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ABSTRACT: Upconversion nanoparticles (UCNPs) have been
widely explored for various bioapplications because of their unique
optical properties, easy surface functionalization, and low cytotoxicity.
Herein, we synthesize gadolinium (Gd3+)-doped UCNPs, which are
modified first with poly(ethylene glycol) (PEG) and then with two
layers of poly(ethylenimine) (PEI) via covalent conjugation and layer-
by-layer assembly, respectively. Compared with UCNP-PEG@1×PEI
with only one layer of PEI coating, the final complex, UCNP-PEG@
2×PEI, with two PEI layers exhibits reduced cytotoxicity and enhanced
gene transfection efficiency. It is interesting to find that while free PEI
polymer is only effective in gene transfection in a serum-free medium
and shows drastically reduced transfection ability if serum is added,
UCNP-PEG@2×PEI is able to transfect cells in both serum-free and
-containing media and, surprisingly, offers even higher gene transfection efficiency if serum is added. This is likely due to the
formation of protein corona on the nanoparticle surface, which triggers the receptor-mediated endocytosis of our UCNP vectors.
Considering the upconversion luminescence and magnetic resonance imaging contrasting ability of UCNPs, our novel
nanovector could serve as a “trackable” gene-delivery carrier promising for theranostic applications.
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1. INTRODUCTION

Lanthanide-doped rare-earth upconversion nanoparticles
(UCNPs), which are able to emit high-energy photons under
excitation by near-infrared (NIR) light, have found potential
applications in many different fields including nanobiomedi-
cine.1−5 Upconversion luminescence (UCL) imaging based on
UCNPs shows a number of unique advantages over traditional
fluorescence imaging, such as enhanced tissue penetration,
better photostability, and a essentially eliminated autofluor-
escence background that allows ultrasensitive in vivo
detection.1,6−9 In recent years, many research groups have
explored the potential use of UCNPs for disease diagnosis and
therapy.7,10−13 Biosensing with UCNP probes has been widely
explored to enable the detection of various biological species via
different mechanisms.14−17 In the area of biomedical imaging,
UCNPs not only have been extensively applied in UCL optical
imaging of various biological systems but also could be
engineered to acquire multiple functionalities to serve as
novel imaging probes in multimodal imaging.17−25 Moreover,
UCNPs recently have also shown great promise in cancer
therapies including their use as drug-delivery carriers to enable
NIR-induced photodynamic therapy and to realize imaging-
guided cancer theranostics.7,10,12,15,23,26−30

Gene therapy can be defined as the use of gene materials,
such as DNA or small interfering RNA molecules, to treat or
prevent diseases.31−33 Despite the high efficiency of using viral
vectors in gene delivery, nonviral vectors have their advantages
in terms of simple use, ease of production, lower concerns in
terms of biosafety, and the lack of specific immune response. In
recent years, many nanoparticle-based gene vectors have been
developed by many different research teams. Many of those
nanoparticles, such as fluorescent quantum dots, magnetic
nanoparticles, and gold nanoparticles, not only could be
engineered to act as effective gene-delivery vectors but also
are useful imaging probes to allow real-time tracking for
imaging-guided gene therapy.34−40 Recently, there have been
two groups reporting the use of UCNPs for NIR-triggered gene
delivery.41,42 In their design, UCNPs, which serve as gene
carriers as well as imaging probes, could also allow NIR-
induced release of cargo DNA or RNA molecules for light-
controllable gene delivery. However, further careful studies are
still needed to understand the surface-coating effect of UCNP-
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based gene carriers and optimize their performance in various
physiological conditions, especially in the presence of serum
proteins, to allow their potential use as theranostic platforms
for in vivo gene therapy.
Therefore, in this study, we synthesize Gd3+-containing

UCNPs modified with dual-type polymers, poly(ethylene
glycol) (PEG) and two layers of poly(ethylenimine) (PEI),
and use the obtained UCNP-PEG@2×PEI complex as an
effective gene-delivery vector for the transfection of plasmid
DNA (pDNA) encoding enhanced green fluorescent protein
(Figure 1a). Compared with free PEI and UCNP-PEG@1×PEI

with one PEI layer, UCNP-PEG@2×PEI shows significantly
reduced cytotoxicity. Regarding gene transfection under serum-
free conditions, UCNP-PEG@2×PEI offers much better
efficiency than UCNP-PEG@1×PEI but is slightly less effective
than free PEI. Interestingly, when serum is added during
transfection, PEI becomes ineffective in gene transfection, while
in marked contrast, UCNP-PEG@2×PEI shows remarkably
enhanced transfection efficiency. We hypothesize that this
phenomenon is likely due to enhanced receptor-mediated
endocytosis via the binding of serum proteins, which form a

corona on the nanoparticle surface with the cell membrane
receptors, which recognize certain serum proteins. Thus, our
UCNP-based gene-delivery system developed here may be a
promising imaging-trackable gene vector that works well in the
presence of serum proteins.

2. MATERIALS AND EXPERIMENTS
2.1. Materials. Branched poly(ethylenimine) (PEI) with a

molecular weight (MW) of 25 kDa, poly(acrylic acid) (PAA) with a
MW of 100 kDa, N-[3-(dimethylamino)propyl-N′-ethylcarbodiimide]
hydrochloride (EDC), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), and propidium iodide (PI) were purchased
from Sigma-Aldrich (USA). Six-armed amine-terminated poly-
(ethylene glycol) (PEG) with a MW of 10 kDa was purchased from
Sunbio (South Korea). Agarose, 4′,6-diamidino-2-phenylindole
(DAPI), and fetal bovine serum (FBS) were purchased from
Invitrogen (USA). Dulbecco’s modified Eagle’s medium (DMEM)
and RPMI-1640 were purchased from Thermo Scientific (USA).
Albumin bovine V (Mr = 68000) was purchased from Solarbio
(China). Transferrin (Holo) was purchased from MP Biomedicals
(France). Enhanced green fluorescent protein (EGFP) plasmid was
prepared according to our previous modified method.43

Monodispersed hexagonal NaGdF4-based UCNPs (Gd:Yb:Er =
78:20:2) were synthesized according to literature protocols with slight
modifications.44−47 The as-prepared UCNPs were modified with
octylamine (OA)−PAA copolymer, which was synthesized following a
literature protocol.48 The obtained UCNP-PAA was further
conjugated with PEG by mixing UCNPs (1 mg mL−1) with six-
armed PEG (1 mg mL−1) under sonication for 5 min and then adding
EDC (2 mg mL−1) to induce amide formation. After being stirred at
room temperature for 30 min, the mixture was added with PEI (50 mg
mL−1) and EDC (2 mg mL−1) following another 5 min of sonication.
After stirring at room temperature for 8 h, the mixture was purified by
centrifugation (14800 rpm, 5 min) and washed three times with
deionized (DI) water. As-prepared UCNP-PEG@1×PEI (1 mg mL−1)
was further coated with PAA (10 mg mL−1) in the presence of EDC (2
mg mL−1) and then washed with DI water three to five times to
remove excess PAA after being stirred at room temperature for 8 h.
Afterward, the obtained UCNP-PEG@PEI-PAA (1 mg mL−1) was
further conjugated with PEI (10 mg mL−1) in the presence of EDC (2
mg mL−1). After being stirred at room temperature for another 8 h,
the mixture was purified by centrifugation, forming UCNP-PEG@
2×PEI. The obtained UCNP-PAA, UCNP-PEG, UCNP-PEG@
1×PEI, UCNP-PEG@PEI-PAA, and UCNP-PEG@2×PEI were stored
at 4 °C for the following experiments.

Transmission electron microscopy (TEM) images of those
nanoparticles were taken by a Tecnai G2F20 transmission electron
microscope (FEI Company). The concentrations of UCNP-PEG@
1×PEI and UCNP-PEG@2×PEI were qualified by recording the
concentrations of Gd3+ using inductively coupled plasma mass
spectrometry (ICP-MS). Elemental analysis data, ζ potentials, size
distributions, and UCL spectra of UCNP-PAA, UCNP-PEG, UCNP-
PEG@1×PEI, UCNP-PEG@PEI-PAA, and UCNP-PEG@2×PEI
were obtained by an elemental analyzer (EA1110 CHNO-S, Carlo
Erba), a Nano-ZS90 nanoparticle analyzer (Malvern Instruments
Ltd.), and a FluoroMax-4 luminescent spectrometer (Horiba
JobinYvon SAS), respectively.

2.2. Cell Culture. Human cervical cancer HeLa cells, human
hepatoma HepG2 cells, and human embryonic kidney 293T cells were
cultured in DMEM containing 10% FBS and 1% penicillin/
streptomycin at 37 °C in a humidified 5% CO2-containing atmosphere.
Human breast cancer MCF-7 cells were cultured in a RPMI-1640 cell
medium containing 10% FBS and 1% penicillin/streptomycin at 37 °C
in a humidified 5% CO2-containing atmosphere.

2.3. In Vitro Cytotoxicity Assay. The cytotoxicities of UCNP-
PEG@1×PEI, UCNP-PEG@2×PEI, and a bare PEI polymer were
evaluated on HeLa cells by the standard MTT assay. In brief, HeLa
cells were seeded in 96-well plates at a density of 1 × 104 cells well−1

and incubated at 37 °C for 24 h before the experiment. Then, a series

Figure 1. Preparation of UCNP-based gene vector. (a) Schematic
illustration showing the synthesis of UCNP-PEG@2×PEI and the
subsequent pDNA binding. (b) TEM images of as-made UCNPs. The
inset shows the HRTEM image of UCNPs. (c) ζ potentials (c) and
DLS data (d) of UCNPs after various layers of polymer coatings
measured in water. (e) UCL spectra of UCNPs after various layers of
polymer coatings recorded at the same UCNP concentration. The
inset shows a photograph of the UCNP-PEG@2×PEI sample under
ambient light (left) or exposed to a 980 nm laser (right).
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of concentrations of UCNP-PEG@1×PEI, UCNP-PEG@2×PEI, and
a bare PEI polymer were added into the cell cultures. After 24 h of
incubation, 25 μL of a MTT solution in phosphate-buffered saline
(PBS; 5 mg mL−1) was added to each well and incubated for an
additional 4 h. The cell culture was discarded afterward with 150 μL of
dimethyl sulfoxide added into each well. We then incubated the plate
at 37 °C for 5 min and shocked it for another 10 min at room
temperature to allow complete dissolution of formazan. Finally, the
absorbance at 570 nm of each well was measured by a microplate
reader (Bio-Rad model 680) to determine the relative cell viability.
2.4. Magnetic Properties of UCNP-PEG@2×PEI and Gd-

DTPA. UCNP-PEG@2×PEI solutions with concentrations ranging
from 0 to 1.22 mM of gadolinium and Gd-DTPA solutions with
concentrations ranging from 3.88 to 11.9 mM of gadolinium were
scanned under a magnetic resonance imaging (MRI) scanner (Bruker
Biospin Corp., Billerica, MA) at room temperature. After the T1-
weighted MRI images were acquired, the signal intensity was measured
within a manually drawn region-of-interest for each sample. R1 values
(R1 = 1/T1) were calculated from T1 values at different gadolinium
concentrations.
2.5. Multimodal in Vitro Imaging of HeLa Cells.MRI images of

cells were performed using a series of UCNP-PEG@2×PEI solutions
with different concentrations to incubate with HeLa cells for 4 h. The
concentrations of UCNP-PEG@2×PEI solutions ranged from 4.34 to
69.4 μg mL−1.
Fluorescence images of cells were taken using a modified Leica laser

scanning confocal microscope (Leica TCS SPII, Germany) with a
continuous-wave (CW) NIR laser (Connet Fiber Optics, China) at
980 nm as an additional excitation source. HeLa cells were seeded into
24-well plates at a density of about 1 × 105 cells well−1 24 h before
UCNP-PEG@2×PEI solutions were added. The added concentrations
of UCNP-PEG@2×PEI were equivalent to those added in MRI. After
being incubated with UCNP-PEG@2×PEI for 4 h, the cells were
washed with PBS sufficiently, fixed with 4% formaldehyde, stained with
DAPI, and then imaged by the confocal microscope.
2.6. Preparation of UCNP-PEI/EGFP Plasmid Complexes and

Gel Electrophoresis Assay. Appropriate amounts of a bare PEI
polymer, UCNP-PEG@1×PEI, and UCNP-PEG@2×PEI were mixed
with 1 μg of EGFP plasmid DNA in 30 μL of DI water at N/P ratios of
1, 2, 5, 10, and 20. For the mixtures of UCNP-PAA and pDNA, the
amounts of added UCNPs were equivalent to the amounts of UCNPs
in UCNP-PEG@2×PEI/pDNA at N/P ratios of 10 and 20. After
incubation for 30 min at room temperature, the samples were analyzed
by 0.8% agarose gel electrophoresis using a triacetate−ethyl-
enediaminetetraacetic acid buffer solution as the running buffer.
2.7. In Vitro EGFP Plasmid Transfection. HeLa cells were

seeded in 24-well plates at a density of about 1 × 105 cells well−1 24 h
before transfection. We diluted 1 μg of EGFP plasmid in 100 μL of
serum-free DMEM and also diluted appropriate amounts of a bare PEI
polymer, UCNP-PEG@1×PEI, and UCNP-PEG@2×PEI in 100 μL of
serum-free DMEM. After 10 s of vortexing, the two solutions were

mixed and incubated for 30 min at room temperature before being
added into cells. All cells were washed two times with a serum-free
medium right before the addition of transfection complexes. After 4 h
of incubation, the transfection complexes were removed and cells were
washed two times with a serum-free medium before the addition of 1
mL of formal DMEM containing 10% FBS. An additional 44 h of
incubation was needed for efficient EGFP expression. We also assessed
the transfection efficiencies of UCNP-PEG@2×PEI and a bare PEI
polymer in the presence of serum. We chose the N/P ratio of 10 as the
optimal ratio, and the added amounts of transfection complexes were
equivalent to those added under serum-free conditions.

Both confocal fluorescence microscopy and flow cytometry were
employed to determine the EGFP transfection efficiencies after various
treatments. An excitation wavelength of 488 nm and an emission band
between 500 and 600 nm were chosen for the fluorescence imaging of
EGFP plasmid transfected cells. All images were taken under the same
parameter setting. Cells were quantitatively analyzed by a BD flow
cytometer (BD Bioscience, Bedford, MA), after they were briefly
incubated in 300 μL of PBS containing a 1 μg mL−1 PI solution with
the purpose of staining the dead cells.

3. RESULTS AND DISCUSSION
In this work, we used NaGdF4-based UCNPs (Gd:Yb:Er =
78:20:2) as nanovectors for multimodal imaging and gene
delivery. A TEM image revealed that the synthesized UCNPs
were monodispersed hexagonal nanocrystals with an average
diameter of ∼30 nm (Figure 1b). A high-resolution TEM
(HRTEM) image showed the lattice fringes with a d spacing of
0.30 nm, in good agreement with the lattice spacing of the
(111) planes of hexagonal NaGdF4 (JCPD 27-0697; Figures 1b
and S1 in the Supporting Information, SI). UCNPs, after first
being modified with an OA−PAA copolymer, were conjugated
with PEG and two layers of PEI. The ζ potentials of UCNP-
PAA and UCNP-PEG were measured as −16.9 and +4.07 mV,
respectively. UCNP-PEG@1×PEI with positively charged PEI
coating showed a further increased ζ potential as +33.7 mV,
which decreased to −31.25 mV after PAA coating, and then
jumped back to +43.25 mV after the second layer of PEI
coating (Figure 1c). Interestingly, dynamic light scattering
(DLS) data revealed the obviously reduced hydrodynamic sizes
of those nanoparticles when the first and second layers of PEI
coating were introduced, suggesting that the positively charged
PEI coating would make the polymer shell on UCNPs more
condensed (Figure 1d). The final product, UCNP-PEG@
2×PEI, exhibited good dispersibility without obvious agglom-
eration in various physiological solutions including saline (0.9%
NaCl), PBS, serum, and a cell culture medium (Figure S2 in the
SI).

Figure 2. In vitro cytotoxicity assay. Relative cell viability data of HeLa cells after being incubated with a series of concentrations of free PEI, UCNP-
PEG@1×PEI, and UCNP-PEG@2×PEI for 24 h. Data are presented based on either PEI (a) or UCNP (b) concentrations. Error bars were based
on triplicate samples.
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The UCL spectra of UCNP-PAA, UCNP-PEG, UCNP-
PEG@1×PEI, UCNP-PEG@PEI-PAA, and UCNP-PEG@
2×PEI displayed emission peaks around 540 and 660 nm,
with similar emission intensities for all of the samples at the
same UCNP concentration (Figure 1e). After 2×PEI was
coated on the surface of UCNP-PEG, the UCL intensity was
slightly decreased to 80%. The nitrogen contents of UCNP-
PEG@1×PEI and UCNP-PEG@2×PEI were measured by an
elemental analyzer as 5.0% and 15.7%, respectively (Table S1 in
the SI). Hence, the corresponding weight ratios of UCNP:PEI
in UCNP-PEG@1×PEI and UCNP-PEG@2×PEI respectively
were 17.6:1 and 5.36:1.
Gadolinium-containing UCNPs have been widely exploited

as multimodal imaging probes for UCL imaging and T1-
weighted MRI.19,20 We next studied the magnetic properties of
those gadolinium-based UCNPs. A series of UCNP-PEG@
2×PEI solutions and Gd-DTPA solutions with different

gadolinium molar concentrations were recorded by a 3.0 T
MRI scanner. T1-weighted MRI images of UCNP-PEG@
2×PEI and Gd-DTPA solutions revealed a concentration-
dependent brightening effect (Figure S3a,b in the SI). A good
linear relationship was observed, with the R1 value of UCNP-
PEG@2×PEI determined as 2.37 mM−1 s−1, which was higher
than that of Gd-DTPA (Figure S3c,d in the SI).
To evaluate the biocompatibility of UCNP-PEG@1×PEI and

UCNP-PEG@2×PEI, the relative viabilities of HeLa cells after
being incubated with a bare PEI polymer, UCNP-PEG@
1×PEI, and UCNP-PEG@2×PEI for 24 h were determined via
the standard MTT assay (Figure 2). Our results showed that
after 24 h of incubation, UCNP-PEG@2×PEI showed the
lowest cytotoxicity at the same PEI concentration, in
comparison to a bare PEI polymer and UCNP-PEG@1×PEI
with one layer of PEI coating (Figure 2a). Interestingly, even
based on the UCNP concentration, UCNP-PEG@2×PEI with

Figure 3. Multimodal in vitro cell imaging. HeLa cells were incubated with UCNP-PEG@2×PEI for 4 h at various concentrations prior to imaging.
(a) Confocal UCL/fluorescence images of cells. Green and blue colors represent UCL signals of UCNPs and DAPI stained cell nuclei, respectively.
(b) T1-weighted MRI images of UCNP-incubated HeLa cells. The cells were suspended in 1% agarose gel for MRI.

Figure 4. Gel retardation assay. Agarose gel electrophoresis of bare EGFP pDNA and pDNA mixed with free PEI, UCNP-PEG@1×PEI, and UCNP-
PEG@2×PEI, as well as PAA-modified UCNPs at different N/P ratios. Each sample was incubated at room temperature for 30 min before
electrophoresis. The amounts of UCNPs used in the UCNP-PAA/pDNA samples were identical with the UCNP quantities in the UCNP-PEG@
2×PEI/pDNA samples at N/P ratios of 10 and 20.
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more PEI per nanoparticle was still obviously less toxic than
UCNP-PEG@1×PEI (Figure 2b). Previous studies have
revealed that cationic polymers such as PEI would induce
cytotoxicity by binding with plasma membranes, while after the
polymers were coated on certain nanoparticles, their cytotox-
icities could be reduced because of the resulting lower density
of cationic residues interacting with the cells.49,50 The reduced
toxicity of UCNP-PEG@2×PEI was likely attributed to a
similar mechanism. Thus, the UCNP-PEG@2×PEI complex
appeared to be much safer than a bare PEI polymer and
UCNP-PEG@1×PEI.
We next demonstrated the capability of using UCNP-PEG@

2×PEI in multimodal imaging. HeLa cells were incubated with
various concentrations of UCNP-PEG@2×PEI for 4 h and
then imaged by either UCL optical imaging or MRI. The UCL
signals enhanced along with the increased concentrations of
UCNP-PEG@2×PEI during incubation (Figure 3a). Mean-
while, T1-weighted MRI images of those cells also showed a
concentration-dependent brightening effect (Figure 3b). There-
fore, our UCNPs could serve as a dual-modal nanoprobe for
both UCL imaging and MRI.
To study the pDNA binding ability of our nanoparticles, we

next mixed a bare PEI polymer, UCNP-PEG@1×PEI, UCNP-
PEG@2×PEI, and UCNP-PAA with EGFP plasmid at different
N/P ratios and carried out a gel electrophoresis assay (Figure

4). When UCNP-PEG@1×PEI and UCNP-PEG@2×PEI were
both mixed with EGFP plasmid at a N/P ratio above 5,
significant retardation of plasmid moving in gel electrophoresis
was observed. In contrast, UCNP-PAA without PEI con-
jugation could not retard EGFP plasmid.
We then tested the gene transfection efficiencies of a bare

PEI polymer, UCNP-PEG@1×PEI, and UCNP-PEG@2×PEI
for EGFP plasmid transfection on HeLa cells under the
standard serum-free conditions at different N/P ratios. Judging
from the number of bright cells in confocal fluorescent images,
without the existence of serum, UCNP-PEG@1×PEI and
UCNP-PEG@2×PEI were able to transfect HeLa cells with
EGFP plasmid at N/P ratios from 5 to 20, while the
transfection efficiencies of UCNP-PEG@1×PEI were lower
than that of UCNP-PEG@2×PEI at the same N/P ratio. A bare
PEI polymer displayed superior transfection efficiency at N/P
ratios of 10 and 15 but showed severe cytotoxicity at even
higher N/P ratios (Figure 5a). Apart from being qualitatively
analyzed by confocal laser scanning microscopy (CLSM), the
transfection efficiencies of UCNP-PEG@1×PEI, UCNP-PEG@
2×PEI, and a bare PEI polymer were quantitatively analyzed by
flow cytometry, and the results were consistent with those
detected by CLSM (Figure 5b).
Although serum-free conditions are commonly used during

transfection when PEI and many other commercial transfection

Figure 5. Gene transfection under serum-free conditions. (a) Confocal fluorescence images of EGFP-transfected HeLa cells measured 48 h after the
initiation of transfection using free PEI, UCNP-PEG@1×PEI, and UCNP-PEG@2×PEI under serum-free conditions at varying N/P ratios from 5 to
20. (b) EGFP transfection efficiencies by different vectors under varying N/P ratios as determined by flow cytometry.
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agents (e.g. lipofectamine) are employed, for in vivo
applications the transfection ability of an effective gene vector
should not be affected by the existence of serum proteins. Next,
we wondered how the presence of serum would effect EGFP
transfection by the UCNP-based gene vectors developed in this
work. Compared to the serum-free conditions, it is worth
noting that the transfection efficiencies of UCNP-PEG@2×PEI
in serum-containing conditions improved. At a N/P ratio of 10,
the transfection efficiency of UCNP-PEG@2×PEI increased
from 7.2% in a serum-free medium to 43.8% in 10% FBS-
containing conditions. In cell cultures containing 20% and 30%
FBS, the EGFP transfection efficiencies were still very high,
with 48.6% and 38.0% of the cells successfully transfected with
EGFP. In marked contrast, along with the increasing
percentages of FBS, the transfection efficiencies of a bare PEI
polymer dropped sharply (Figure 6), consistent with previous
literature reports.51

The phenomenon that UCNP-PEG@2×PEI showed dra-
matically increased transfection efficiency in the presence of
FBS was also confirmed in some other cell lines (Figure 7a).
We chose three other cell lines including 293T, HepG2, and
MCF-7 cells, in our experiments, and conducted EGFP plasmid
transfection using UCNP-PEG@2×PEI in cell cultures
containing 0%, 10%, 20%, and 30% of FBS. In addition to
HeLa cells, all of the other three types of cells showed serum-
promoted gene transfection behaviors in the presence of FBS
when UCNP-PEG@2×PEI was used as the gene vector,
although the enhancement was less obvious for 293T and
MCF-7 cells.

Although PEI has excellent pDNA binding ability, it was
found that the formed PEI/pDNA complexes were not stable in
the presence of serum proteins, showing rapidly increased
hydrodynamic diameters once serum was added (Figure S4 in
the SI), owing to the nonspecific adsorption of proteins on the
positively charged PEI/pDNA complexes that resulted in their
agglomeration.52,53 On the contrary, the UCNP-PEG@2×PEI/
pDNA complexes with the help of PEG showed markedly
improved stability in the presence of serum without showing
significant serum-induced aggregation (Figure S4 in the SI).
Such phenomena explained why the gene transfection with PEI,
but not UCNP-PEG@2×PEI, was negatively effected by serum.
However, the mechanism of serum-enhanced EGFP trans-
fection by UCNP-PEG@2×PEI remained unknown.
We thus wondered why the existence of serum would

promote the transfection efficiency of UCNP-PEG@2×PEI.
Through tracking of the intrinsic UCL emissions of UCNPs,

Figure 6. Serum effect in gene transfection. (a) Confocal fluorescence
images of HeLa cells transfected with EGFP plasmid by using free PEI
or UCNP-PEG@2×PEI at a N/P ratio of 10 in the presence of various
concentrations of FBS. Those images were taken 48 h after the
initiation of transfection. (b) FBS-dependent EGFP transfection
efficiencies using a bare PEI polymer or UCNP-PEG@2×PEI as
determined by flow cytometry. The presence of FBS would inhibit the
gene transfection activity of bare PEI but would greatly promote
transfection with UCNP-PEG@2×PEI.

Figure 7. Understanding the serum-dependent gene transfection
behaviors of a UCNP-based gene vector. The relative transfection
efficiencies (TEs) were recorded by flow cytometry measurement. (a)
Relative EGFP gene transfection efficiencies of UCNP-PEG@2×PEI
transfected 293T, HepG2, and MCF-7 cells in the presence of various
FBS contents. (b and c) Relative transfection efficiencies of HeLa cells
by UCNP-PEG@2×PEI in a serum-free cell medium supplemented
with different BSA contents (b) or transferrin concentrations (c). (d)
Relative transfection efficiencies of HeLa cells by UCNP-PEG@2×PEI
in cell cultures containing 10% normal serum or 10% HI serum. The
above experiments were conducted at the optimal N/P ratio of 10. (e)
Scheme showing our proposed mechanism of serum-enhanced gene
transfection with our UCNP vectors.
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confocal UCL images of HeLa cells incubated with UCNP-
PEG@2×PEI were recorded by a confocal microscope (Figure
S5 in the SI). Consistent with the transfection results, the
cellular uptake of UCNPs also obviously increased upon the
addition of FBS. Serum contains a wide range of proteins, with
albumin as the major component. The enhanced gene
transfection of UCNP-PEG@2×PEI is thus likely due to the
formation of protein corona on the nanoparticle surface, which
promotes the cellular uptake of those nanoparticles.54,55

Because bovine serum albumin (BSA) is the most abundant
component of FBS (1.33−1.90%), we tested the EGFP
transfection with HeLa cells using UCNP-PEG@2×PEI in a
serum-free cell culture but with BSA added. On the basis of
flow cytometry data to determine the percentages of EGFP-
expressing cells, it was found that the addition of BSA only
slightly increased the transfection efficiency (Figure 7b).
Therefore, although BSA is the major component of FBS, its
role in promoting the cellular uptake of nanoparticles may not
be the most important.
Transferrin is another type of protein existing inside serum

with a concentration of 1.2−1.8 mg mL−1.56 Many types of
cells, including HeLa and HepG2 cells, overexpress transferrin
receptor (TfR) on their membrane to recognize trans-
ferrin.57−60 To see if transferrin would have any effect on
gene transfection with UCNP-PEG@2×PEI, we carried out
EGFP transfection with UCNP-PEG@2×PEI on HeLa cells in
a serum-free medium but with the addition of transferrin at
different concentrations ranging from 10 to 200 μg mL−1.
Interestingly, the existence of transferrin did offer significant
enhancement regarding the EGFP transfection with UCNP-
PEG@2×PEI, by over 2-fold when 50 μg mL−1 of transferrin
was added (Figure 7c). However, the enhancement factor
achieved here was still not as high as that in serum-containing
conditions, indicating that besides transferrin there could be
some other substances in serum that helped UCNP-PEG@
2×PEI in the process of gene delivery.
It has been found that many types of nanoparticles could

induce complement activation in serum to varied extents.61,62

Heat inactivation (HI) by incubating serum at high temper-
ature (e.g., 56 °C) for a certain period (e.g., 30 min) is a
procedure commonly applied in the cell culture to destroy the
complement activity in the serum. We then tested the EGFP
transfection by UCNP-PEG@2×PEI on HeLa cells with cell
cultures supplemented with either non-HI normal serum or HI
serum. Compared with the gene transfection efficiencies of
UCNP-PEG@2×PEI in the presence of normal serum, those
obtained in cell culture with HI serum were dramatically lower
(Figure 7d). Thus, it is likely that a range of different proteins,
possibly including those involved in a complementary
activation system, could contribute to the enhanced cellular
uptake of nanoparticles and subsequently the increased gene
transfection efficiency when UCNP-PEG@2×PEI is used as the
gene vector (Figure 7e).

4. CONCLUSIONS
In summary, we design a new type of surface-coating strategy to
functionalize UCNPs and render them excellent gene trans-
fection ability. In such a design, UCNPs, which could serve as
imaging probes for dual-modal optical imaging and MRI, are
first conjugated with PEG to acquire physiological stability and
then coated with one or two layers of PEI polymers to obtain
gene loading ability. It is found that two layers of PEI coatings
offer nanoparticle reduced cytoxicity and enhanced gene

transfection ability compared to those with only one PEI
layer. In comparison with PEI, our UCNP-PEG@2×PEI
complex shows much lower toxicity and slightly lower
transfection ability in the absence of serum. Notably, the
existence of serum, which largely inhibits the transfection
activity of PEI, would greatly promote the EGFP transfection
with UCNP-PEG@2×PEI. This is possibly owing to the
formation of protein corona on the particle surface, which, on
the one hand, would not reduce the stability of nanoparticles
because of the existence of PEG and, on the other hand, could
induce the receptor-mediated endocytosis to promote cellular
uptake of nanoparticles and thus the gene transfection. Our
work not only highlights the promise of UCNP-PEG@2×PEI
as a novel imaging-trackable nanovector for safe and efficient
gene delivery in vitro and potentially in vivo but also suggests
that well-engineered surface chemistry is critical in the
development of other types of nanoparticle-based gene-delivery
vectors.
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