.80: -NHCOCCH3; 6 = 1.20-1.28: —(CH,)4~
CH,; & = 1.00: -BrCH,CCHs.

Preparation and characterization of lipid modified magnetic
iron nanoparticles (MINPs)

The magnetic iron nanoparticles were prepared by the thermal
decomposition method (Scheme 1). As shown in Fig. 24, the
hydrophobic MINPs were monodispersed and had a spherical
structure with diameters of around 10 nm. In order to obtain
water-soluble MINPs, a two-lipid based polymer was utilized
for surface modification. The dynamic light scattering (DLS)
results showed that the modified MINPs had a similar dia-
meter of around 40 nm due to the presence of lipids surround-
ing the metal core (Fig. 2B). The zeta potentials of each NP are
—1.87 mV and 8.76 mV, respectively (Fig. 2B insert). The TEM

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The characterization of nanoparticles. (A) The TEM images of
magnetic iron nanoparticles; (B) the hydrodynamic sizes and distribution
of surface coated MINPs measured by DLS in PBS (0.01 M, pH 7.4), the
insert image: the zeta potentials of surface coated MINPs measured by
using a potential analyser in PBS (0.01 M, pH 7.4); (C) the TEM images of
DSPE-PEG lipid modified MINPs (L-MINPs) and (D) DSPE-PCB lipid
modified MINPs (ZL-MINPs), scale bar: 50 nm, insert maps: images of
modified MINPs; (E) changes in particle average sizes of the surface
coated MINPs after dispersion in DMEM containing 10% FBS followed
over 48 h; (F) fluorescence stability of Cy5 labelled L-MINPs and Cy5
labelled ZL-MINPs dispersed in DMEM containing 10% FBS followed
over 48 h. Fluorescence data are normalized to the maximum fluor-
escence intensity of MINPs measured 1 hour after dilution.

images confirmed the relatively high monodispersity of the
modified MINPs (Fig. 2C and D).

The serum stability of MINPs was determined by following
the changes of average size and fluorescence intensity in
culture medium over time (Fig. 2E and F). L-MINPs and
ZL-MINPs were dispersed in DMEM medium containing 10%
fetal bovine serum (FBS) and sustained for 48 h. The average
size of both MINPs was monitored by DLS at a predetermined
time point. As shown in Fig. 2E, the diameter of L-MINPs and
ZL-MINPs within culture medium barely changed during the
incubation process. The minute changes in average sizes indi-
cated that DSPE-PEG and DSPE-PCB could enhance the
protein resistant adsorption ability of these MINPs in the pres-
ence of polyethyleneglycol or carboxyl groups."’

To further test the stability of these MINPs, a fat-soluble dye
Cy5 was entrapped into the MINPs through the hydrophobic
interaction. The fluorescence intensity of Cy5 within MINPs
was measured after incubation with culture medium at
different time intervals. The results showed that L-MINPs and
ZL-MINPs had high serum stability which were in good agree-
ment with the DLS results previously published (Fig. 1F).

Biomater. Sci,, 2017, 5, 1603-1611 | 1607
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In vitro cytotoxicity of L-MINPs and ZL-MINPs

The cytotoxicity is essential for further application of these
MINPs.>*>> RAW264.7, J774 with strong phagocytosis ability
and DC2.4 with the capability of presenting antigens were
chosen as model cells to investigate the immune response of
MINPs in this study.>*>* The MTT assay was employed in three
cell lines to measure the cytotoxicity of L-MINPs and
ZL-MINPs. As shown in Fig. 3A and B, no appreciable toxicity
was observed up to a very high concentration of 0.5 mg mL™"
at 24 h. On prolonging the incubation time to 48 h, a slight
cytotoxicity was observed at high concentration, which demon-
strated that an increase of MINP dosage as well as incubation
time led to higher cytotoxicity (Fig. 3C and D). Thus, the Fe
concentration from 0.01 mg mL™" to 0.1 mg mL™~" was used in
the following experiments.

The cellular uptake measurement by flow cytometry (FCM)

In order to investigate the influence of lipid type, the Fe con-
centration and incubation time on cellular uptake efficiency,
flow cytometry was performed after incubation of three cell
lines with MINPs modified with DSPE-PEG or DSPE-PCB for
3 h, 6 h, 12 h and 24 h. The Fe concentration ranged from
0.01 mg mL ™" to 0.1 mg mL™". As shown in Fig. 4, the mean
fluorescence intensity (MFI) of three cells incubated with
ZL-MINPs for 24 h was 3.1, 24 and 14.6 times higher than that
with L-MINPs, respectively. These results indicated that
ZL-MINPs were internalized more readily than L-MINPs. This
was probably due to the unique characteristics of PCB mole-
cules, which could facilitate the cellular uptake through an
electrostatic interaction between positively charged quaternary
amine groups and negatively charged cell membranes.'”

The effect of the Fe concentration on cellular uptake was
also studied in this experiment (Fig. 4). The fluorescence
intensity of MINPs increased in a concentration-dependent
pattern after incubation with L-MINPs and ZL-MINPs from
0.01 to 0.1 mg mL™". Moreover, the time-dependent uptake of

Fig. 3 The cytotoxicity of surface coated MINPs with various concen-
trations in RAW264.7, DC2.4, J774 cells after 24 h (A, B) and 48 h of
(C, D) incubation.

1608 | Biomater. Sci., 2017, 5, 1603-1611
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Fig. 4 Flow cytometry measurements of (A) RAW264.7, (B) DC2.4 and
(C) 3774 incubated with L-MINPs and ZL-MINPs at different Fe concen-
trations (mg mL™) for 3 h, 6 h, 12 h and 24 h, respectively. *: Differences
between two corresponding groups under the line. *: P < 0.05,
**: P<0.01, ***: P<0.001

MINPs was examined by incubating cells with MINPs for 3 h,
6 h, 12 h and 24 h intervals, respectively. The results from flow
cytometry demonstrated a constant cellular uptake of surface
coated MINPs, which indicated that the uptake of surface
coated MINPs was also in a time-dependent fashion.
Collectively, the surface lipid coating showed an important
effect on cellular uptake in a time- and concentration-depen-
dent manner.

The cellular uptake measurement by confocal laser scanning
microscopy (CLSM)

The cellular uptake and intracellular distribution of these
MINPs were further investigated by confocal laser scan
microscopy (CLSM) after 3 h of incubation (Fig. 5). DC2.4 cells

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The cellular uptake of surface coated MINP loaded Cy5 assay by
CLSM. CLSM images of MINPs (Cy5 dyes within MINPs, red fluor-
escence), lysosomes (stained with LysoTracker Green, green fluor-
escence), nucleus (stained with DAPI, blue fluorescence) and their
overlay signals after incubation with (A) PBS, (B) L-MINPs and (C)
ZL-MINPs for 3 h. The overlap coefficients of lysosomes and Cy5 were
calculated by using Zen co-localization software (D) (scale bar: 20 pm).
Data in (D) are representative for 3 results in each group. *: Differences
between L-MINPs with ZL-MINPs groups. ***: P < 0.001.

were chosen as a model of cells. MINPs were loaded with Cy5
(red fluorescence dye). As shown in Fig. 5B, the L-MINP treated
group exhibited an obvious red fluorescence around the
nucleus, suggesting that the L-MINPs could endocytose into
cells and reside in endosomes/lysosomes. Moreover, the cellu-
lar uptake of ZL-MINPs was significantly higher than L-MINPs
(Fig. 5C). These results revealed that the surface coated MINPs
could be taken up by cells successfully and ZL-MINPs were
internalized more readily than L-MINPs, which were in agree-
ment with the data shown in the flow cytometry experiment

(Fig. 4).

Prussian blue staining assay

Prussian blue staining was generally used to detect intracellu-
lar iron endocytosis.>*® The efficiency of endocytosis of these
magnetic nanoparticles was further confirmed by the Prussian
blue staining after incubating DC2.4 cells with L-MINPs and
ZL-MINPs for 24 h, respectively. DC2.4 cells incubated with
these magnetic nanoparticles were specifically labelled blue
whereas DC2.4 cells without treatment showed no apparent
blue. The results shown in Fig. 6 indicated that these
magnetic nanoparticles could be taken up into the cytoplasm
(Fig. 6). Consistent with previous results in Fig. 4 and 5, the
cellular uptake of ZL-MINPs was much higher than the
L-MINP group.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The cellular uptake of surface coated MINP assay by Prussian
blue assay. DC2.4 cells were exposed to (A) PBS, (B) L-MINPs and (C)
ZL-MINPs for 24 h, respectively. The cells were red stained and surface
coated MINPs were blue stained in the cytoplasm (40x).

The level of Th1/Th2 related cytokine detection

The secretion of cytokines plays a key role in modulating
inflammatory and immunological mediators. In this study, the
secretion of cytokines (IL-2, IL-5 IL-6, TNF-a, IFN-y, IL12p70,
IL-4 and IL-10) was evaluated by ProcartaPlex multiplex
immunoassay panels according to the manufacturer’s instruc-
tions after 24 h of incubation with L-MINPs or ZL-MINPs at a
Fe concentration from 0.01 mg mL™" to 0.1 mg mL™" (Fig. 7).
Among these cytokines, IL-2, IL-12p70 and INF-y were typical
T-helper 1 (Th1) type cytokines that were mainly associated
with cellular immunity,>*~** while 1L-4 and IL-5 were reported
as Th2 type cytokines, which were related to humoral immu-
nity.>' In addition, IL-10, one of the typical cytokines closely
related to regulatory T cells (Treg cells), was also taken into
consideration.>® Besides, IL-6 and TNF-a were important
inflammatory cytokines for the immune system.>*

As shown in Fig. 7A-C, the secretion of Th1 cytokines (IL-2,
IFN-y, and TNF-o) in cells treated with L-MINPs was barely
observed, while an obvious concentration-dependent secretion
was observed in the ZL-MINP treated group. It has been
reported that IL-2, IFN-y, and TNF-a had a great influence on
the immune reaction through the cell-mediated immune
response. These data indicated that the zwitterionic lipid
DSPE-PCB could alter the Th1 immune response, while the
neutral lipid DSPE-PEG showed the absence of triggering Th1
related immune response. In addition, there was a significant
increase in the formation/release of Th2 cytokines (IL-4, IL-5)
by cells upon incubation with ZL-MINPs compared with the
non-treated group or the L-MINP group (Fig. 7D and E).
Interesting, there was no great change in the secretion of
IL-10, typical cytokines related to immune suppression
(Fig. 7F). It had been clarified that Treg cells made a great
difference in the immune suppression activity. It also made a
contribution to the mechanism of organism tolerance and was
important for the regulation of innate immunity.
Inflammatory responses were closely related to the secretion of
IL-6 and TNF-a. As shown in Fig. 7G and H, these two cyto-
kines were secreted in a concentration-dependent manner. All
these results suggested that the surface lipid coating had an
important effect on immune responses according to the
nature of surface coatings and in a concentration-dependent
way. It could induce a Th1/Th2 pattern immune response
without eliciting immunosuppression, also with the assistance
of inflammation.
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Fig. 7 Cytokine secretion from RAW264.7, DC2.4 and J774 cells with
different MINPs at 0.01, 0.05 and 0.1 mg mL™* (Fe concentration) after
24 h. Bars represent the medium production of (A) IL-2, (B) IL12p70, (C)
IFN-y, (D) IL-4, (E) IL-5, (F) IL-10, (G) IL-6 and (H) TNF-a with or without
modified MINPs. The Wilcoxon test was used for statistical analysis. #:
Differences between no treatment groups with L-MINPs groups, #p <
0.05, ##p < 0.01 and ###p < 0.001; *: differences between no treat-
ment groups with ZL-MINPs groups. *p < 0.05, **p < 0.01 and
***p < 0.001.

Conclusions

In summary, the effect of different lipid coatings on the intra-
cellular accumulation and the immune response of surface
coated MINPs was studied. The surface coated MINPs were

1610 | Biomater. Sci, 2017, 5, 1603-1611
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developed by introducing a DSPE-PEG lipid or a DSPE-PCB
lipid into hydrophobic MINPs through the hydrophobic inter-
action. The L-MINPs and ZL-MINPs were monodispersed in
water with a mean diameter of about 40 nm. The modification
of MINPs with both lipids showed no toxicity on cells at a Fe
concentration from 0.01 to 0.1 mg mL~". ZL-MINPs were inter-
nalized more readily than L-MINPs in a time- and concen-
tration-dependent manner. It indicated that the DSPE-PCB
lipid were more efficient to facilitate the cellular uptake
through an electrostatic interaction between positively charged
quaternary amine groups and negatively charged cell mem-
branes. The cells treated with L-MINPs showed the absence of
triggering Th1 related immune response, while the ZL-MINP
group showed a significant enhancement in the secretion of
Th2 cytokines (IL-4, IL-5) compared with the non-treated group
or the L-MINP group. A Th1/Th2 pattern immune response
without eliciting immunosuppression was also observed in the
ZL-MINP treated group. The inflammatory response was eli-
cited by secreting IL-6 and TNF-a in a concentration-depen-
dent manner in all groups. Accordingly, the surface lipid
coating has a great effect on intracellular accumulation as well
as the immune response. Based on these data, it seems that
useful information to select the surface coatings of MINPs for
biological and biomedical applications is provided.
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