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Abstract: CXC chemokine receptor 4 (CXCR4) is a promising therapeutic target. Previous studies
have shown that intracellular delivery of siRNA to knockdown CXCR4 expression in cancer cells
is an effective therapeutic strategy. To prepare efficient magnetic nucleic acid carriers, it is now
necessary to improve the endocytosis efficiency of PEGylated magnetic nanoparticles. In our work,
Heptafluorobutyryl-polyethylene glycol-polyethyleneimine (FPP) was first prepared and then used
to coat magnetic nanoparticles (MNPs) to obtain magnetic nanocarriers FPP@MNPs. The materials
were characterized by 19 F-Nuclear Magnetic Resonance (NMR), transmission electron microscope
(TEM), energy dispersive spectroscopy (EDS), and dynamic light scattering (DLS). The biosecu-
rity of FPP@MNPs was confirmed by cell viability and apoptosis experiments. Cellular uptake of
FPP@MNPs and siRNA transfection enhanced by external magnetic fields were detected by fluores-
cence microscopy, confocal laser microscopy, and flow cytometry. The results show that the cellular
uptake efficiency of FPP@MNPs was significantly improved, and transfection efficiency reached
more than 90%. The knockdown of CXCR4 on the 4 T1 cell membrane was confirmed by real-time
polymerase chain reaction (RT-PCR) and flow cytometry. In conclusion, the fluorinated cationic
polymer-coated magnetic nanoparticles FPP@MNPs can be loaded with siRNA to reduce CXCR4
expression as well as be expected to be efficient universal siRNA carriers.

Keywords: magnetic nanoparticles; fluorination; polyethyleneimine; polyethylene glycol;
RNA interference; CXC chemokine receptor 4

1. Introduction

The CXC chemokine receptor 4 (CXCR4) has become a very promising target for tumor
therapies. The expression of chemokine receptors varies among cancer cells of different
origins, but CXCR4 is widely expressed in human cancers [1–5].

The interaction between CXC chemokine ligand 12/chemokine stromal cell-derived
factor-1 (CXCL12/SDF-1) and the corresponding receptor CXCR4 promotes tumor metas-
tasis [6]. Furthermore, CXCR4 overexpression is associated with poor prognosis in many
cancer subtypes. As is reported, CXCR4 is highly expressed in breast cancers, with the lig-
and CXCL12 showing the highest levels of expression in the organ where cancer metastases
first occur [7]. Moreover, CXCL12 activating CXCR4 promotes the transfer of proto-cancer
mitochondria between cells [8]. Activation of CXCR4 promotes trafficking and homing of
acute myeloid leukemia cells to the bone marrow and spleen [9]. The CXCL12-CXCR4 axis
is one of the most important factors in tumor metastasis, angiogenesis, and drug resistance.
Therefore, it is of great significance to develop efficient methods to block CXCR4 in tumors.

Currently, studies of medicine against CXCR4 focus on inhibitors or antagonists, such
as Plerixafor (AMD3100) [10], T140 peptide [11], and E5 peptide [12]. RNA interference
(RNAi) refers to the highly conserved phenomenon of efficient and specific degradation of

Nanomaterials 2022, 12, 1692. https://doi.org/10.3390/nano12101692 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano12101692
https://doi.org/10.3390/nano12101692
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://doi.org/10.3390/nano12101692
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12101692?type=check_update&version=1


Nanomaterials 2022, 12, 1692 2 of 19

homologous mRNA induced by double-stranded RNA (dsRNA). The applications of RNAi
are generally mediated by small interfering RNA (siRNA) or micro-RNA (miRNA) [13]. The
main difference between siRNA and miRNA is that siRNA specifically degrades the target
mRNA, while miRNA can regulate the degradation of various mRNA sequences [14–16].
Since RNAi can specifically reduce the expression of target genes, it has been widely used
to explore the fields of gene function and disease treatment. RNAi mediated by siRNA
would be an effective strategy for reducing or even silencing CXCR4 expression [17].

In general, the delivery of siRNA requires carriers, so the development of efficient
siRNA carriers is an important part of RNAi technology. In many studies, cationic polymer-
modified magnetic nanoparticles were used for nucleic acid delivery. As is reported,
polymers such as Polyethyleneimine (PEI) [18], Poly-L-lysine (PLL) [19], and chitosan [20]
coated magnetic nanoparticles were used as magnetic carriers. In particular, external
magnetic fields have been widely demonstrated to increase the transfection capacity of
magnetic nanoparticles loaded with drugs [21]. Therefore, in our work, we focus on the
development of magnetic nanocarriers that can efficiently deliver siRNA into cells based
on PEI-modified magnetic nanoparticles (PEI@MNP) and verify the transfection effect.

Polyethylene glycol (PEG) has the advantages of good aqueous solubility and high
biocompatibility, which makes it suitable for biomedical applications [22]. Currently,
PEG is widely used to prepare biomedical materials such as liposomes [23,24], nanopar-
ticles [25–27], and hydrogels [28,29]. To improve the stability and safety of PEI@MNP in
a physiological environment, polyethylene glycol (PEG) modification is necessary. As is
reported, PEGylation of cationic polymeric coated nucleic acid carriers can improve stability
and reduce toxicity [30]. Compared with PEI@MNP, PEG-PEI@MNP has a lower positive
surface charge, significantly improved biocompatibility, and reduced levels of oxidative
stress and cell membrane damage [31]. PEGylation of nucleic acid carriers can effectively
prevent protein adsorption and can help these carriers escape the reticuloendothelial system
(RES) while maintaining prolonged blood circulation [32].

However, PEGylation of the nanoparticles would inhibit cellular uptake, and the
subsequent endosomal escape efficiency would be significantly reduced [33,34]. This phe-
nomenon is known as the “PEG dilemma”. Several approaches have been reported to over-
come the “PEG dilemma”. Using cleavable chemical bonds, such as hydrazide-hydrazone
bonds [35], Schiff base bonds [36], thioketal bonds [37], and matrix metalloproteinase
substrates [38] to connect PEG and carriers would be effective strategies to overcome this
dilemma. In addition, the nanoparticles can also be modified with peptides (e.g., RGD
peptide [39,40], TAT peptide [41]) to improve the efficiency of cellular uptake.

Fluoroalkyl chains are both hydrophobic and lipophobic [42]. Many studies show that flu-
orination is an effective strategy to improve the transfection efficiency of nucleic acid delivery
vectors. As is reported, fluorinated nucleic acid carriers combine the features of liposomes and
cationic polymers [43]. Fluorination enhances cellular uptake of dendrimer/DNA complexes
and facilitates endosomal escape [44]. Furthermore, compared with bioreducible poly(amido
amine)s (bPAA) fluorinated with trifluoroacetic anhydride or pentafluoropropionic anhydride,
heptafluorobutyric anhydride-modified bPAA achieved better gene silencing effect [45]. As
fluorination to overcome the “PEG dilemma” has not been reported in previous studies, we
propose that fluorination may be an effective strategy to overcome this dilemma and improve
the cellular uptake efficiency of PEGylated nanomaterials.

Herein, we developed a fluorinated PEG-PEI modified MNP for in vitro siRNA de-
livery. This fluorinated magnetic nanocarrier has low cytotoxicity and can effectively
overcome the “PEG dilemma”. At the same time, high transfection efficiency can be ob-
tained under the action of external magnetic fields, and the siRNA delivery efficiency was
validated in a variety of cell lines. Furthermore, fluorinated PEG-PEI@MNP were used
to deliver CXCR4 siRNA(siCXCR4) into 4 T1 cells, which could effectively reduce the
expression of CXCR4 on the cell membrane.
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2. Materials and Methods
2.1. Materials

Ferric acetylacetonate (AR, Sinopharm Chemical Reagent Co., Ltd., SCRC, Shanghai,
China), oleic acid (85%, Aladdin, Shanghai, China), benzyl ether (98%, Sigma-Aldrich,
St. Louis, MS, USA), ethanol (AR, SCRC), n-hexane (97%, SCRC), dimercaptosuccinic acid
(98%, TCI, Shanghai, China), acetone (AR, SCRC), triethylamine (AR, Aladdin, Shanghai,
China), methanol (AR, SCRC), polyethyleneimine (Mw 25000, Sigma-Aldrich, St. Louis, MS,
USA), heptafluorobutyric anhydride (97%, Macklin, Shanghai, China), amino-polyethylene
glycol-carboxyl (Mw 2000, Xi’an Ruixi, Xi’an, China), methoxy-polyethylene
glycol-polyethyleneimine (mPEG-PEI, Mw 2000-25000, Xi’an Ruixi Co., Ltd., Xi’an, China)
FITC (Beyotime, Shanghai, China), CCK8 kit (KeyGen, Nanjing, China), Hoechst33342
(KeyGen, Nanjing, China), rhodamine-phalloidin (KeyGen, Nanjing, China), LysoTracker
(KeyGen, Nanjing, China), Annexin V-FITC/PI kit (KeyGen, Nanjing, China), Anti-CXCR4
antibody (Abcam of Thermo Fisher Scientific Inc., Waltham, MA, USA), DMEM high
glucose medium (KeyGen, Nanjing, China), fetal bovine serum (Gibco of Thermo Fisher Sci-
entific Inc., Waltham, MA, USA), trypsin (Gibco of Thermo Fisher Scientific Inc., Waltham,
MA, USA), siRNA(GenePharma Co., Ltd., Shanghai, China), 4 T1, A549, HeLa cell line was
provided by Southeast University School of Medicine (Nanjing, China).

2.2. Methods
2.2.1. Synthesis of Fluorinated Polyethylene Glycol-Polyethyleneimine (F7-PEG-PEI)

The synthesis steps of F7-PEG-PEI (FPP) are shown in Figure 1.

Figure 1. Synthetic process of F7-PEG-PEI. TEA means triethylamine, MeOH means methanol, RT
means room temperature.
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Step (i):

(1) 200 µmol of heptafluorobutyric anhydride (F7) and 100 µmol of amino-polyethylene
glycol-carboxyl (NH2-PEG-COOH) were dissolved in 10 mL methanol, catalyzed by
50 µL triethylamine, magnetic stirred at 240 rpm, and reacted at room temperature
for 48 h.;

(2) Then, dialysis membrane (1200 MWCO) was used, and the product was dialyzed
against ultrapure water for 3 days. After dialysis, a rotary evaporator was used
to evaporate most of the water. Vacuum drying was performed for 48 h to obtain
F7-PEG-COOH.

Step (ii):

(3) 100 mg of F7-PEG-COOH was dissolved in 50 mL pure water. Then 20 mg of
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and 10 mg
of N-hydroxysuccinimide (NHS) were added, and the reaction was stirred at room
temperature for 2 h.

Step (iii):

(4) Then, 1200 mg of polyethyleneimine was added, and the reaction was stirred at room
temperature for 48 h;

(5) Dialysis membrane (8000 MWCO) was used, and the product was dialyzed against
pure water for 3 days;

(6) After dialysis, a rotary evaporator was used to evaporate most of the water. Vacuum
drying was performed for 48 h to obtain F7-PEG-PEI.

2.2.2. Synthesis of Fe3O4 Magnetic Nanoparticles

Firstly, 0.7 g (2 mmol) iron acetylacetonate (Fe(acac)3), 20 mL of benzyl ether, and
30 mL of oleic acid were mixed. Then, nitrogen gas was introduced below the liquid level,
and the mixture was condensed and refluxed without stirring while constantly bubbling
nitrogen through the reaction mixture. Solution was heated from room temperature to
220 ◦C at a rate of 3.3 ◦C/min and kept at 220 ◦C for 60 min. Then, the temperature
was raised to 290 ◦C at a rate of 3.3 ◦C/min and kept for 30 min. After the solution was
naturally cooled to room temperature, absolute ethanol was added to the system to wash
the products, followed by magnetic separation for 5 min to discard the supernatant, and
repeat 3 times. The oleic acid-modified Fe3O4 magnetic nanoparticles (OA@MNPs) were
prepared and were dissolved in 100 mL of n-hexane. The Fe concentration of OA@MNPs
determined by UV-Vis spectrophotometry (Method S2) was 8.22 mg/mL suspension, and
the yield was 74%.

The suspension of OA@MNPs (containing 800 mg of Fe) in 100 mL of hexane as
described above was added to a solution of dimercaptoscuccinic acid (DMSA, 400 mg) in
acetone (200 mL). The mixture was condensed and refluxed for 4 h in water bath at 60 ◦C
under electric stirring at 500 rpm. After that, 200 mL of ultrapure water was added to
extract the product. The product was magnetically separated and the supernatant was
discarded. Then, 200 mL of pure water was added to wash the product. The product
was magnetically separated and the supernatant was discarded, repeated 3 times. The
products were additionally subjected to dialysis (48 h, MWCO 10000) and kept in aque-
ous suspension (100 mL of water) to obtain DMSA@MNPs. The Fe concentration was
5.11 mg/mL suspension, measured by UV-Vis spectrophotometry (Shimadzu Inc., Kyoto,
Japan) (Method S2), with a yield of 64% based on Fe content.

2.2.3. Preparation of F7-PEG-PEI Coated MNPs (FPP@MNPs)

The suspension of DMSA@MNPs (containing 5 mg Fe) and 20 mg of FPP were mixed
in 40 mL of pure water, and the mixture was reacted under electric stirring at 500 rpm with
100 W ultrasonic vibration for 1 h. The solution was then purified by ultrafiltration (100 kDa
NMWL) 6 times and kept in aqueous suspension (3 mL of water). The Fe concentration of
FPP@MNPs was 1.17 mg/mL, measured by UV-Vis spectrophotometry, with a yield of 70%
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based on Fe content. FPP@MNPs were characterized by magnetization, TEM, EDS, DLS,
and zeta potential. mPEG-PEI coated MNPs were prepared by Method S1. Size distribution
of mPEG-PEI@MNPs was shown in Figure S5.

2.2.4. Cell Viability and Apoptosis

(1) Cell viability was detected by CCK8 kit. HeLa cells were cultured in a 96-well plate,
104 cells per well.100 µL of culture medium (DMEM and 10% FBS) was added per
well, and cells were cultured at 37 ◦C, 5% CO2 for 16 h. After that, the culture medium
was replaced, and FPP@MNPs were added at the final concentrations of 2, 4, 6, 8, 10,
and 12 µg/mL. Cells were incubated for 24 or 48 h. Then 10 µL of CCK-8 solution was
added to each well, and the OD value was detected at λ = 450 nm after incubation for
1 h.
The cell viability was calculated according to the following formula:
Cell viability (%) = [(As − Ab)/(Ac − Ab)] × 100;
As = experimental well absorbance (cells, medium, CCK-8 and FPP@MNPs);
Ab = absorbance of blank wells (medium and CCK-8);
Ac = control well absorbance (cells, medium and CCK-8).

(2) Cell apoptosis was detected by Annexin V-FITC/PI apoptosis kit. HeLa cells were
cultured in a 6-well plate, 5 × 105 cells per well. In total, 2 mL of culture medium
(DMEM and 10% FBS) was added per well, and cells were cultured at 37◦C, 5% CO2
for 16 h. Then FPP@MNPs were added at the final concentrations of 2.5 or 5 µg/mL.
Cells were incubated for 24 or 48 h. After the cells were digested with 0.25% trypsin
solution, Annexin V-FITC and PI were added and measured by flow cytometry Attune
NxT (Invitrogen Inc., Carlsbad, CA, USA).

2.2.5. Observation of Cellular Uptake and Transfection by Laser Confocal Microscopy

(3) Cells were cultured in glass-bottom dishes with a diameter of 35 mm and a thickness
of 0.17 mm, with 5 × 105 cells per dish, and the volume of the culture medium was
2 mL.

(4) Preparation of FITC-labeled(green) nanoparticles:
1 mg of F7-PEG-PEI@MNPs (FPP@MNPs) or mPEG-PEI@MNPs (mPP@MNPs) and
50 µg FITC were mixed at room temperature and placed in the dark for 24 h. After
that, the ultrafiltration purification (100 kDa NMWL) was repeated three times.

(5) Observation of cellular uptake:
FITC-labeled FPP@MNP or mPP@MNP (containing 10 µg Fe) was mixed with 2 mL
DMEM medium containing LysoTracker (red) and Hoechst33342 (blue). Then the
mixture was added to the cells, placed under a confocal microscope for observation.

(6) Observation of cell transfection:
The transfected cells were added to a 2.5% glutaraldehyde solution, fixed at 4 ◦C for
30 min, and then washed three times with PBS. F-actin was stained with rhodamine-
phalloidin (red), and nuclei were stained with Hoechst33342. siRNA labeled with
FAM (green).

(7) The excitation wavelength:
405 nm for blue fluorescence, 488 nm for green fluorescence, and 562 nm for red
fluorescence.

2.2.6. Cell Transfection

Cells were cultured in 24-well plates, 1 × 105 cells per well, with 500 µL DMEM
medium (10% FBS), incubated at 37 ◦C, 5% CO2 until the cell density reaches 60%.

External magnetic field-enhanced transfection (MagTrans) used the following steps:

(1) The medium in each well was replaced with fresh 500 µL of DMEM medium (10% FBS);
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(2) For each well, 40 pmol of siRNA was dissolved in 10 µL of DEPC water, and then
mixed with 0.25, 0.5, 0.75, or 1.0 µg of FPP@MNP (calculated as Fe content). Incubated
at room temperature for 10–15 min to obtain FPP@MNP/siRNA complexes;

(3) The above complexes were added to the medium in the well;
(4) The 24-well plate was placed on the magnetic plate (400 mT) and incubated at 37 ◦C

for 10–20 min;
(5) The magnetic plate was removed, and the cells were cultured at 37 ◦C, 5% CO2.

2.2.7. RT-PCR

RNA was extracted from the transfected cells using Trizol (Invitrogen). RNA con-
centration was detected by Nanodrop spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Both reverse transcription and SYBR green fluorescence quantitative
PCR were performed on LightCycler96 (Roche Inc., Basel, Switzerland) using TB Green
Premix Ex Taq II kit (Takara Bio Inc., Kusatsu, Japan). The primer sequences are shown in
the table below. The relative expression of CXCR4 was calculated with Actin as reference.
The sequences of primer are shown in Table 1.

Table 1. Sequences of primer.

Target (Mouse) Primer

Actin
F CTCCTGAGCGCAAGTACTCT
R TACTCCTGCTTGCTGATCCAC

CXCR4
F TTCATCTTTGCCGACGTCAG
R CGAGACCCACCATTATATGCT

2.2.8. Transfection Efficiency and CXCR4 Expression Measured by Flow Cytometry

Cells were digested with 0.25% trypsin solution, centrifuged at 1000 rpm, and washed
three times with PBS. Cells were transfected with FAM-labeled RNA with excitation light
of 488 nm wavelength and detection channel of 530 nm wavelength.

Cells transfected with siCXCR4 were fixed with 4% paraformaldehyde solution at 4 ◦C
for 30 min. Then cells were centrifuged at 1000 rpm and washed for 3 times with PBS. In
total, 5 × 105 cells were mixed with 0.5 µg Cy5-labeled Anti-CXCR4 antibody and then
incubated at room temperature for 30 min. Then the cells were centrifuged at 1000 rpm and
washed for 3 times with PBS. An excitation light of 637 nm wavelength and a detection
channel of 695 nm wavelength were used.

2.2.9. Characterization

Elements’ content measured by energy dispersive spectroscopy (EDS): 50 µL of F7-
PEG-COOH solution was dropped on a single-crystal silicon wafer (0.5 cm × 0.5 cm). After
drying at room temperature, the silicon wafers were placed in scanning electron microscope
(Ultra Plus, Zeiss Inc., Oberkochen, Germany) for characterization.

Nanoparticles observed by transmission electron microscope (TEM): 20 µL of OA@
MNPs, DMSA@MNPs, or FPP@MNPs were dropped on a 200-mesh copper grid. The
copper grid was dried at room temperature and then placed in a TEM for observation.
HRTEM imaging and SAED were performed on JEM-2100 (JEOL Ltd., Akishima, Japan) at
an operating voltage of 200 kV. EDS mapping was performed on FEI Tecnai G2 F30(FEI
Inc., Hillsboro, OR, USA) at an operating voltage of 300 kV.

Magnetization curves: The OA@MNPs (containing 20 mg Fe) were dried and put into
vibrating sample magnetometer (Lakeshore 7407, Lakeshore Inc., Columbus, OH, USA) for
measurement. Set the magnetic field range from −7500 G to 7500 G.

19 F-Nuclear Magnetic Resonance (NMR): 20 mg of F7-PEG-PEI was dissolved in 0.5 mL
of CD3 OD and using Bruker 600M (Bruker Inc., Karlsruhe, Germany) for characterization,
the operating frequency was 600 MHz.

Characterization of size and zeta potential: the size distribution and zeta potential
of DMSA@MNPs or FPP@MNPs were measured by Zetasizer ZS90 (Malvern Panalytical
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Ltd., Malvern, UK). The sample was diluted with pure water to a final concentration of
0.1 mg/mL Fe, and then 1 mL of the sample was added to the sample pool before testing.
DLS distribution of mPEG-PEI@MNPs is shown in Figure S5.

50 particles in Figure 2b were randomly selected for TEM size measurement by ImageJ.
Figure S1 shows the TEM size distribution. Figure S2 shows the filtered HRTEM image for
measuring lattice spacing of OA@MNPs. Figure S3 shows the absorbance standard curve
for measuring Fe concentration.

Figure 2. (a) 19 F-NMR spectrum of F7-PEG-PEI (FPP). (b) TEM micrograph of oleic acid-modified
MNPs. (c) TEM micrograph of DMSA@MNP. (d) TEM micrograph of FPP@MNP. (e) HAADF
micrograph of FPP@MNP. (f) Distribution of F element of FPP@MNP. (g) Distribution of Fe element
of FPP@MNP. (h) Magnetization curve of MNPs. (i) Hydrodynamic size distribution (intensity) of
DMSA@MNP and FPP@MNP. (j) Zeta potential of DMSA@MNP and FPP@MNP. (k) HRTEM image
of oleic acid-modified MNPs. (l) SAED image of oleic acid-modified MNPs.
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2.3. Statistical Analysis

The data were expressed as the mean ± standard deviation (SD). Graphs were drawn
by Origin Software (version 2022, OriginLab Co., Northampton, MA, USA), and the signifi-
cances were calculated by Student’s t-test.

The * represents p < 0.05, ** represents p < 0.01. (n ≥ 3).

3. Results
3.1. Characterization of Fluorinated PEG-PEI Coated MNPs

The elemental composition of F7-PEG-COOH was analyzed by SEM-EDS. The results
are shown in Table S1. The atomic ratio of F, O, and C in F7-PEG-COOH is
F:O:C = 1:7.288:15.25, which is basically consistent with the theoretical calculation of
F:O:C =1:6.92:13.70. The FPP was dissolved in CD3 OD and characterized by 19 F-NMR,
and the results are shown in Figure 2a. Compared with the published study [42], peak
δ1 = −118.66 ppm is assigned to the fluorine atoms attached to the α carbon atom (1) of the
heptafluorobutyryl. δ2 = −128.13 ppm is assigned to the fluorine atoms attached to the β

carbon atom (2). δ3 = −82.29 ppm is assigned to the fluorine atom attached to the γ carbon
atom (3). Hereby, it can be proved that the prepared product contains heptafluorobutyryl.

Magnetic nanoparticles (MNPs) were synthesized by pyrolysis of Fe(acac)3 at high
temperatures and stored as a suspension in hexane. The TEM image of oleic acid-modified
Fe3O4 magnetic nanoparticles (OA@MNPs) prepared by high-temperature pyrolysis is
shown in Figure 2b. The size of MNPs is 11.92 ± 0.94 nm; the distribution of size is
shown in Figure S1. After drying the OA@MNPs, the magnetization measured by the
vibrating sample magnetometer (VSM) is shown in Figure 2h. The magnetization curves
approximately pass through the (0,0) point, indicating that when the external magnetic field
is 0, the magnetization of the MNPs is about 0. In addition, the maximum value indicates
that the saturation magnetization of the OA@MNPs is 89.9 emu/g Fe (the Fe content of
OA@MNPs was 70.2%). Figure 2k shows the high-resolution TEM (HRTEM) image of
OA@MNPs. The lattice spacing (d) of MNPs is 0.295 nm, which is matched with the (220)
plane of the cubic structure of Fe3O4. Figure 2l shows the selected area electron diffraction
(SAED) of OA@MNPs. The electron diffraction rings are assigned to (111) (220) (311) (400)
(422) (511) planes of the cubic structure of Fe3O4, respectively. The measurement of lattice
spacing by HRTEM images is presented in Figure S2. The lattice spacings measured by
HRTEM and SAED are shown in Table S2.

Then, using dimercaptosuccinic acid (DMSA), OA@MNPs were converted into water-
soluble DMSA@MNPs and stored as a suspension in water. The TEM image of
DMSA@MNPs is shown in Figure 2c, indicating that the morphology of MNPs remained
after DMSA modification. F7-PEG-PEI coated MNPs (FPP@MNPs) were prepared by elec-
trostatic adsorption. Figure 2d shows the TEM image of FPP@MNPs. It can be seen that
the FPP-coated MNPs are dispersed instead of forming aggregates. The HAADF image of
FPP@MNPs is shown in Figure 2e, and the distribution of F and Fe elements of FPP@MNPs
is shown in Figure 2f,g. As can be seen, the distribution of F and Fe is highly correlated,
indicating that FPP was combined with MNPs.

The hydrodynamic size and zeta potential of DMSA@MNPs and FPP@MNPs are
shown in Figure 2i,j, which indicates that after F7-PEG-PEI modification, the size increased
from 17.27 ± 0.32 nm to 93.29 ± 7.31 nm, and the zeta potential increased from −45.57 mV
to 56.77 mV. A previous study reported that PEI-coated magnetic nanoparticles exhibited
increased particle size and positive zeta potential [46]. The increase in size and the change
of zeta potential from negative to positive illustrate that FPP is adsorbed on the surface
of MNPs. Compared with the TEM images of FPP@MNPs and the hydrodynamic size of
DMSA@MNPs, the hydrodynamic size of FPP@MNPs is significantly increased, suggest-
ing that FPP@MNPs may aggregate in water. This phenomenon may be caused by the
fluorophilic character between the fluorine chains.
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3.2. Cell Viability and Apoptosis Assays

Figure 3i shows the effect of FPP@MNPs on cell viability, which was characterized
by the CCK8 kit. Respectively, 2, 4, 6, 8, 10, and 12 µg/mL of FPP@MNP (calculated by
the mass of Fe) were added to HeLa cells and then cultured for 24 h or 48 h. Compared
with the cells incubating for 24 h, the viability of HeLa cells after 48 h of incubation was
slightly reduced. When the concentration was lower than 4 µg/mL, FPP@MNPs showed
low cytotoxicity (viability ≥ 80%). When the concentration reached 6 µg/mL, the cell
viability decreased significantly. Furthermore, FPP@MNPs were toxic to HeLa cells when
the concentration was≥ 8 µg/mL. Meanwhile, the results of FPP@MNPs-induced HeLa cell
apoptosis are shown in Figure 3a–e, and the analysis of cell viability is shown in Figure 3ii.
In Figure 3a–e, the FITC-/PI- represents cells with normal viability. Figure 3ii shows that
the inhibition of cell viability by FPP@MNPs with a concentration lower than 5 µg/mL was
relatively slight, while the incubation time was not longer than 48 h.

Figure 3. (a–e) Scatter diagram of HeLa cells apoptosis stained by Annexin V-FITC/PI measured
by flow cytometry. (i) Relative cell viability measured by CCK8 kit. (ii) Analysis of cell viability
measured by flow cytometry (a–e). The concentration is calculated by mass of Fe.

Combining the results of CCK8 and apoptosis assays, it can be shown that when the
concentration of FPP@MNPs is less than 4 µg/mL, the toxicity to cells is acceptable, which
is much higher than that in our subsequent studies.

3.3. Validation of Cellular Uptake and Transfection Efficacy

Figure 4 shows the uptake of FITC-labeled F7-PEG-PEI@MNPs (FPP@MNPs) and
mPEG-PEI@MNPs (mPP@MNPs) by HeLa cells. As shown in Figure 4a, 15 min after
adding FPP@MNPs to HeLa cells, it was observed that particles (green fluorescence) were
distributed around the cells and FPP@MNPs co-localized with lysosomes (red fluorescence).
Moreover, from the beginning to 40 min, more co-localization can be observed. Prussian
blue staining confirmed intracellular iron distribution (Figure S4).
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Figure 4. Uptake of (a) F7-PEG-PEI@MNP; (b) mPEG-PEI@MNP by HeLa cells. Figures were
captured by confocal laser microscopy. Blue is Hoechst 33342 stained nuclei, Red is LysoTracker
stained lysosomes, and Green is FITC-labeled nanoparticles. The result of co-localization of red and
green fluorescence is yellow. (Scale = 20 µm).

As is shown in Figure 4b, from 15 min to 40 min after adding mPP@MNPs to HeLa
cells, the nanoparticles around the cells could be observed. The intensity of green flu-
orescence gradually increased, indicating mPP@MNPs were gradually adsorbed on the
cell membrane. In contrast, there is no observable co-localization of mPP@MNPs (green
fluorescence) with lysosomes (red fluorescence) from the beginning until 40 min. Com-
paring Figure 4a,b, it is obvious that the cellular uptake efficiency of FPP-coated MNPs is
significantly higher than mPP-coated MNPs.

Afterward, we used FPP@MNPs to load FAM-labeled siRNA (green fluorescence) and
verified the transfection efficiency on human HeLa, A549 cell line, and mouse 4 T1 cell
line. Cells were transfected at different FPP@MNPs/siRNA ratios and with or without
external magnetic field enhancement. Specifically, the dosage of siRNA was 40 pmol, and
the FPP@MNPs were 0.25, 0.5, 0.75, or 1.0 µg (mass of Fe). The method of external magnetic
field enhancement is to place the cell culture plate on the magnetic plate for 15 min.

Figure 5 shows the images taken by fluorescence microscopy. After 12 h, the results of
each group show that the efficiency of siRNA delivery by FPP@MNPs can be significantly
enhanced by an external magnetic field (mag+) compared to the transfections without
magnetic field enhancement (mag−). For HeLa cells and A549 cells, 0.5 µg or 0.75 µg of
FPP@MNPs combined with 40 pmol of siRNA-NC can achieve high transfection efficiency
by the magnetic field enhancement. For 4 T1 cells, 0.75 µg of FPP@MNPs combined with
40 pmol of siRNA NCs can achieve high-efficiency transfection under the enhancement of
the magnetic field. Overall, 0.75 µg FPP@MNPs with 40 pmol of siRNA are preferred.

As is shown in Figure 6, in order to further explore the distribution of siRNA(FAM-
labeled, green fluorescence) in cells, the cells were scanned layer by layer and three-
dimensionally reconstructed by laser confocal microscopy. HeLa, A549, and 4 T1 cells were
transfected with FPP@MNPs under external magnetic field enhancement (MagTrans). The
commercial nucleic acid vector Invitrogen Lipofectamine 3000 Reagent (Lipo3000) was
used as the control. For each group of cells, it is evident that the amount of siRNA inside
MagTrans treated cells is significantly higher than Lipo3000 transfected cells. For Lipo3000
transfected cells, the distribution of siRNA can be observed in almost every cell, but the
amount of siRNA contained in a single cell is far less than that of cells treated by MagTrans.
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Figure 5. Fluorescence microscopic images of (a,b) HeLa, (c,d) A549, (e,f) 4 T1 cells transfected with
FAM-siRNA. In total, 40 pmol FAM-siRNA mixed with 0.25 µg, 0.5 µg, 0.75 µg, or 1.0 µg (mass of Fe)
F7-PEG-PEI@MNP, and then added to cells in 24-well plate. The effect of cell transfection enhanced
by magnetic fields (mag+) or not (mag−). Excitation λ = 488 nm. (Scale = 200 µm).
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Figure 6. Results of FAM-siRNA transfection captured by confocal microscopy. Blue is Hoechst33342
stained nuclei, Green is FAM-labeled siRNA NC, and Red is Rhodamine-Phalloidin stained F-actin
(a–d) HeLa, (e–h) A549, (i–l) 4 T1. Transfection method used were magnetic field-enhanced F7-PEG-
PEI@MNP transfection (MagTrans) or Lipo3000 transfection (Lipo 3000). Images are reconstructed in
3 D, and the images with the highest fluorescence intensity (Intensity Max) are given by NIS-Elements
software (Nikon Co., Tokyo, Japan).

The transfection efficiency of HeLa cells was analyzed by flow cytometry, and the
results are shown in Figure 7. The dots inside the rectangular gate indicate transfected cells.
Figure 7A shows untreated HeLa cells as a negative control, and Figure 7B shows HeLa cells
transfected with Lipo3000 as the positive control. The results of magnetic field enhanced
FPP@MNPs transfection (mag+) are shown in Figure 7a–d, and the results of FPP@MNPs
transfection without magnetic-field enhancement (mag−) are shown in Figure 7e–h. The
statistical analysis of transfection efficiency and mean fluorescence intensity of each group
is shown in Figure 7i,ii.



Nanomaterials 2022, 12, 1692 13 of 19

Figure 7. Transfection efficiency of HeLa cells measured by flow cytometry. (A) Control. (B) Lipo
3000 transfection. (a–d) 40 pmol FAM-siRNA mixed with 0.25 µg, 0.5 µg, 0.75 µg, or 1.0 µg F7-PEG-
PEI@MNP, transfection enhanced by magnetic fields (mag+). (e–h) 40 pmol FAM-siRNA mixed
with F7-PEG-PEI@MNP (mag-). (i) Transfection efficiency of Lipo3000, mag+ and mag-. (ii) Mean
fluorescence intensity of Lipo3000, mag+ and mag− transfected cells (gated). ** p < 0.01.

In Figure 7i, comparing the Mag+ group with the Mag- group, the external magnetic
field could effectively improve the transfection efficiency. In particular, the improvement
was more pronounced between the groups that used fewer FPP@MNPs (0.25 µg or 0.5 µg,
mass of Fe, the same below). Furthermore, the difference in transfection efficiency between
the mag+ group and Lipo3000 is significant. The transfection efficiency of Lipo3000 was
73.51%, and the transfection efficiency of 0.25 µg FPP@MNP was 79.44%, which was
slightly improved. For the transfection results of 0.5 µg, 0.75 µg, and 1.0 µg FPP@MNP, the
efficiency was higher than 90%, which was greatly improved compared with Lipo3000.

Figure 7ii shows the statistical analysis of the Mean Fluorescence Intensity (MFI) of
transfected cells (within the rectangular gate). Compared with the mag+ group and the mag
- group, the magnetic field-enhanced transfection could not only improve the transfection
efficiency but also increase the content of siRNA transfected into cells. Comparing the
mag+ group with the Lipo3000 group, it can be seen that the MFI of the 0.25 µg mag+ was
slightly higher than that of the Lipo3000. The MFI of 0.5 µg, 0.75 µg, and 1.0 µg FPP@MNP
transfection was much higher than that of the Lipo3000, and the difference was significant.
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3.4. Knockdown of CXCR4 Expression in 4 T1 Cells

Then, siRNA sequences (R1-R3) for silencing CXCR4 (siCXCR4) were designed and
synthesized. The sequences of negative control (NC) and siCXCR4 are given in Table 2.
For 4 T1 cells in the 24-well cell culture plate, 0.75 µg of FPP@MNP and 40 pmol of siRNA
were mixed for transfection, which was enhanced with an external magnetic field. Cells
were cultured for 12 h after transfection, and CXCR4 mRNA was detected by RT-PCR. The
results are shown in Figure 8i. With the CXCR4 mRNA in the NC group as a reference, the
relative expression levels of the R1, R2, and R3 groups were calculated after normalization.
As can be seen in Figure 8i, the knockdown rate of R1 is not ideal and may even lead to
increased CXCR4 expression. R2 and R3 can effectively reduce CXCR4 mRNA, and R2
achieves the best effect. The above differences are all significant.

Table 2. siRNA Sequences.

siRNA Sequence

NC (5′-3′) UUCUCCGAACGUGUCACGUTT
(3′-5′) TTAAGAGGCUUGCACAGUGCA

R1 (5′-3′) CGAUCAGUGUGAGUAUAUATT
(3′-5′) TTGCUAGUCACACUCAUAUAU

R2 (5′-3′) GUCCAUUUCAAUAGGAUCUTT
(3′-5′) TTCGGAGUUCUAGGAAAGGUU

R3 (5′-3′) GCCUCAAGAUCCUUUCCAATT
(3′-5′) TTCGGAGUUCUAGGAAAGGUU

The CXCR4 expression on the membrane of 4 T1 cells after transfection for 24 h or
48 h was detected by flow cytometry. The fluorescence intensity distribution of Cy5 labeled
anti-CXCR4 antibody is shown in Figure 8a–f, and the analysis is shown in Figure 8ii. After
24 h, the expression of CXCR4 in the R2 and R3 groups decreased, while the expression
of CXCR4 in the R1 group increased compared with the negative control. The difference
between R1 and R2, R1 and R3 was extremely significant, but the difference between R2 and
R3 was not significant. After 48 h, the expression of CXCR4 in the R1, R2, and R3 groups
was decreased compared with the cells transfected for 24 h. However, the knockdown
efficiency of R1 was still lower than that of R2 or R3, and the difference was significant.
Besides, the difference between R2 and R3 is still not significant.

To sum up, the CXCR4 knockdown rate increased as the culture time of the transfected
cells increased from 24 h to 48 h. Compared to the efficiencies of the three sequences (R1,
R2, and R3), the effect of R1 was poor. Even R1 may cause an increase in CXCR4 expression
for a short period of time and should therefore be excluded. At the protein level, the effect
of R2 and R3 was not significantly different. However, at the mRNA level, the knockdown
effect of R2 was extremely significant compared to R3.
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Figure 8. Results of CXCR4 expression and knockdown on 4 T1 cells. (a–c) 24 h after transfection,
fluorescence intensity of Cy5. (d–f) 48 h after transfection, fluorescence intensity of Cy5. CXCR4 were
detected by Cy5 labelled antibody, peaks with black lines represent negative control. (i) Analysis of
CXCR4 mRNA measured by RT-PCR. (ii) Analysis of the relative intensity of CXCR4 expression on
cell membranes measured by flow cytometry (a–f). * p < 0.05, ** p < 0.01.
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4. Discussion

The preparation process of F7-PEG-PEI (FPP) includes the preparation of F7-PEG-
COOH and the reaction of F7-PEG-COOH with polyethyleneimine (PEI). The measurement
of the three elements (C, O, and F) of F7-PEG-COOH shows that the proportion of the F
element is 4.23%. Theoretically, when a heptafluorobutyryl group is attached to a PEG2000
molecule, the proportion of the F element is 4.63%. The ratio of the actual value to the theo-
retical value was 4.23/4.63 = 91.36%, which indicated that most of the PEG molecules were
modified with heptafluorobutyryl. The EDC/NHS system is widely used for activating
carboxyl groups. The carboxyl group of F7-PEG-COOH was activated by EDC/NHS and
then reacted with PEI to synthesize FPP. The 19 F-NMR results of FPP proved the existence
of heptafluorobutyryl.

Nowadays, MNPs are widely used in biomedical fields such as MRI, drug delivery, and
hyperthermia [47]. Compared with the magnetic nanoparticles prepared by co-precipitation,
the size distribution of the MNPs prepared by high-temperature pyrolysis is more uniform,
and the saturation magnetization is higher [48]. Magnetite nanoparticles smaller than
25 nm in size are considered to be superparamagnetic, which is defined as the magnetic
material that has no magnetization in the absence of an external magnetic field [21]. The
TEM size of prepared Fe3O4 nanoparticles is 11.92 ± 0.94 nm, and the magnetization curve
in Figure 2h proves that our prepared Fe3O4 nanoparticles are superparamagnetic. The
increase in hydrodynamic size and the change of zeta potential demonstrated that FPP
was coated on the surface of DMSA@MNPs, and the EDS mapping confirmed that the
nanoparticles were fluorinated. In our work, the results of SAED are in good agreement
with previous studies [49,50], which is consistent with the inverse spinel structure of Fe3O4.
Besides, the lattice spacing of the (220) plane measured by HRTEM is 0.295 nm, which
corroborates with the 0.298 nm referred to in a previous study [50].

As shown in the introduction part [42–45], it is shown in many studies that fluorination
can improve the transfection efficiency of polymer nanoparticles. Different from previous
studies, we modified PEG with heptafluorobutyric anhydride and then connected it with
PEI. Using fluorinated PEG-PEI to coat MNPs can not only enhance cellular uptake by
fluorination but also enhance transfection efficiency by a magnetic field. Compared with
the commercial vector Lipo3000, our prepared FPP@MNPs can transfect more siRNA into
cells. As can be seen from Figure 6, Lipo3000 has high transfection efficiency, but the
amount of siRNA delivered into cells is not as high as that of FPP@MNPs (enhanced by
magnetic field). These claims can also be confirmed by the results of flow cytometry in
Figure 7.

Previous studies have established that CXCR4 is required for breast cancer cell pro-
liferation or survival, and CXCR4 inhibitors will improve the treatment of primary and
metastatic breast cancer [51,52]. The high expression of CXCR4 in 4 T1 breast cancer cells
was widely demonstrated in much research [53–55]. From the previous studies, this mouse
cell line is suitable for breast cancer research, including in vitro studies or the construction
of mouse models for in vivo studies. We used the FPP@MNPs prepared in this study as
siRNA carriers to transfect 4 T1 cells and knock down the expression of CXCR4 in vitro.
The effect of FPP@MNPs as siRNA carriers has been confirmed, and our research on HeLa
cells and A549 cells shows that FPP@MNPs can be extended to more applications.

5. Conclusions

Based on magnetic nanoparticles, fluorinated siRNA carriers F7-PEG-PEI@MNPs were
developed in this study. The carriers were less toxic to cells at conventional doses and
allowed for efficient cellular uptake. Our findings suggest that fluorination is an effective
strategy to overcome the “PEG dilemma”. The results of transfection showed that our
prepared FPP@MNPs could achieve an efficiency of more than 90%. In particular, the
transfection efficiency can be further improved by an external magnetic field, even with a
smaller amount of FPP@MNPs. In vitro experiments confirmed that FPP@MNPs could be
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used to knockdown CXCR4 expression in breast cancer cells. Furthermore, this vector was
verified to be universal on different cells.

6. Patents

Heptafluorobutyryl-polyethylene glycol-polyethyleneimine (F7-PEG-PEI) and nanopar-
ticles prepared with F7-PEG-PEI and the above technical solutions and applications have
been submitted for patent examination in the People’s Republic of China. All rights are
hereby declared. Application Number [202210144467.8].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12101692/s1, Table S1: Relative Content of C, O, F Elements
in F7-PEG-COOH measured by EDS; Table S2: Lattice spacing measured by HRTEM and SAED;
Figure S1: TEM size distribution of MNPs; Figure S2: Filtered HRTEM image for measuring lattice
spacing of Fe3O4 NPs; Figure S3: Standard curve for measuring Fe concentration; Figure S4. Fe3+

distribution in Hela cells measured by Prussian blue Staining; Figure S5. DLS distribution of mPEG-
PEI@MNPs; Method S1: Preparation of mPEG-PEI@MNPs (mPP@MNPs); Method S2. Measurement
of Fe concentration by UV-Vis Spectrophotometry; Method S3. Prussian blue staining.
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