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Chapter 4. 

Effects of Surface Modification of 
Upconversion Nanoparticles on Cel- 
lular Uptake and Cytotoxicity 
 

Lanthanide-doped upconversion nanoparticles (UCNPs) have shown great 
promise for applications in biomedical imaging and therapy. For their actual 
application it is, however, a prerequisite that the interaction of such 
nanoparticles with mammalian cells is elucidated. In this article 
NaYF4:Yb3+,Er3+ nanoparticles are prepared without any ligands (Bare), and 
coated with 2-aminoethyl dihydrogen phosphate (AEP), polyacrylic acid (PAA) 
or polyallylamine (PAAm) via a simple two-step ligand exchange of oleic acid 
capped NaYF4:Yb3+,Er3+ nanoparticles. We show that after surface 
modification the crystal structure and TEM size distribution of the 
nanoparticles remain the same, that there is no significant change in 
upconversion luminescence and that the nanoparticles retain a good 
dispersibility in aqueous solution. Clear differences are observed, on the other 
hand, in the surface charge and hydrodynamic diameter. The cellular uptake 
and cytotoxicity of the nanoparticles are studied on two different cell lines, 
breast cancer MCF-7 and fibroblast 3T3. Confocal microscopy images 
demonstrate that PAAm-coated UCNPs can enhance cellular uptake and 
endocytosis, while AEP- and PAA-coated UCNPs show a very low level of 
nonspecific adsorption. Biocompatibility studies based on MTT assay, 
however, indicate that the PAAm-coated UCNPs show more toxicity than the 
other two. These results are critical in building the knowledge base required to 
design UCNPs to be used efficiently and specifically. 
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4.1 Introduction 

Since the early 1990s, enormous efforts worldwide have been proceeded 
on producing series types of nanomaterials with diameters in the range of 1–
100 nm.[1-4] Owning to their unique physical, chemical, and biological 
properties, nanoparticles have attracted booming interests in biomedical 
application like molecular imaging,[5] drug delivery,[6] and tissue engineering[7] 
etc. In particular, the nanoparticles are believed to have the potential to assist 
in delivering imaging contrast agents, therapeutic drugs or genetic materials 
to targeted lesion tissue, and make the delivery procedures more precise, 
more effective, and less harmful to healthy tissues and organs.[8] Although 
most of the present researches are still focusing on polymer nanoparticles 
such as polyglycolic acid (PLGA) and chitosan,[9-11] a numerous 
(number/amount) of inorganic nanomaterials like silica nanoparticles,[12] 
magnetic nanoparticles,[13] carbon materials,[14] metallic nanoparticles (like 
silver, gold),[15,16] and upconversion nanoparticles[17-20] have also been widely 
utilized for drug delivering in laboratory with great prospect. Especially for the 
lanthanide ions (Ln3+) doped upconversion nanoparticles (UCNPs) that 
possessing unique optical properties of near-infrared light excitation, have 
attracted enormous attention in cellular and animal fluorescence imaging in 
improving the tissue imaging depth, multimodal imaging of combined 
fluorescence imaging (FI), magnetic (MRI) and positron-emission transverse 
tomography (PET) etc.[21-25] Besides molecular imaging, UCNPs show also 
great potential as vehicles for photodynamic therapy (PDT),[26-28] gene 
therapy,[29,30] and chemotherapy[31] benefiting from the great surface areas. 
Moreover, the high physicochemical stabilities of UCNPs provide also a 
prerequisite for wide application of this material for in vivo biomedical 
applications in the future.  

Because molecular imaging, drug delivery and intracellular gene delivery 
are dependent on the cellular uptake efficiency of nanoparticles, thus the 
understanding of the interaction of nanoparticles with cells is critical for 
fundamental design of the nanoparticles for these biomedical applications.[32] 
From the increasing number of scientific reports published on both in vitro and 
in vivo investigations of the wide-range organic and inorganic nanoparticles in 
the past few decades, it turns out that the size, shape, and surface coating 
properties of the colloidal particles play an important role in modulating their 
interactions with cells.[33-38] For example, nanoparticles with diameter of 30 nm 
or less can be endocytosed by cells while the ones less than 12 nm might 
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cross the blood-brain barrier.[35] With these traits in mind various UCNPs 
synthesis methods and surfacing modification strategies including silica 
coating, polymer coating, ligand oxidation, electrostatic layer by layer 
assembly, and ligand exchange have been developed in last several years in 
order to improve their water-dispersibility and bio-compatibility.[17] But there 
are still not much systematic researches on the cellular uptake of different 
UCNPs at present. Only in 2011, Wong et al. synthesized three kinds of 
UCNPs with different polymer material coatings of polyvinylpyrrolidone (PVP), 
polyacrylic acid (PAA) or polyethylenimine (PEI), and studied their cellular 
uptake properties on in vitro cultured Hela cancer cells. Their study indicated 
that the positive charged UCNPs-PEI have higher uptake efficiency compared 
with other two nanoparticles and are thus more suitable for cell labeling.[39] 
Besides cellular uptake, the unexpected toxicity is also an important aspect 
for biomedical applications of UCNPs especially for in vivo imaging and 
therapy. The cellular uptake and toxicity interactions between such UCNPs 
and cells are, however, still under debate.  

In the present work, the cellular uptake and toxicities are studied using 40 
nm hexagonal phase NaYF4:Yb3+,Er3+ UCNPs with different surface ligand 
materials and charges, resulting from transferring the oleic acid (OA) capped 
hydrophobic nanoparticles into hydrophilic via a simple two-step ligand 
exchange strategy. Three typical surface ligands, 2-aminoethyl dihydrogen 
phosphate (AEP), polyacrylic acid (PAA) and polyallylamine (PAAm), are 
used to functionalize the NaYF4:Yb3+,Er3+ UCNPs. Two different mammalian 
cell lines of MCF-7 human breast cancer cells and NIH-3T3 mouse embryo 
fibroblast cells are employed to determine the cellular uptake and toxicity of 
the nanoparticles. This study provides a fundamental understanding of the 
effect of the surface charges of UCNPs on cellular uptake and toxicity, which 
shall benefit the design of upconversion nanoparticles for different biomedical 
applications.  

4.2 Experiments and Methods 

4.2.1 Synthesis and surface modification of NaYF4:Yb3+,Er3+ UCNPs  
NaYF4:Yb3+,Er3+ UCNPs were synthesized according to previously 

described methods.[40] In a typical procedure, 0.78 mmol of YCl3, 0.20 mmol 
of YbCl3, and 0.02 mmol of ErCl3 were put into a 100 mL flask and dissolved 
in 2 mL of deionized (DI) water to form a clear solution after vigorous stirring. 
Afterwards 6 mL of oleic acid (OA) and 15 mL 1-octadecene (ODE) were 
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added. This solution was heated to 100 °C for 10 min and then to 156 °C for 
30 min and subsequently allowed to cool to room temperature. A solution of 4 
mmol NH4F (0.1482 g) and 2.5 mmol NaOH (0.1 g) in 10 mL methanol was 
added, and the solution was kept at 55 °C for 30 min. After evaporation of 
methanol, the solution was heated to 300 °C under an argon atmosphere for 
1.5 h and cooled down to room temperature. The nanocrystals were 
precipitated with 10 mL acetone, collected after centrifugation, and 
redispersed in 10 mL of hexane.  

A two-step ligand exchange method as illustrated in Figure 4.1 was 
performed to render the hydrophobic UCNPs hydrophilic for further biological 
applications. Ligand-free UCNPs were made using a procedure reported 
previously.[41,42] In a typical process 10 ml hexane solution of oleate-capped 
UCNPs was added to a glass bottle containing 10 mL deionized water and 
stirred vigorously for 2 h at room temperature while maintaining the pH around 
4 by adding 0.1 M HCl solution. After the reaction was completed, oleic acid 
was removed from the aqueous solution by extraction for three times with 
diethyl ether. The bare UCNPs were collected by centrifugation and washed 
with acetone twice before being redispersed in water. To this solution of bare 
UCNPs ligand materials were added. Because of the high surface chemical 
activity, ligand molecules can readily react with dangling bonds on the ligand-
free UCNPs and form a coordinating bond. In the present studies one small 
molecule AEP, and two polymeric molecules PAA and PAAm were utilized to 
functionalize UCNPs by mixing them directly with bare UCNPs, and washing 
afterwards with water for at least three times in order to remove the excess 
ligand materials. 

 

Figure 4.1. Schematic representation of the two-step ligand exchange method (PAAm is 
illustrated here, AEP and PAA can be functionalized in the same way of PAAm) for 
turning UCNPs from hydrophobic into hydrophilic. 

4.2.2 Characterization of UCNPs 
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Transmission electron microscope (TEM) images were recorded on a 
JEOL-2010 TEM operated at an acceleration voltage of 200 kV. The TEM 
samples were prepared by dropping sample solutions (5 mg/mL in water) onto 
a 300-mesh carbon coated copper grid (3 mm in diameter) followed by 
evaporation of the solvent. Upconversion luminescence (UCL) spectra were 
recorded on a Hitachi F-4500 fluorescence spectrophotometer equipped with 
a commercial CW NIR laser (980 nm). Fourier transform infrared (FTIR) 
spectra of bare UCNPs, and UCNPs coated with AEP, PAA, and PAAm were 
measured with a Bruker Vertex 70 FTIR spectrometer. Hydrodynamic 
diameter and zeta (ζ) potential of UCNPs were determined using a Malvern 
Zetasizer Nano system.  

4.2.3 Confocal imaging 
The cancer cells were cultured in standard RPMI-1640 medium with a 

supplement of 10% fetal bovine serum (FBS), 1% penicillin and 1% 
streptomycin, and incubated in a humidified atmosphere at 37 °C regulated 
with 5% CO2. The UCNPs were sterilized in an autoclave at 121 °C for 30 min 
before being added to the cell culture. 

Two different cell lines of fibroblast cells 3T3 and breast cancer cells 
MCF-7 were separately seeded on sterile glass coverslips in six-well cell 
culturing plates. After 24 h, cell uptake experiments were performed by 
incubating both cell lines for 12 h with ligand free UCNPs as well as AEP, 
PAA, and PAAm functionalized UCNPs. Fluorescence imaging was 
conducted on a Nikon confocal microscope equipped with a Ti:sapphire 
pulsed laser. A narrow band pass filter (540-560 nm) was put in front of the 
CCD camera to block scattered laser light.[43] Before imaging, the cells were 
washed with a phosphate buffer saline solution for at least two times to 
remove the excess UCNPs that adsorbed nonspecifically on cell membranes. 

4.2.4 Cellular uptake and cytotoxicity study 
Cellular viability was performed by a standard MTT assay method to 

evaluate the biocompatibilities of UCNPs. Briefly, the culture medium was 
removed, and the cultures were washed twice with a phosphate buffered 
saline solution. 100 μl cell culture medium and 10 μl MTT solution (5 mg/mL) 
were added to each well and incubated at 37 °C for 4 h. When the purple 
precipitate of formazans crystal was clearly visible under a microscope, 200 μl 
of dimethylsulfoxide (DMSO) was added to each well and incubated in the 
dark for 2 h at room temperature until the purple crystal was dissolved 
completely. Absorbance was measured on a microplate reader (Bio-Rad) at 
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550 nm. The cell viability was expressed as a percentage of the control. All 
results are averages ± SD of three samples.  

4.3 Results and Discussion 

4.3.1 Synthesis and characterization of UCNPs 
Oleic acid (OA) is one of the commonly used ligands that can control the 

size and morphology of UCNPs. However, oleate-capped UCNPs have no 
intrinsic aqueous dispersibility and lack functional groups for biological 
functionalization. Further surface modification is thus always needed to render 
the hydrophobic nanoparticles hydrophilic. Different from traditional methods 
like silica coating, oxidation, one-step ligand exchange etc., a modified two-
step ligand exchange method has been developed as shown in Figure 4.1. 
Ligands on the surface of UCNPs are removed by HCl leading to bare UCNPs, 
and then functional ligands such as AEP, PAA, PAAm et al. are anchored 
onto the surface of the bare UCNPs. Because the functional groups like 
phosphate, amine and carboxylic acid have a high binding affinity toward 
lanthanide ions, these groups can readily coordinate with the bare UCNPs 
and produce UCNP-AEP, UCNP-PAA and UCNP-PAAm at room temperature. 
Compared with traditional one-step ligand exchange methods,[44] the two-step 
method is easier to execute. Moreover, it does not require large amounts of 
ligand materials and its efficiency is high. 

Figure 4.2 show TEM images of different surface modified UCNPs. The 
bare UCNPs have a narrow size distribution with an average diameter of 40 
nm (Figure 4.2A). The UCNPs feature a hexagonal structure with excellent 
crystallinity as evidenced by its typical selected area electron diffraction 
(SAED) pattern in Figure 4. 2B and the high-resolution TEM (HRTEM) picture 
in Figure 4.2C. Figure 4.2C clearly demonstrates the presence of 2D lattice 
fringes of the (111) and (200) planes of a single UCNP nanoparticle, indexed 
from their corresponding Fourier transform diagram (inset Figure 4.2C). 
UCNP-AEP, UCNP-PAA and UCNP-PAAm maintain the same morphology 
and size distribution properties as bare UCNPs (Figure 4.2 D, E and F), 
indicating that these ligand molecules interact only with surface-dangling 
lanthanide ions to perform coordinating bond without interfering the inner 
structure of UCNPs. 

Figure 4.3 displays FTIR spectra of the UCNPs with different ligands. The 
bands at 1732 cm−1 and 1580 cm-1 are attributed to the C=O stretching 
vibration modes of the free carboxyl groups and the asymmetric stretching 
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vibration modes of carboxylate anions, which can be considered as direct 
evidence for the polyacrylic acid coating for UCNP-PAA. The indicated bands 
at 1576 cm−1 and 1115 cm−1 can be assigned to the characteristic N-H 
bending and C-N stretching vibrations respectively, which confirm the 
presence of PAAm on UCNPs. Strong absorption bands centered at 1640, 
1108, and 1010 cm−1 are observed for UCNP-AEP, which are associated with 
the N-H bending vibration of amine groups and the O-P stretching vibration of 
phosphate groups of AEP, respectively. 

 

Figure 4.2. TEM characterization of NaYF4:Yb3+,Er3+ UCNPs with a series of surface 
coatings. (A) are ligand-free UCNPs. (B) and (C) are the selected area electron 
diffraction (SAED) pattern and high-resolution TEM images of these particles. The inset 
of (C) shows the corresponding fast Fourier transform diffractogram. (D), (E), (F) are 
TEM images of UCNP-AEP, UCNP-PAA and UCNP-PAAm, respectively. Scale bar is 100 
nm for panels A, D, E, and F. 

 

Figure 4.3. FTIR spectra of NaYF4:Yb3+, Er3+ nanoparticles with different surface 
coatings. Black curve is the bare UCNPs without any ligand, red curve is the UCNPs 
coated with PAA, purple curve is the UCNPs coated with PAAm, blue curve is the 
UCNPs coated with AEP. 
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Figure 4.4 and Table 1 report on the hydrodynamic diameter and zeta 
potential of the UCNPs coated with different ligands. The hydrodynamic 
diameter gives us information of the inorganic core along with any coating 
material outside as the nanoparticle moves under the influence of Brownian 
motion. Compared with the results obtained with TEM, the hydrodynamic 
diameter of UCNPs shows significant increase, which might be caused by the 
ligands materials and the solvent layer (water here) attached to the 
particles.[42,45] A small increase in the hydrodynamic diameters of the polymer 
coated UCNPs can also be observed clearly in compare with AEP coated 
UCNPs, which is in agreement with the chain length differences of the ligand 
materials. The ζ-potentials are given in Figure 4.4B. Different from the 
positively charged bare UCNPs, UCNP-AEP, and UCNP-PAAm, UCNP-PAA 
shows a negative charge (-37.9 mV). This can be attributed to the large 
number of carboxyl groups in PAA. The dramatic difference in ζ-potentials 
directly confirms the successful surface functionalization of UCNPs. Due to 
the modification with water-soluble and biocompatible ligand molecules, 
UCNPs show excellent stability in deionized water (several months) without 
any noticeable agglomeration, which makes them suitable for biomedical 
applications. 

 

Figure 4.4. Hydrodynamic diameter distribution (A) and ζ-potential (B) of 
NaYF4:Yb3+,Er3+ UCNPs with different surface coatings dispersed at the concentration of 
4 mg/mL in deionized water. 

Table 4.1. Hydrodynamic diameters and zeta potential of bare UCNPs and UCNPs 
coated with three different materials. 

NPs Average diameter (nm) Width (nm) Zeta potential (mV) 

Bare 87.1 28.1 45.5± 8.7 
AEP 90.6 24.5 35.4 ±7.5 
PAA 102.8 31.4 -37,9 ± 6.3 

PAAm 108.6 39.2 50.5 ±6.8 
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4.3.2 Upconversion luminescence properties 
Figure 4. 5 shows the upconversion luminescence spectra of UCNPs with 

different ligands in water. Similar upconversion luminescence is observed 
from these water dispersed UCNPs with or without ligand materials at the 
same concentration, indicating that the surface coatings have negligible 
influence on the upconversion mechanism of UCNPs. The upconversion 
luminescence can be split into two segments, a green region around 540 nm 
and a red region around 650 nm, ascribed to the 4S3/2-4I15/2 and 4F9/2-4I15/2 
transitions of Er3+ ions, respectively.  

500 550 600 650 700
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Figure 4.5. Upconversion luminescence spectra of polymer-coated UCNPs dispersed in 
water at a concentration of 4 mg/ml using 980 nm laser excitation. The laser power is 500 
mW/cm2. 

4.3.3 Surface effect on cellular uptake and endocytosis 
Figure 4.6 demonstrates that for incubation with positively charged 

UCNP-PAAm, numerous bright green luminescent spots illuminating the cell 
cytoplasm are clearly observed in both cell lines. On the contrary, bare 
UCNPs, UCNP-AEP and UCNP-PAA demonstrate under the same incubation 
and image acquisition conditions few illuminated spots with dimmed 
brightness. Z-scan imaging confirms that UCNP-PAAm is internalized into the 
cells (Figure 4.7). Figure 4.5 demonstrates that in aqueous media the 
efficiency for upconversion luminescence is similar for the various UCNPs. It 
is therefore reasonable to ascribe the larger number of bright green 
luminescent spots observed for UCNP-PAAm to its enhanced cellular uptake 
efficiency. This distinct cellular uptake efficiency can be interpreted as 
resulting from the electrostatic attraction of the negatively charged cell plasma 
membrane leading to a higher affinity towards UCNP-PAAm as opposed 
UCNP-PAA, and the long-chain alkyl property of UCNP-PAAm in compared 
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with UCNP-AEP. 

 

Figure 4.6. Bright-field (BF, left column), upconversion luminescence (UPL, middle 
column) and merged (right column) images of MCF-7 cells (A) and 3T3 cells (B) following 
12 h incubation with 50 μg/ml of our different surface modified UCNPs. From top to 
bottom are shown the images obtained with Bare UCNPs and coated with AEP, PAA, and 
PAAm, respectively. Excitation wavelength is 980 nm, emissions have been acquired in 
the 530-550 nm region. 

 

Figure 4.7. Z-scan confocal imaging obtained at different depths of MCF-7 breast 
cancer cells labeled with UCNP-PAAm when excited at 973 nm. The upconversion 
luminescence emission has been collected in the 540 nm wavelength region. 

4.3.4 Cytotoxicity research 
All of the studied UCNPs have potential as bioimaging nanoprobes due to 

their unique upconversion luminescence and good biocompatibility. However, 
cytotoxicity is a concern. The viability of MCF-7 and 3T3 cells after exposure 
to UCNPs with different coating molecules is given in Figure 4.8 using a 
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standard MTT assay. UCNP-PAA shows negligible cytotoxicity to both MCF-7 
and 3T3 cells, even at a high dosage of 0.5 mg/mL for 24 h. However, this is 
not the case for UCNP-PAAm. After treatment with 0.5 mg/mL of UCNP-PAAm 
for 24 h, the relative viability of MCF-7 and 3T3 cells is reduced to 70% or 
even less. The relative high toxicity of UCNP-PAAm might be caused by the 
higher endocytosis amount of UCNPs with PAAm encapsulation. Besides this, 
the surface coating molecules PAAm might also play a role in cytotoxicity. 
According to earlier reports [46,47], PAAm is a weak polyelectrolytes with pKa 
about 9, and the residual amino groups are almost fully charged at 
physiological pH, which resulting in a positive charge that alters greatly the 
cellular micro enviorment like the membrane potential. Thus we can infer that 
the moderate cytotoxicity of UCNP-PAAm at high dosages might also 
originate from the PAAm surface coating. Therefore, the endocytosis and 
cytotoxicity of UCNPs are subject to their surface charges, as well as other 
chemical properties of ligand materials used for surface modification. 
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Figure 4.8. Relative cell viability of MCF-7 (left) and 3T3 (right) cells after treating with 4 
UCNPs at different concentration ranging from 20 to 500 μg/mL for 24 h. Each data point 
is represented as mean of three duplicates. 

4.4 Conclusion 

Four different NaYF4:Yb3+,Er3+ UCNPs with different surface ligands and 
charges (Bare, PAAm, PAA, AEP) have been compared for their cellular 
uptake behavior and cytotoxicity employing the breast cancer cell line MCF-7 
and the fibroblast cell line NIH-3T3. All UCNPs have a similar size, a similar 
upconversion luminescence efficiency, and an excellent water dispersibility. 
However, their cellular uptake behaviors differ greatly. The PAAm coated 
UCNPs have the highest cellular uptake, but also with higher cytotoxicity. Our 
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experiments demonstrate that both surface ligands and charge of UCNPs 
determine cellular uptake efficiency. 
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