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Chapter 2. 

Covalent Upconversion Nanoplatform 
for Simultaneous Imaging and Photo-
dynamic Therapy of Cancer Cells 
 

A highly efficient multifunctional nanoplatform for simultaneous upconversion 
luminescence (UCL) imaging and photodynamic therapy (PDT) has been 
developed based on selective energy transfer from multicolor luminescent 
NaYF4:Yb3+,Er3+ upconversion nanoparticles (UCNPs) to photosensitizers 
(PS). Different from popular approaches based on electrostatic or 
hydrophobic interactions, over 100 photosensitizing molecules were 
covalently bonded to every 20 nm UCNP, which significantly strengthened the 
UCNP-PS linkage and reduced the probability of leakage/desorption of the PS. 
Over 80% UCL was transferred to PS and the singlet oxygen production was 
readily detected by its emission at 1270 nm. Tests performed on JAR 
choriocarcinoma and NIH 3T3 fibroblast cells verified the efficient endocytosis 
and photodynamic effect of the nanoplatform with 980 nm irradiation specific 
to JAR cancer cells. This work highlights the promise of using UCNPs for 
potential image guided cancer photodynamic therapy.  
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2.1 Introduction 

Photodynamic therapy (PDT) is an emerging therapeutic modality using 
photosensitizers (PS) and light irradiation to eradicate cancer tissues. Under 
proper light excitation, the PS can on the one hand interact with molecular 
oxygen and generate cytotoxic singlet oxygen (1O2, Type II) for killing cancer 
cells;[1-4] on the other hand, the inherent photoluminescence from PS can also 
be used for fluorescence imaging and localizing the diseases, which is often 
referred as photodynamic diagnosis (PDD).[4,5-7] However, photo-triggered 
theranostics based on traditional photosensitizing molecules are suffering 
mainly from the low signal to noise ratio (SNR), small tissue penetration depth 
and photo-bleaching of PS.[6] In addition, two different wavelength lights are 
always adopted to implement respectively imaging and therapy, which makes 
it difficult for real-time monitoring and evaluating PDT efficacy. For example, 
for 5-ALA administrated theranosis, excitation at 405 nm is adopted for PDD 
whereas 630 nm irradiation is applied for PDT. The contradictory 
requirements of high 1O2 production for PDT and strong fluorescence for PDD 
make it difficult to realize simultaneously imaging and therapy employing 
existing photosensitizers. Therefore it is very appealing to develop new 
photosensitizing nanoplatforms which can simultaneously perform on-site 
fluorescence imaging and photodynamic therapy under a single wavelength 
irradiation. 

Recently, lanthanide ions (Ln3+, such as Er3+, Tm3+, Ho3+) doped 
upconversion nanoparticles (UCNPs) have received much attention in 
biomedicine.[8-33] Because of the unique ladder-like energy level structures of 
Ln3+, UCNPs are able to convert NIR to visible lights efficiently.[34,35] Their 
application in fluorescence imaging has shown various benefits, including 
significantly improved tissue penetration depth, large Stokes-shift, reduced 
auto-fluorescence and enhanced photostability. Up to now, several 
approaches have been reported in developing PDT reagents based on 
UCNPs, like silica encapsulation,[27-29] polymer encapsulation,[30,31] and 
hydrophobic interaction.[32,33] The cytotoxic singlet oxygen is generated 
through photosensitizing molecules that are activated via an energy transfer 
process from excited UCNPs, wherein UCNPs play a role of energy 
transducer for NIR lights. Production of 1O2 is obviously dependent on the 
energy transfer efficiency which relies on the spectral overlap between the 
donor and acceptor, the distance between the two, as well as the amount of 
the photosensitizing molecules loaded on each UCNP. However, PS loading 
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efficiency of those noncovalently formed UCNP-PS complexes is usually low. 
For example, it was reported that following a hydrophobic interaction 
approach only about 5 zinc phthalocyanine (Zn-PC) molecules were linked to 
a 50 nm NaYF4:Yb3+,Er3+ nanoparticle, which was much less than the number 
of the donor (emission centers).[33] Besides, the desorption and/or leakage of 
PS from the nanoplatform is also a big concern. In a recent report a high 
excitation power density (>100 W/cm2) was still necessary in order to receive 
observable therapeutic effect, which indicated low singlet oxygen 
production,[30] even though large amount of meso-tetraphenylporphine (TPP, 
10 wt%) photosensitizers were originally co-localized within PEG layer 
functionalized NaYF4:Yb3+,Er3+ UCNPs via a flash nano precipitation (FNP) 
coating method. This phenomenon might be related to the poor stability of the 
originally loaded photosensitizers in UCNPs. In general, non-covalent 
adsorption is not an ideal approach in uploading photosensitizing molecules 
for energy transfer based PDT/PDD. 

To meet the demands of a high fluorescent intensity and a high 1O2 

production yield, we have in this work developed a multifunctional 
upconversion nanoplatform for simultaneous imaging and therapy. Upon NIR 
continuous wave (CW) laser excitation two upconversion luminescence bands 
of NaYF4:Yb3+,Er3+ peaking around 540 nm and 650 nm are employed for 
simultaneous PDD and PDT, respectively (Scheme 2.1). As mentioned above, 
a high PS loading is necessary to achieve a high energy transfer efficiency 
and subsequent high singlet oxygen production. To achieve this goal, a 
covalent conjugating strategy is adopted to link functionalized UCNPs with the 
photosensitizing molecule rose bengal (RB). Under 980 nm excitation singlet 
oxygen is readily detected via its emission at 1270 nm. To the best of our 
knowledge, this is the first time that 1O2 from upconversion nanoplatforms is 
directly probed. Relevant in vitro experiments on cancer and non-cancerous 
cells are performed to validate the design of the novel upconversion 
nanoplatform.  

2.2 Experimental Methods 

2.2.1 Synthesis of amino functionalized NaYF4:Yb3+,Er3+ UCNPs 
Hexagonal-phase NaYF4:Yb3+,Er3+ nanoparticles were synthesized by 

thermal decomposition of trifluoroacetate precursors in oleylamine following 
the earlier published methods.[36] In detail, 2 mmol of CF3COONa, 0.78 mmol 
of (CF3COO)3Y, 0.2 mmol of (CF3COO)3Yb and 0.02 mmol of (CF3COO)3Er 
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(all from GFS Chemicals) were dissolved in 12 mL oleylamine (Sigma Aldrich), 
and the mixture was heated to 120 °C for one hour with vigorous magnetic 
stirring to remove water and oxygen under argon flow protection. The mixture 
was then heated to 320 °C for one hour. After cooling down to 80 °C, the 
produced nanoparticles were washed with ethanol for at least three times and 
collected by centrifugation, and then dispersed in chloroform before further 
treatment. 

 

Scheme 2.1. Covalent conjugation of NaYF4:Yb3+,Er3+ UCNPs, photosensitizer RB and 
target molecule FA. 

In order to obtain amino-functionalized upconversion nanoparticles, a 
ligand exchange approach was adopted using 2-aminoethyl 
dihydrogenphosphate (AEP, Sigma Aldrich) to transfer the hydrophobic 
NaYF4:Yb3+,Er3+ nanoparticles into hydrophilic ones.[37] 200 mg of AEP was 
first dispersed in 10 mL mixture of milli-Q water and ethanol with a volume 
ratio of 3:2, and then 5 mL chloroform solution of OM functionalized 
NaYF4:Yb3+,Er3+ nanoparticles (20 mg) were added dropwise into the AEP 
solution and stirred vigorously for over 48 hours at room temperature. 
Afterwards, it could clearly be seen under NIR excitation that the UCNPs were 
transferred from the bottom chloroform layer into the top water layer. After 
phase transfer, the NaYF4:Yb3+,Er3+ nanoparticles were centrifuged and 
redispersed in 5 mL water. The solution was stable for seven days without 
obvious aggregation. 
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2.2.2 Covalent conjugation of NaYF4:Yb3+,Er3+ with photosensitizers 
The rose bengal-hexanoic acid ester was obtained by reacting rose 

bengal (Sigma Aldrich) with hexanoic acid (Sigma Aldrich) and adopted for 
functionalization.[38] To covalently conjugate RB to UCNPs, a 5 mL dimethyl 
formamide (DMF, Sigma Aldrich) solution containing 2 mg RB-HA, 20 mg 1-
ethyl-3-(3-dimethyllaminopropyl)carbodiimide (EDC, Sigma Aldrich) and 20 
mg N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, Sigma Aldrich) was 
incubated at room temperature for 2 hours, and then 10 mg amino-
functionalized NaYF4:Yb3+,Er3+ upconversion nanoparticles were added into 
the solution and stirring vigorously for 24 hours. UCNPs-PS conjugates were 
subsequently centrifuged and washed with water to remove any unreacted RB. 
The amount of photosensitizer attached to UCNPs was calculated from the 
RB absorption spectrum. 

To further study the stability of covalently bonded UCNPs-PS conjugates, 
2 mg RB was also linked with 10 mg UCNPs via electrostatic interaction, 
followed by the same washing procedure with water. Both conjugates formed 
via electrostatic and covalent bonding were washed by dimethylsulfoxide 
(DMSO) in which RB can dissolve well, followed by centrifugation separation. 
The process was repeated three times. The RB elute was characterized by 
UV/Vis absorption after each time separation. The reason for which the RB 
elute was used to study the stability instead of the conjugates was that the 
conjugates scattered light extensively which impeded a quantitative 
comparison. 

2.2.3 Singlet oxygen measurements 
Two different methods were implemented to confirm singlet oxygen 

generation. The first used a chemical probe1,3-diphenylisobenzofuran (DPBF), 
the second detected directly its 1270 nm photoluminescence. In a typical 
DPBF experiment, 20 μL DPBF/ethanol solution (10 mmol/L) was added to 2 
mL UCNPs-PS solution, and transferred in a 10 mm cuvette. The solution was 
kept in the dark and irradiated with a 980 nm laser for 16 min, the absorption 
intensity of DPBF at 417 nm being recorded every two minutes. For the 
control experiments, DPBF absorption was also recorded under the same 
conditions in the absence of UCNPs-PS or 980 nm irradiation. 

To detect the 1270 nm photoluminescence, UCNPs-PS nanoconjugates 
were collected by centrifugation and re-dispersed in D2O, and then saturated 
with oxygen gas for 30 minutes before experiment. Singlet oxygen production 
was measured under direct excitation of RB with 540 nm or indirect excitation 
of RB with 980 nm via FRET. 
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2.2.4 Target cancer cell imaging and therapy 
In order to increase the specificity, folic acid (FA) was covalently linked 

with the NaYF4:Yb3+,Er3+ UCNPs in the similar way as rose bengal cross-
linking. FA-PEG ester was prepared using a hetero-bifunctional polyethylene 
glycol (COOH-PEG-NH2, MW=3400, Nanocs) following the literature.[39,40] The 
FA-PEG was mixed with 10 mg UCNPs-PS and stirred for 24 hours in 
darkness. The resulting nanoconjugates were collected by centrifugation and 
washed with water for three times, redispersed in 5 mL phosphate buffer, and 
stored in the dark at 4 °C for further application. 

JAR choriocarcinoma cells that overexpress folate receptors (positive 
control) and NIH 3T3 fibroblasts that have low expression of folate receptors 
(negative control) were purchased from American Type Culture Collection 
(ATCC). JAR cells were cultured in a folate free RPMI-1640 medium and NIH 
3T3 cells were cultured in a DMEM medium. All the mediums were 
supplemented with 10% fetal bovine serum (FBS), 100 unit/mL penicillin and 
100 μg/mL streptomycin (all from Invitrogen). Cells were cultivated in a 
medium at 37 °C in a humidified 95% air and 5% carbon dioxide (CO2) 
atmosphere. 

For confocal imaging, both JAR cells and NIH 3T3 cells were seeded on 
a cover slip at a concentration of 104 cells/mL and then treated with 
NaYF4:Yb3+,Er3+-RB/FA nanoconjugates (20 μg/mL) for 12 hours at 37 °C. 
Prior to imaging, the cover slip was washed twice with phosphate buffered 
saline (PBS) in order to remove any unbounded upconversion 
nanoconjugates. To further study the specificity of the nanoconjugates, 
another negative control experiment was carried out with JAR cells by 
supplementing 100 times more folic acid (100 mg/L) in the culture medium to 
saturate folate receptors on the cell membrane before incubating with 
NaYF4:Yb3+,Er3+-RB/FA nanoconjugates.  

To carry out photodynamic therapy of cancer cells, JAR cells were 
collected through centrifugation and diluted to a density of 1×105 cells/mL in 
the complete 1640 culture medium, and seeded onto 96-well plates (100 μL 
per well). After 24 hours culturing, NaYF4:Yb3+,Er3+-RB/FA nanoconjugates 
were added to the culture medium at different concentrations from 0 to 1000 
μg/ml, with 5 parallel wells for each concentration (0, 2, 5, 10, 20, 30, 50, 100, 
200, 400, 1000 μg/mL). Before being exposed to NIR irradiation, the cells 
were allowed to incubate for another 24 hours at 37 °C, and then washed 
twice with PBS. A power-adjustable 980 nm fiber laser with a maximal output 
power of 30 Watts (n-LIGHT Corporation) was collimated and employed as an 
area light source to irradiate the 96-well plate. After 10 minutes exposure with 
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980 nm light at 1.5 W/cm2, the cells were allowed to incubate for an additional 
48 hours. Cell viability was measured according to the standard MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide, Sigma Aldrich) assay 
method. Typically, 10 μL of MTT solution (5 mg/mL MTT in PBS, pH 7.4) was 
added to each well and incubated for 4 h at 37 °C. After removing the medium, 
the wells were washed by PBS and then the intracellular formazan crystals 
were extracted into 100 μL of DMSO. The absorbance of cell lysate was 
recorded at 550 nm by a plate reader, and the cell viability could be calculated 
from the average value of five parallel wells. 

The choice of an exposure power density of 1.5 W/cm2 was based on the 
following consideration. In clinical applications and most PDT experiments the 
light dose is in the range of 1-1000 J/cm2, and the typical power density is 
below 1 W/cm2.[41] But this value is obtained for a Stokes case, i.e. direct 
excitation of photosensitizers, whereas in our case an anti-Stokes scheme, i.e. 
indirect excitation (NIR light converted into UV/Vis and the latter is then used 
to excite photosensitizers) is used. In the anti-Stokes scheme the efficiency is 
less than for direct excitation and the required excitation power density should 
be higher. However, a higher excitation power density may lead to thermal 
decline of cells. In the current case the highest possible excitation power 
density was determined to be ~ 2 W/cm2. Therefore 1.5 W/cm2 was used in 
our study. 

2.2.5 Instruments 
Structure characterization was performed with TEM images obtained with 

a MorgagniTM Transmission Electron Microscope (FEI Company). UV-Vis 
spectra of solutions were recorded in quartz cuvettes (1 cm) with a Hewlett-
Packard/Agilent 8453 Diode-Array Biochemical Analysis UV-Vis 
spectrophotometer. The steady-state upconversion luminescence spectra of 
UCNPs and UCNPs-PS nanoconjugates were recorded using a Horiba Jobin-
Yvon Spex Fluorolog 3 spectrofluorometer. A CW 980 nm semiconductor 
diode laser was used to excite the samples. To record the 1O2 emission at 
1270 nm, the Spex spectrofluorometer was equipped with a highly sensitive 
liquid nitrogen cooled InGaAs detector (DSS-IGA020L). Time-resolved 
luminescence was measured with a Hamamatsu R9110 PMT in a single-
photon counting setup.[42] Wide-field imaging and upconversion luminescent 
confocal imaging of cancer cell were carried out using an inverted Olympus 
IX71 microscope system equipped with an 100× oil immersion objective.[43] 
The 980 nm excitation light was from a Chameleon ULTRA-II Ti:Sapphire 
laser (80 femtoseconds, 80 MHz) which was coupled into the adapted 

http://psdubnofmetabolicshaking.co.cc/Horiba-Jobin-Yvon-Spex-Fluorolog-3-Spectroflourometer/
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confocal unit. The emitted light was passed through a dichroic mirror and a 
650 nm bandpass filter (FWHM 10 nm) and recorded by a CCD camera. 

2.3 Results and Discussion 

2.3.1 Characterization of amino functionalized NaYF4:Yb3+,Er3+ UCNPs 
The hydrophilic UCNPs of NH2 functionalized NaYF4:Yb3+,Er3+ were 

prepared via a ligand-exchanging process using 2-aminoethyl 
dihydrogenphosphate (AEP) as surface coating agents to replace the original 
oleylamine (OM) ligands. The average size of the NaYF4:Yb3+,Er3+ UCNPs 
was determined to be ~20 nm in diameter from TEM measurements (Figure 
2.1A and B). The crystal structures and the phase purity of the 
NaYF4:Yb3+,Er3+ UCNPs were examined by XRD as presented in Figure 2.1C. 
The diffraction peaks of the UCNPs are well-defined, and the peak positions 
and intensities agree well with the standard pattern of hexagonal NaYF4 (line 
pattern in Figure 2.1C, JCPDS No. 16-0334), confirming the high quality of the 
samples. Figure 2.1C also demonstrates the high monodispersity of the 
nanoparticles. FTIR absorption spectra (Figure 2.1D) confirm that AEP 
molecules were coated on the surface of UCNPs. Upconversion 
luminescence spectra of OM or AEP stabilized UCNPs (Figure 2.1E) show 
little difference, which indicates that the ligand exchange process had 
negligible effect on the optical properties of UCNPs. The amino-functionalized 
NaYF4:Yb3+,Er3+ nanoparticles were stabilized in water for seven days without 
noticeable deposition. This is due to the fact that the phosphate group of AEP 
molecules can easily form bidentate bond with the unsaturated rare earth ion 
at surface.[44] 

2.3.2 Covalent construction of UCNPs-PS nanoplatform 
As schematically illustrated in Scheme 2.1, a covalent conjugation 

strategy was realized via a carbodiimide cross-linking reaction between the 
amino group of NaYF4:Yb3+,Er3+ UCNPs and the carboxyl group of the 
hexanoic acid ester of rose bengal (RB-HA). The covalent coupling between 
UCNPs and RB was confirmed by FTIR absorption spectra shown in Figure 
2.2. For a free RB-HA the C=O stretching vibration mode of the carboxyl 
group is located at 1774 cm-1. After conjugation with UCNPs this peak 
disappeared and two new peaks appeared at 1542 cm-1 and 1384 cm-1, 
corresponding to the amide II band of N-H bending vibration and the amide III 
band of the C-N stretching vibration, respectively. The absorption peak at 
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1634 cm-1 is partly associated with the C=O stretching vibration of the amide I 
band.  
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Figure 2.1. TEM images of OM (A) or AEP (B) stabilized NaYF4:Yb3+, Er3+ nanoparticles, 
scale bar: 100 nm. (C) X-ray diffraction patterns of NaYF4:Yb3+,Er3+ UCNPs. The 
standard pattern of hexagonal phases NaYF4 is given for reference (JCPDS card 16-
0334, red line). (D) FTIR absorption spectra of OM stabilized (black) and AEP stabilized 
(red) NaYF4:Yb3+,Er3+ upconversion nanoparticles. (E) Upconversion luminescent spectra 
of OM stabilized (black) and AEP stabilized (red) NaYF4:Yb3+,Er3+ upconversion 
nanoparticles. 
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Figure 2.2. FTIR absorption spectra of amino-functionalized RB (red curve), 
NaYF4:Yb3+,Er3+ UCNPs (black curve) and UCNPs-PS nanoconjugates (green curve). 

Owing to the robust covalent bonding between RB and NaYF4:Yb3+,Er3+, 
we could bind around 100 photosensitizing molecules to each UCNP. In 
principle it could be even higher, but in our case a drawback of doing so was 
that the dimerization of RB would become serious as indicated from the 
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absorption spectra in Figure 2.3A. The relative intensity of the shoulder at 
short wavelength, corresponding to the dimer absorption, enhances with 
increasing RB concentration—a distinct evidence of the formation of dimers. 
Figure 2.3B is the corresponding singlet oxygen production determined using 
the chemical probe DPBF. From this figure the optimal number of RB for 
individual NaYF4:Yb3+,Er3+ nanoparticles is determined to be ~100. This is in 
agreement with an earlier report that 1O2 production markedly decreases with 
photosensitizer agglomerating process.[45] Compared to popular non-covalent 
bonding approaches like electrostatic interaction, covalent bonding is 
supposed to be very robust, which is in line with our results shown in Figure 
2.3C where the RB elute was characterized by UV/Vis absorption each time 
after washing with DMSO. The spectra tell us that, contrary to obvious RB 
desorption from electrostatically assembled UCNPs-PS complexes, the 
amount of RB in the elute is one order of magnitude less for covalently 
bonded UCNPs-PS conjugates.  
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Figure 2.3. (A) UV-Vis absorption spectra of UCNPs-PS nanoconjugates incubated at 
different RB concentrations. The numbers marked in the Figure indicate the number of 
RB molecules per nanoparticle. (B) The RB dependent 1O2 generation. The ratio is the 
number of UCNPs versus the number of RB. (C) Absorption spectra of the RB elute after 
washing with DMSO for 1, 2 and 3 times the physically adsorbed NaYF4:Yb3+,Er3+-RB 
complexes (solid lines) and the covalently bonded NaYF4:Yb3+,Er3+-RB nanoconjugates 
(dashed lines, see also inset).  

2.3.3 Selective energy transfer from UCNPs to PS 
The multifunctional nanoplatform is constructed based on the selective 

energy transfer from multicolor upconversion luminescent NaYF4:Yb3+,Er3+ 

UCNPs to photosensitizers. Selective energy transfer can be achieved by 
properly choosing a PS of which the absorption matches a desired 
upconversion luminescence band of NaYF4:Yb3+,Er3+ UCNPs. In this study, a 
water soluble photosensitizing molecule RB was chosen because its 
absorption spectrum overlaps perfectly with the green UCL band (540 nm) of 
NaYF4:Yb3+,Er3+ (Figure 2.4A). Moreover, RB is a very efficient 
photosensitizer for producing singlet oxygen.[45] 
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Figure 2.4. (A) The spectral overlap between the upconversion emission spectrum of the 
donor NaYF4:Yb3+,Er3+ (black curve) and the absorption spectrum of the acceptor RB 
(red curve). (B) Upconversion luminescence spectra of UCNPs (black curve) and NaYF4: 
Yb3+, Er3+-RB conjugates (red curve). Photographs of UCNPs (C) and NaYF4:Yb3+,Er3+-
RB nanoconjugates (D) under ambient light (left) and under 980 nm diode laser 
irradiation (right). 

The selective energy transfer from NaYF4:Yb3+,Er3+ to RB is confirmed 
from both steady-state UCL spectra and luminescent decay lifetimes. The 
UCL spectra of Figure 2.4B demonstrate clearly that the 540 nm band was 
strongly quenched by RB while the 650 nm band was not. This can be 
observed from the obvious fluorescent color changes of the pure UCNPs and 
the UCNPs-PS conjugates, as given in Figure 2.4C and Figure 2.4D, 
respectively. Under excitation of 980 nm CW diode laser, UCNPs appeared 
green (Figure 2.4C, right) while UCNPs-PS nanoconjugates became red 
(Figure 2.4D, right). The fluorescence resonance energy transfer (FRET) 
efficiency E can be estimated from the quenching of green UCL: E = (I0 – I1)/I0, 
where I0 and I1 are green emission intensities of free UCNPs and UCNPs-PS 
nanoconjugates, respectively.[46,47] Based on this formula, the energy transfer 
efficiency was determined as high as 83% for the present covalently bonded 
nanoconjugates. The high energy transfer efficiency is attributed to the small 
size of AEP molecules used here for covalent crosslinking photosensitizers. 
This shortened the distance between UCNPs and PS compared to previously 
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reported protocols like the silica shell encapsulating method, and promoted 
significantly the energy transfer process.  

To further study the energy transfer process from NaYF4:Yb3+,Er3+ to RB, 
the temporal behavior of upconversion luminescence of both UPNPs and 
UCNPs-PS conjugates was recorded at 540 nm and 650 nm (Figure 2.5A and 
2.5B). In both cases the green and the red decay curves could be well fitted 
with a biexponential function, the fitted time constants being listed in Table 1. 
In the presence of photosensitizer RB, the average decay time at 540 nm 
decreases from 93.34 to 55.41 μs, while the average decay time at 650 nm 
hardly shows any change (from 194.35 to 192.65 μs ). This is a confirmation 
of the high selectivity in the energy transfer mechanism. Moreover, different 
from the direct excitation situation (i.e. excitation at 540 nm) in which case 
fluorescence of RB shows an exponential decay in the order of nanoseconds, 
the fluorescent decay lifetime of RB prolongs to 43.70 μs when excited at 980 

0.0 0.5 1.0

CB

Ln
 (I

nt
en

si
ty

) 

Time (ms)

A

0.0 0.5 1.0 1.5
 

0.0 0.5 1.0
 

 

Figure 2.5. Luminescence decay curves of upconversion emission monitored at (A) 540 
nm, (B) 650 nm with (in red) and without (in green) photosensitizers. RB fluorescence 
decay was monitored at 587 nm (C). Best fitting curves are also shown as a solid line. 

Table 2.1: Fitting parameters of upconversion luminescence kinetics of NaYF4:Yb3+,Er3+ 
and NaYF4:Yb3+,Er3+-RB conjugates with triexponential functions. The instrumental 
response time is 10 ns. 

 

NaYF4:Yb3+,Er3+ NaYF4:Yb3+,Er3+-RB 

τrise(μs) τ1decay(μs) τ2decay(μs) τrise(μs) τ1decay(μs) τ2decay(μs) 

540 nm 
650 nm 
587 nm 

5.37 

21.62 

* 

82.15 

181.42 

* 

177.92 

442.70 

* 

4.28 

18.69 

2.74 

51.90 

175.49 

43.70 

164.01 

431.12 

* 
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nm (Figure 2.5C), which further assures that FRET occurred in UCNPs-PS 
conjugates. However, the average lifetime of RB is shorter than that of the 
donor, i.e., the decay of 540 nm upconversion emission is around 55.41 μs. 
This discrepancy can be understood from the structure of the UCNPs. In a 
UCNP there are discrete luminescent centers distributed over the whole 
nanoparticle and the distances between these centers to the surface-linked 
RBs are therefore diverse. For those closer to the RB FRET would be more 
efficient than those further away from RB. Some centers may even be out of 
the FRET interaction distance and will not participate in the energy transfer. 
For an efficient FRET the emission time behaviors of the donor and the 
acceptor would be the same. Considering the distribution of energy donors in 
an UCNP, the fluorescence kinetics of the acceptor is therefore faster than 
that of the UCNPs because the UCNPs in the present case are an ensemble 
of luminescent centers with different kinetics. 

2.3.4 Singlet oxygen production from UCNPs-PS nanoconjugates 
Figure 2.6A shows that the absorption of DPBF monitored at 420 nm 

decreases exponentially with 980 nm irradiation time when incubated with 
UCNPs-PS nanoconjugates. In control experiments of (i) DPBF incubated 
with UCNPs-PS nanoconjugates without 980 nm irradiation, (ii) DPBF 
incubated with UCNPs (without loading photosensitizers) and 980 nm 
irradiation, the absorption of DPBF remains unchanged. This observation 
illustrates that singlet oxygen could only be generated from the cooperation of 
UCNPs and photosensitizer via an efficient energy transfer process. After 16 
min irradiation 50% DPBF was consumed, which was very efficient compared 
with those UCNPs-PS complex with silica coating where only 3% 1O2 probes 
was consumed after 16 min continuous irradiation.[27] In that case both the low 
photosensitizer uploading efficiency in a non-porous silica shell and the silica 
shell itself might hamper the encapsulated PS from interacting with molecular 
oxygen dissolved in solution.[48] In the present UCNPs-PS conjugates 
covalent bonding between the UCNPs and PS surmounted these shortages 
because the photosensitizer molecules were bound strongly to the UNCPs 
and linked to the terminal side of UCNPs so that the interaction with oxygen 
was sufficient. 

A more direct way to detect singlet oxygen is by monitoring its 
characteristic phosphorescence at 1270 nm, which is usually difficult because 
of its short lifetime in solution and the limited amount of 1O2. Figure 2.6B 
shows the 1O2 spectra under excitation of 980 nm (black curve) and under 
excitation of 540 nm (red curve). To the best of our knowledge, this is the first 
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time that 1O2 photoluminescence has been detected from NIR excited UCNPs, 
which confirms the highly efficient 1O2 generation of NaYF4:Yb3+,Er3+-RB 
nanoconjugates.  
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Figure 2.6. 1O2 generated from UCNPs-PS nanoconjugates. (A) Consumption of DPBF 
over time (black), other bars refer to control experiments without UCNPs (red) or NIR 
irradiation (green). (B) 1O2 luminescence spectra under excitation of 980 nm (in black) or 
540 nm (in red). 

2.3.5 Cancer cell imaging and photodynamic therapy 
The targeting molecule folic acid (FA) was covalently functionalized to 

NaYF4:Yb3+,Er3+-RB nanoconjugates via a dual functional PEG (NH2-PEG-
COOH). The reason for selecting PEG as linkers was two-fold. On the one 
hand, PEG has a good compatibility with biological systems which can reduce 
the undesired toxicity of nanoparticles to normal tissue. On the other hand, 
tailoring folic acid at the end of the long chain of a PEG molecule can reduce 
steric hindrance for FA binding with its receptor and improve the targeting 
efficacy for cancer cells. 

Figure 2.7 shows the target staining of NaYF4:Yb3+,Er3+-RB/FA 
nanoplatform in JAR choriocarcinoma cells and control result using non-
cancerous NIH 3T3 cells. The fluorescence was collected at 650 nm from 
NaYF4:Yb3+,Er3+. The nanoconjugates were mainly located in cytoplasm and 
perinuclear regions (Figure 2.7, top), illustrating the endocytosis of UCNPs 
nanoplatform mediated by folate receptor. On the contrary, when the folate 
receptors on cancer cell membrane were saturated by free folic acid before 
incubating with UCNPs nanoplatform, few NaYF4:Yb3+,Er3+-RB/FA 
nanoconjugates stained in cancer cells (Figure 2.7, middle), which might be 
due to the nonspecific adsorption of UCNPs. Furthermore, there was no 
significant morphology change observed in cancer cells, suggesting the good 
biocompatibility of the NaYF4:Yb3+,Er3+-RB/FA nanoplatform. To further verify 
the specificity of the UCNPs-RB conjugates, non-cancerous NIH 3T3 cells, 
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which are poor in expressing folate receptor, were used for negative control 
(Figure 2.7, bottom), where only few UCNPs were observed on the cells. All 
these results indicate the capability of using UCNPs-PS for targeted cancer 
cell imaging/diagnosis. 

 

Figure 2.7. Specificity of the nanoconjugates. JAR carcinoma cells cultured in folate free 
medium (top, positive), and in 100 times folate supplemented medium (middle, negative). 
Negative control is also performed with NIH 3T3 cells (bottom). 

Photodynamic therapeutic effects of UCNPs-PS nanoplatforms were 
studied by incubating JAR cells with UCNPs-PS at different concentrations. 
The cell viability determined from 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) assay is shown in Figure 2.8. Dark toxicity, as a 
control, was also evaluated. No significant decrease in viability was observed 
in the control. It is known that RB has inherent concentration dependent 
toxicity.[49] Our result shows that the toxicity is becoming non-negligible only 
when its concentration is higher than 150 µg/ml, which is consistent with 
previous reports.[42] When JAR cancer cells were exposed to NIR light at a 
relatively low density of 1.5 W/cm2, the cell viability decreased significantly 
with the increase of the concentration of UCNPs-PS conjugates, strongly 
suggesting the feasibility of the nanoconjugates to kill cancer cells. Compared 
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with most previous reports in which a much higher power density had to be 
used,[30] the covalently bound UCNPs-PS nanoconjugates were obviously 
more efficient in killing cancer cells. As far as NIH 3T3 fibroblast cells are 
concerned, 980 nm irradiation had no obvious effect on cell viability, verifying 
the low expression of the nanoconjugates for the non-cancerous cell line. 
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Figure 2.8. Viability of JAR cells (A) and NIH 3T3 fibroblasts (B) treated with UCNPs-PS 
of different concentrations with (solid) or without (open) 980 nm exposure. Standard 
deviations are shown (n=5). 

It is worth to notice that the upconversion nanoplatform is restricted 
neither to NaYF4:Yb3+,Er3+ nanoparticles nor RB. Since the upconversion 
emission spectrum is tunable in the UV/Vis/NIR range, dependent on dopant 
and/or host materials, the upconverted light for imaging can be tuned more to 
the red to match better the optical window for tissues when needed. Besides, 
more photosensitizers like cholorin and phthalocyanine that expanded to 
UV/Vis range (650 nm excitation) are also selectable to covalently 
functionalized onto the UCNPs. 

2.4 Conclusions 

In conclusion, we have, employing a covalent bonding strategy, 
constructed a highly efficient NIR photosensitizing nanoplatform for 
simultaneous PDT and imaging. The covalent bonding between the 
NaYF4:Yb3+,Er3+ UCNPs and photosensitizers has significantly improved the 
quality of the nanoplatform. Compared with the generally adopted adsorption 
approach, both the photosensitizer loading capacity and the energy transfer 
efficiency from nanoparticles to photosensitizers have been significantly 
improved. The characteristic phosphorescence of 1O2 at 1270 nm was readily 
detected for these photosensitizing nanoconjugates. The UCNPs-PS 
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nanoplatforms have shown good biocompatibility and are able to perform 
fluorescence imaging and photodynamic therapy simultaneously under the 
same NIR light irradiation, highlighting the potential of these nanoplatforms for 
medical applications. 
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