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The cellular uptake efficiency of nanostructures has been demonstrated to be highly dependent on the
surface charge, size and shape although the cellular internalization process is still far from being well-
understood. In this work, a series of NaYF,:Yb**, Er** upconversion nanoparticles (UCNPs) with different
morphologies and surface coatings were prepared to explore the influence of surface charge and
morphology on the cellular internalization process with single-particle fluorescence microscopy. It is
found that the higher the surface charge and larger the surface-to-volume ratio of the nanoparticles, the
more efficient the cellular uptake will be. Particularly, the surface charge is demonstrated to be
the primary influence factor for small sized nanoparticles on the cellular uptake process. By blocking the
endocytosis routes with temperature modulation (from 37 to 4 °C) or introduction of chemical inhibitors
(dynasore and genistein), multiplexed mechanisms are found to be involved in the cellular uptake
process, including clathrin- and caveolae-mediated endocytosis, physical adhesion and penetration, and

Received 22nd April 2018 so on. Moreover, in the aspect of size effect, an energy-dependent endocytosis process plays a more
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important role for larger size particles. In short, this study presents a pattern of cellular internalization

DOI: 10.1039/c8sc01828f pathway for the nanoparticles with different morphologies and surface charges, which would provide

rsc.li/chemical-science useful information for the development of robust drug delivery systems.

and biological processes and thus to design efficient nanoscale
delivery systems.'>*

Introduction

Over the past few decades, nanoscale materials have aroused
great attention in biological imaging and molecular sensing
owing to their unique optical properties, small size, favourable
biocompatibility and ease of functionalization.'”® Particularly,
a variety of functional nanomaterials have been developed as
delivery vehicles in the field of therapy and diagnosis, which are
administered to biological fluids and tissues.®** Investigating
the interaction of nanoparticles with cells is significant to
understand a wealth of mechanistic information about cellular
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Several strategies have demonstrated that slight alterations
in the surface charge, size and geometry of the nanostructure
greatly influences the extent and rate of its cellular internali-
zation efficiency.” However, the majority of those studies
basically focus on nanospheres.*®” The roles of size and shape
of the nanoparticle in the process of cellular uptake, especially
the differences between two- and three-dimensional (2- and 3-D)
structures, still lack comprehensive characterization. For
example, no elucidation on the differences of the cellular
uptake efficiency between the particles with different surface-to-
volume ratios (i.e., from a plate to a rod structure with the same
cross-sectional area) has been provided. In addition, there is
a lack of related studies on the nanoparticles of large size
(hundreds of nanometers or even micron level), which have
been frequently utilized for drug delivery.

Up to now, many nanomaterials, including noble metal
nanoparticles,'®'® hybridized inorganic nanostructures," and
polymeric composites,”*** have been employed for studying the
cellular internalization using optical microscopy, transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). However, these nanomaterials typically do not fluoresce.

This journal is © The Royal Society of Chemistry 2018
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It is difficult to visualize and reveal details in situ at the
subcellular level with high temporal and spatial resolution.**
This problem has then been addressed by doping nano-
materials with organic dyes to give fluorescence signal in several
studies,'®** where they still suffer from poor photostability,
limited signal-to-noise ratios and undesired biocompatibility.*
UCNPs, as a new class of lanthanide-doped fluorescent mate-
rials, have been used for drug/gene delivery**” due to their low
cytotoxicity, sharp emission bandwidth, high quantum yield
and superior photostability.>»**=*° Importantly, compared with
organic dyes and other popular inorganic fluorescent materials,
UCNPs can convert low energy near-infrared light into high
energy emission,** which significantly reduces the auto-
fluorescence from biological samples.**** More importantly,
these particles are harmless to cells.?*

In this work, a series of NaYF,:Yb>", Er** UCNPs have been
prepared to explore the cellular uptake pattern of nanomaterials
with 2- and 3-D structures at the single-particle level. Specifi-
cally, four types of UCNPs, with good mono-dispersibility and
photostability, were synthesized through a modified hydro-
thermal method. The UCNPs were endowed with different
charges by coating them with polyacrylic acid (PAA), poly-
vinylpyrrolidone (PVP) and polyethyleneimine (PEI). Then the
polymer-coated UCNPs with different morphologies were co-
cultured with HeLa cells (as a model of cancerous cell lines)
to explore the effect of surface charge and morphology on the
cellular internalization efficiency. From the fluorescence
microscopy images, it is found that the nanoparticles with
positive surface charge and large surface-to-volume ratios are
more likely to be taken up by cells. By blocking the endocytosis
process with temperature modulation (from 37 to 4 °C) or
introduction of chemical inhibitors (dynasore and genistein),
multiple mechanisms are demonstrated to co-exist in the
internalization process, including energy-dependent endocy-
tosis, physical adhesion and then penetration. Moreover, elec-
trostatic adsorption is the major impetus for small-size
nanoparticles, while energy-dependent endocytosis plays an
important role for large-size nanoparticles in the cellular
internalization process. Interestingly, when the energy-
dependent endocytosis process is inhibited, the role of the
charge effect is found to be gradually weakened with increased
particle size. The findings deciphered herein would have valu-
able implications in the design of nanostructures for biomed-
ical applications.

Experimental

Chemicals and materials

Y(NO;);-6H,0, Yb(NO,),-5H,0, Er(NO;);-5H,0, NaF, and 3-
aminopropyltrimethoxysilane were all purchased from Sigma-
Aldrich (St. Louis, MO, USA). PAA and PEI were obtained from
Aladdin Reagent Co. Ltd (Shanghai, China). PVP was bought
from J&K Scientific Ltd (Beijing China). All other chemicals were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All reagents were of analytical grade and
used without further purification.
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Characterization

Scanning electron microscopy (SEM) measurements were per-
formed on a field emission scanning electron microscope (JEOL
JSM-7500F). X-ray diffraction (XRD) measurements of the dry
powder were performed on a RIGAKU D/MAX 2500 X-ray
diffractometer (Japan) using Cu-Ko radiation by depositing
powder on a glass substrate from 26 = 10° up to 60° with a 0.5°
increment. Fourier transform infrared spectroscopy (FT-IR)
measurements were recorded using a Nicolet Avatar 370
instrument (Thermo Fisher Scientific, Inc., Waltham, MA). The
{-potential of nanoparticles was characterized by dynamic light
scattering (DLS) (Zetasizer Nano-ZS90, U.K.). Fluorescence
spectroscopy measurements were performed on a Hitachi
F-4600 fluorescence spectrometer (Hitachi, Ltd, Japan).

Synthesis of NaYF,:Yb**, Er** UCNPs

Y(NO;);-6H,0 (2.0 mL, 0.2 M), Yb(NO,); - 5H,0 (0.45 mL, 0.2 M)
and Er(NO3);-5H,0 (0.05 mL, 0.2 M) were successively added to
22.5 mL of trisodium citrate aqueous solution (0.05 M). Then,
NaF solution (10 mL, 0.625 M) was added to the mixture after
vigorous stirring for 30 min. The solution was stirred for
another 1 h before the pH of mixture was adjusted to about 3 by
adding dilute HNO; solution. Afterwards, the as-obtained
solution was transferred into a 50 mL autoclave and main-
tained at 180 °C for 6 h. Finally, the products were collected by
centrifugation, washed with ethanol three times, and then dried
in a vacuum oven at 60 °C, which was denoted as UCNP-1. The
elongated UCNP-2, UCNP-3 and UCNP-4 could be obtained by
changing the molar ratios of sodium citrate : rare earth ions
from the original 90: 1 to 50 : 1, 30 : 1, and 10 : 1, respectively.

Decoration of UCNPs with polymers

A ligand exchange method was used for the surface function-
alization of UCNPs.* Briefly, dried UCNPs (2 mg) were
dispersed in 2 mL PAA aqueous solution (5 mg mL™") and
stirred overnight. The solution was centrifuged to remove
unreacted reagents and the precipitate was washed with
deionized water three times. The product was re-dispersed in
deionized water and stored at 4 °C. The UCNPs-PEI and UCNPs-
PVP were obtained by the same procedures.

An optical microscope for UCNP imaging

A modified upright optical microscope (Olympus, Japan) was
utilized for the single-particle imaging experiments. The laser
beam from a fiber-coupled 980 nm cw laser was expanded with
a collimating lens and projected to the back port of the filter
cube. The light was then reflected by a short-pass dichroic
mirror and focused at the back focal plane of the objective. The
emitted fluorescence from the UCNPs was collected by the
objective and filtered with a band-pass filter. A Hamamatsu
sCMOS camera was used to capture the image for the single-
particle imaging experiments. All data were analyzed using
Image] (http://rsbweb.nih.gov/ij/).
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Cytotoxicity assay

The cytotoxicity assay of PAA-, PVP-, and PEI-capped UCNPs was
conducted using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a tetrazole) test. HeLa cells
were seeded in 96-well plates with a density of 3 x 10* cells per
well and cultured for 8 h under the conditions of 37 °C and 5%
CO,. After being washed with PBS, the cells were cultured with
various concentrations of PAA-, PVP-, and PEI-coated UCNPs
(0,1,2,4,8,16, 32, 64, 125, 250, 500, and 1000 ug mL~"). After
incubation for 24 h, the culture medium was discarded and
MTT solution (20 pL, 5 mg mL™~ ") was added to each well for
another 4 h. Then the supernatant was removed from each well
and 100 uL DMSO was added. Cell viability was measured using
a microplate reader at a wavelength of 490 nm.

Cellular uptake experiments

HeLa cells were firstly cultured in Dulbecco's modified Eagle's
medium (DMEM) containing 10% fetal bovine serum (FBS)
under the conditions of 37 °C and 5% CO,. Then the cells were
seeded on a glass slide in a Petri dish and cultured overnight to
reach an appropriate cell density.

For cellular uptake experiments, the culture medium in the
Petri dish was removed and the cells were washed three times
with PBS. Polymer-coated UCNPs with different morphologies
were dispersed in DMEM (0.04 mg mL ") and then these solu-
tions were subsequently co-incubated with the cells for 4 h at 37
and 4 °C, respectively. Prior to fluorescence imaging experi-
ments, the medium was removed and the cells were washed
three times with PBS buffer to remove non-specifically bound
UCNPs on the cell surface.

For the chemical inhibitor treatment experiments, the cells
in Petri dishes were incubated for 1 h after being treated with
dynasore (20 pL, 5 mM), genistein (20 uL, 15 mM) and a mixture
of dynasore (20 pL, 5 mM) and genistein (20 pL, 15 mM),
respectively. The redundant reagents were removed by washing
cells three times with PBS. After retreatment with the above
reagents, the cells were co-incubated with four types of UCNPs-
PEI (20 pL, 0.4 mg mL™ ") for 2 h, respectively, before fluores-
cence microscopy imaging.

Results and discussion

Synthesis and characterization of UCNPs with different
morphologies

Recently, a range of approaches have been developed to prepare
lanthanide-doped UCNPs.**** Among these approaches, ther-
molysis has been most widely employed to yield high-quality
UCNPs of a narrow size distribution, good crystallinity and
outstanding optical properties.*” However, this method suffers
from some drawbacks that limit its further applications, such
as harsh reaction conditions, hazardous precursors, toxic
byproducts and low upconversion quantum yield.*** In
contrast, a hydrothermal method displays the advantages of
facile reaction conditions and non-toxicity. More importantly,
the resultant product tends to exhibit a well-controlled crystal
phase, size and shape, and hence hydrothermal methods are
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considered to be an ideal alternative to other conventional
methods.*>*

In this work, the NaYF,:Yb**, Er* UCNPs were synthesized
through a modified hydrothermal method according to previ-
ously reported procedures, in which sodium citrate was served
as the protective agent.**** Fig. 1a shows the scanning electron
microscopy (SEM) images of the synthesized UCNPs with
desirable uniformity and mono-dispersibility. Apparently, by
adjusting the dosage of sodium citrate, four kinds of UCNPs
with varying sizes and shapes were readily obtained. In detail,
when the molar ratio of sodium citrate and rare earth elements
is 90: 1, the UCNPs display a 2-D hexagonal thin slice-like
symmetry structure (diameter = 375 nm, UCNPs-1). By
reducing the ratio to 50:1 and 30 : 1, another two kinds of
nanoparticles were acquired, UCNPs-2 and -3, which show
typical a 3-D hexagonal column structure with identical diam-
eters (500 nm) but with different lengths (200 and 650 nm,
respectively). The morphology of the nanoparticles changed to
a long rod shape when the molar ratio became 10 : 1 (UCNPs-4).
As confirmed by the XRD patterns in Fig. S1,T the products are
single phase hexagonal NaYF, (PDF no. 16-0334). Two emission
peaks at 550 and 670 nm were noted in the fluorescence spectra
of UCNPs-1, -2, -3 and -4 under 980 nm excitation, Fig. S2.}
Apparently, despite the differences in the shapes of the nano-
particles, the fluorescence spectra of UCNPs still remain
constant.

Since the fluorescence property is essential for the subse-
quent cellular imaging, we next explore the optical characteris-
tics of UCNPs at the single-particle level. Typical epi-fluorescence
images of UCNPs on the cover glass surface are shown in Fig. 1b.
The UCNPs as-prepared in this work are well-dispersed. The
brightness is a key parameter to evaluate the potency of the
nanoparticle for cellular tracking and imaging. Therefore,
single-particle fluorescence intensities of UCNPs-1, -2, -3 and -4
were further analyzed and are depicted in Fig. 1c. As shown in
the statistically analyzed single-particle intensity histogram, the
fluorescence intensity of UCNPs with different morphologies
showed good Gaussian distribution and increased gradually
with size, which was consistent with the size increment as shown
in Fig. 1a. In addition to the brightness assay, the photostability
of these UCNPs at the single-particle level is another important
argument, which may lead to degrading signal-to-noise ratios
and thus harming the spatial localization as well as temporal
resolution. We then monitored the fluorescence stability of the
four kinds of UCNPs. Representative fluorescence intensity
tracks as a function of time from individual spots in the fluo-
rescence images are shown in Fig. 1d. Evidently, the four kinds
of UCNPs exhibit neither photobleaching nor photoblinking
within the observation window, further demonstrating their
good optical stability for single-particle imaging.

The cytotoxicity of polymer-coated UCNPs

As noted before, the surface charge of nanoparticles is one of
the essential factors regulating their cellular translocation
process. In this regard, PAA, PVP and PEI were chosen to endow
the UCNPs with different surface charges for their distinctive

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc01828f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 Mai 2018. Downloaded on 04.04.2026 05:03:52.

(cc)

View Article Online

Edge Article Chemical Science
400 400 320 400

<), 5 5 5
é 320 8 320 _g 240 g 320
5240 ) H 2240
£ € 160
° o o 3
2160 160 £ £
c c 3
3 380
g g 80 K g w

- - - 06 15000 30000 45000 60000
0 2000 4000 6000 8000 0 4000 8000 12000 16000 20000 0 6000 12000 18000 24000 45000
Fluorescence intensity Fluorescence intensity Fluorescence intensity Fluorescence intensity

d) - Ty - -~
3 = 3 3
] SREEE—— L) SRR Shoooooooooooooo ) S,
® [ 7]
el ____| eboo o] 2 R 2
g 2 2 2
£ £ £ =

0 2 4 6 8 100 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s) Time (s) Time (s)
Fig. 1 (a and b) are the SEM and single-particle fluorescence microscopy images of UCNPs-1, -2, -3 and -4. (c) Fluorescence intensity distri-

bution histograms of the corresponding UCNPs. (d) Representative single-particle fluorescence intensity tracks as a function of time in (b).

hydrophilic properties, variety in active groups and outstanding
biocompatibility.*>*” As shown in Fig. 2a-d, the zeta potentials
of the four kinds of UCNPs were significantly altered after the

a

Zeta potential (mV) ~
[ N A @
S o & & 3

A
3

D

Counted number~
- »n w »

- =3 » »n =3
o o o o o

o

ligand exchange process. UCNPs-PAA and -PEI show obviously
negative and positive {-potentials, respectively, which can be
interpreted as the consequence of the ionization processes of

UCNPs-1 s2a | D) & UCNPs-2 w2 |C) ® UCNPs3 55 | d) . UCNPs-4 %538
S S 4 354 s
215 E 263 E Eax 224
S 20 s s
: 2 20 g 10
5 0 ™ 2
i 2 g g0
137 £ 20 20 % 0
K 235 N N N 32
o L4 s O Y 392
UCNPs UCNPs-PAAUCNPs-PVP UCNPs-PEI UCNPs  UCNPs-PAAUCNPs-PVP UCNPs-PVP UCNPs  UCNPs-PAAUCNPs-PVP UCNPs-PEI UCNPs  UCNPs-PAA UCNPs-PVP UCNPs-PEI
~©-UCNPs-PAA f) 400 -0-UCNPs-PAA g) 350 ~©-UCNPs-PAA h) 350 ~©-UCNPs-PAA
~0-UCNPs-PVP ~o-UCNPs-PVP ] ~0-UCNPs-PVP & 555 -0-32:25-:::’
-4-UCNPsPEl @ 320 ~4-UCNPsPEI & 280 —4-UCNPs-PEl 9 =#=UCNPs

N
=
S

UCNPs-1

Counted num
(-3 ;
o o

o

0 2000 i 0
Fluorescence intensity

4000 6000

8000 0

UCNPs-2

5000 i 0
Fluorescence intensity

10000 15000

nN
=
°

Counted num
oy
2
3

20000

UCNPs-3

18000

0 6000 ) 0
Fluorescence intensity

12000

24000 0

»N
=
°

UCNPs-4

Counted num
-
N B
o o

o

15000 0 ]
Fluorescence intensity

30000 45000 60000

Fig. 2 {-Potential (a—d) and single-particle fluorescence intensity distribution histograms (e—h) of polymer-coated UCNPs-1, -2, -3 and -4.
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carboxyl and amino groups from PAA and PEI, respectively.
The UCNPs-PVP with four shapes exhibit a slightly positive
{-potential, which may be attributed to the protonation of the
pyridinyl nitrogens on surface-bonded PVP moieties.”” The
differences in zeta potentials supported the successful conjuga-
tion of different polymers onto their corresponding UCNPs, which
was further confirmed by FT-IR spectra (Fig. S3f). It is worth
noting that regardless of their morphologies, the trends of ¢-
potential from these UCNPs after the surface modification are the
same. Next, the optical properties of the polymer-coated UCNPs
were also assessed based on the statistical fluorescence intensity
analysis. As indicated in Fig. 2e-h, compared with the untreated
UCNPs, the fluorescence intensity of polymer-coated UCNPs still
retains a similar Gaussian distribution without apparent change
in intensity, indicating that the polymer did not display influence
on the fluorescence performance of UCNPs. Biocompatibility is
a crucial issue that needs to be characterized prior to the cellular
uptake and imaging studies. On this basis, the cytotoxicity of
polymer-coated UCNPs as a function of mass concentration was
evaluated by the MTT colorimetric assay after 24 h incubation. As
shown in Fig. 3, only a slight decrease in cell viability was observed
when the dosage of nanoparticles increased by 1000-fold. For
example, about 80% of cells still survived even at a mass
concentration of 1000 pug mL ™", which is much higher than the
dosage used for the cellular uptake experiments. It is worth noting
that the cell viability at the same mass concentrations is almost
the same among the particles with different sizes and surface
charges, suggesting the good biocompatibility of the UCNPs.
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Surface charge- and morphology-dependent cellular uptake
process

In order to understand the effect of surface charge and
morphology on the cellular internalization, UCNPs-PAA (nega-
tively charged), -PVP (weakly positively charged) and -PEI
(strongly positively charged) with various shapes were utilized
to perform cellular uptake experiments. After incubation with
different polymer-coated UCNPs at 37 °C for 4 h and then
rinsing with PBS buffer three times, the HeLa cells were imaged
with a fluorescence microscope under 980 nm excitation.

Representative microscopy images are shown in Fig. 4.
Because of the superior fluorescence stability and mono-
dispensability of these UCNPs in physiological buffer, the
amount of particles inside the living cell could be statistically
analyzed through the equation N = F,/F;, where N is the number
of particles inside the cell, F; is the whole fluorescence intensity
from the individual cell, and F; is the measured fluorescence
intensity from a single particle under the same imaging
condition. The statistically counted number from single cells is
plotted in Fig. 5a.

Apparently, whatever morphologies they are, the dosage of
UCNPs-PEI within HeLa cells is the highest. The order of cellular
uptake efficiency was UCNPs-PEI > UCNPs-PVP > UCNPs-PAA,
indicating that the positively charged nanoparticles are more
favourably taken up by cells. It is largely ascribed to the electro-
static attraction between the nanoparticles and negatively
charged cytoplasmic membrane, which may be the primary
driving force to regulate the cellular uptake of nanoparticles.
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Fig. 3 Relative cell viability of Hela cells after being treated with different polymer-modified (a) UCNPs-1, (b) UCNPs-2, (c) UCNPs-3 and (d)
UCNPs-4 with concentrations ranging from 0 to 1000 ug mL™? for 24 h.
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Fig. 4 The fluorescence microscopy characterization of Hela cells co-cultured with polymer-modified (a) UCNPs-1, (b) UCNPs-2, (c) UCNPs-3
and (d) UCNPs-4 at 37 °C for 4 h. The images from left to right are the bright-field, fluorescence and merged microscopy images, respectively.
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This journal is © The Royal Society of Chemistry 2018

Because of the highest translocation efficiency, taking
UCNPs-PEI as a model, we further explored the morphology
effect on the cellular internalization efficiency. As shown in
Fig. S4,1 the uptake dosage of UCNPs-PEI-1 with a 2-D hexag-
onal structure (a plate) is noticeably higher than those with 3-D
structures. Among the three UCNPs-PEI groups with 3-D struc-
tures, the internalization efficiency is quite varied from each
other. Specifically, although UCNPs-PEI-2 and UCNPs-PEI-3
display similar shapes and cross-sectional areas (0.184 x 103
pum?® and 0.158 x 107> um?, respectively), the uptake dosage of
UCNPs-PEI-2 is twice over that of UCNPs-PEI-3. The rod-shaped
UCNPs-PEI-4 displayed the lowest internalization efficiency
compared with the other types of UCNPs-PEIL These observa-
tions demonstrate that the cellular translocation efficiency
reduces gradually with the increase of nanoparticle size in the
aspect of particle number.

Through calculating the surface-to-volume ratio (S/V), it was
found that the uptake amount of UCNPs decreases with the
decline of the particle surface-to-volume ratio in the case of
nanoparticles with 3-D structures. (S/Vycnps-2 = 19.78; S/Viucnpss =
12.60; S/Vycnpsa = 6.11, respectively). This phenomenon is in

Chem. Sci,, 2018, 9, 5260-5269 | 5265


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc01828f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 Mai 2018. Downloaded on 04.04.2026 05:03:52.

(cc)

Chemical Science

good agreement with the above observation that the nanoparticles
with relatively small size (volume) are liable to enter cells. A
conceivable explanation for these results is that large-sized
nanoparticles require stronger driving force and additional
energy in the cellular uptake process.** Nanoparticles with larger
surface-to-volume ratios possess more effective surface areas for
contact with cell membrane, which is beneficial for their cellular
internalization.

Additionally, we found that in the process of converting
nanoparticle morphology from 2- (i.e., UCNPs-1) to 3-D (i.e.,
UCNPs-2), the uptake dosage of positively charged nano-
particles (UCNPs-PEI) exhibited only about an 11.6% decline,
while that of negatively charged nanoparticles (UCNPs-PAA)
decreased by 43.5%. Further increasing the size of nano-
particles (UCNPs-3 and -4), a comparably sharp decline in the
uptake efficiency was observed from both positively and
negatively charged particles (Fig. 5b). Combined with these
observations, it can be concluded that physical adhesion
(i.e., electrostatic association) is the initial and primary
impetus for small size nanoparticles during the translocation
process. Whereas, when the size of the particle grows, the
role of charge is diminished and particle morphology

a)

UCNPs-PAA-1

UCNPs-PVP-1 |

UCNPs-PEI-1

c)

UCNPs-PAA-3

UCNPs-PVP-3

UCNPs-PEI-3
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becomes the major modulation factor during the cellular
uptake process.

Temperature-modulated cellular uptake process

Athorough understanding of the cellular uptake mechanisms is
important for the design of nanocargos.* To further reveal the
detailed effects of energy-dependent endocytosis on the nano-
particles with different morphologies, the polymer-UCNPs were
cultured with HeLa cells at 4 °C to block the energy-dependent
endocytosis. A noticeable difference in the fluorescence inten-
sity was detected between the two sets of experiments, ie.,
37 and 4 °C, respectively (Fig. 4 and 6). At 4 °C, few UCNPs could
still enter the cells, demonstrating that multiplexed mecha-
nisms are involved in the cellular uptake process, such as
endocytosis, physical adhesion and then penetration.

The quantitative statistics of nanoparticles within cells
according to the fluorescence intensity analysis is shown in
Fig. 5c. Compared with the results at 37 °C, the cellular uptake
amount of UCNPs-PEI-1 with a 2-D structure at 4 °C declined to
71.5%, while that of the other 3-D UCNPs-PEI materials drop-
ped to around 80%, indicating that the cellular uptake of

b)

UCNPs-PAA-2

UCNPs-PVP-2

UCNPs-PEI-2

d)

UCNPs-PAA-4

UCNPs-PVP-4

UCNPs-PEI-4

Fig. 6 The fluorescence microscopy characterization of Hela cells co-cultured with polymer-modified (a) UCNPs-1, (b) UCNPs-2, (c) UCNPs-3
and (d) UCNPs-4 at 4 °C for 4 h. The images from left to right are the bright-field, fluorescence and merged microscopy images, respectively.
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a)

UCNPs-1

UCNPs-1+G

UCNPs-1+D

UCNPs-1+G+D [

c)

UCNPs-3

UCNPs-3+ G

UCNPs-3+D

UCNPs-3+ G+D

Fig.7 The fluorescence microscopy images of Hela cells co-cultured with (a

UCNPs-2+ G

2 2opm
o .
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b)

UCNPs-2

UCNPs-2+G+D

UCNPs-4

UCNPs-4+ G
UCNPs-4 + D

UCNPs-4+G+D

) UCNPs-PEI-1, (b) UCNPs-PEI-2, (c) UCNPs-PEI-3 and (d) UCNPs-

PEI-4 for 2 h at 37 °C without drug treatment (first row), with genistein (second row), dynasore (third row), and both of them (last row),
respectively. The images from left to right are the bright-field, fluorescence and merged microscopy images, respectively.

UCNPs-PEI-1 is less affected by temperature over other size
particles (Fig. 5d). According to the above results, it could be
concluded that, on the consideration of the non-endocytosis
process, physical association plays a more important role in
the cellular internalization for 2-D nanoparticles in comparison
with other larger positively charged nanoparticles. In addition,
among the UCNPs with the same shape, positive nanoparticles
(UCNPs-PEI) were still superior in intracellular translocation.

Effects of chemical inhibitors on the cellular internalization
of positively charged UCNPs

Clathrin- and caveolae-mediated endocytosis processes are the
most extensively studied endocytosis pathways for non-phagocytic
eukaryotic cells. On this account, we further cultured HeLa cells
with dynasore (an inhibitor of dynamin) and genistein (an
inhibitor of tyrosine protein kinase) to study the detailed roles of
the endocytosis process on the positively charged nanoparticles
with different sizes. As shown in Fig. 7 and S5, the cellular
internalization amount of UCNPs-PEI was significantly decreased

This journal is © The Royal Society of Chemistry 2018

when the cells were pretreated with the above two chemical
inhibitors, respectively. No discernible difference was found when
the cells were treated with either dynasore or genistein (row 2 and
3 in Fig. 7), indicating that the two pathways may share an equal
role in the cellular translocation process. Whilst, a weak green
fluorescence signal could still be detected in HeLa cells when the
two reagents coexist, suggesting that other mechanisms should be
involved in this process, such as macropinocytosis and clathrin-
and caveolae-independent endocytosis.

Conclusions

In summary, in this work, the effects of surface charge and
morphology on the cellular uptake kinetics of 2- and 3-D
nanostructures were extensively explored with single-particle
optical microscopy. Four kinds of NaYF,:Yb®", Er*" nano-
structures with 2- and 3-D morphologies (specifically, with the
same cross-section and different lengths) were synthesized. By
taking advantage of the superior optical properties of UCNPs,
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the nanoparticles inside the living cells could be readily
analyzed without any background noise from the cellular
substrate. According to the fluorescence microscopy imaging
results, it was found that: (1) the nanostructures with positive
surface charge and large surface-to-volume ratios (with the
same cross-sectional area) exhibited higher efficiency for
cellular uptake. Physical adhesion (i.e., electrostatic associa-
tion) is the initial and primary impetus for small size nano-
particles during the translocation process; (2) when the size of
the particle grows, the role of surface charge is weakened and
particle morphology becomes the major modulation factor
during the cellular uptake process; (3) multiplexed mechanisms
involved in the cellular uptake process, such as endocytosis,
physical adhesion. Clathrin- and caveolae-mediated endocy-
tosis processes are the essential routes on the aspect of energy-
dependent process. These findings would provide important
guidance for the design of nanosystems for functional material
translocation.
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