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1. INTRODUCTION
Photodynamic therapy (PDT) has emerged as an important thera-
peutic option for cancer.1 Rose bengal (RB) is a well-known photo-
sensitizer, having a quantum yield of 76% irradiated with 532 nm 
light.2 However, RB suffers from poor intracellular uptake and tends 
to aggregate in solution at concentrations above 50 μM, which lim-
its its use in biomedical applications.3 Recently, the advantages of 

nanoparticles (NPs) as a vehicle for conjugation with RB to reduce 
aggregation,4 to enhance the uptake efficiency by cancer cells,5 and 
to achieve photothermal therapy and PDT2 have been reported.

Interestingly, it has been reported that both binding to silicon 
dioxide (SiO2) NPs itself and increasing the number of adsorbed 
dye molecules can cause significant fluorescence quenching with 
a shortening of the fluorescence lifetime of the Atto 532.6 NPs 
can affect dye fluorescence in solution through multiple path-
ways, including the fluorescence inner filter effect, dynamic 
quenching, static quenching, surface enhancement, and fluoro-
phore quantum yield variation. These effects are associated with 
the structural and conformational changes induced by NP bind-
ing.7 On the other hand, the nature of the interactions between 
the dye and solvent and between the dye and solid determines 
the partition equilibrium of the dye and the degree of aggrega-
tion. In addition, there may be slight variations in the saturation 
number of dye molecules adsorbed because of steric hindrance.8

NPs composed of the Nd3+ and Gd3+ have been chosen based 
on the potential use as the contrast agents for both magnetic res-
onance imaging (MRI)9 and near infrared (NIR) fluorescence.10 A 
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cationic polyelectrolyte polyallylamine (PAH) is used to modify 
the silica-shelled surface of the NPs to obtain a high loading of 
RB and improve the biocompatibility.11 Here, we characterized 
the optical properties and documented the optimal conditions 
for 1O2 generation efficiency of RB on PAH-coated NPs.

2. METHODS

2.1. Chemicals and reagents
The following were from Sigma-Aldrich (USA): yttrium(III) 
acetate hydrate ((CH3CO2)3Y·xH2O), gadolinium(III) acetate 
hydrate (Gd(CH3CO2)3·xH2O), neodymium(III) acetate hydrate 
((CH3CO2)3Nd·xH2O), oleic acid (OA, 90%), octadecene 
(ODE, 90%), sodium hydroxide (NaOH, 99.99%), ammonium 
hydroxide solution (NH4OH, 28.0%–30.0%), ammonium fluo-
ride (NH4F, ≥ 99.99%), IGEPAL CO-520, and poly(allylamine) 
hydrochloride solution (PAH, average MW ≈17 000, 20 wt.% in 
H2O), RB (dye content 95%, MW = 1017.64), 1,3-diphenyliso-
benzofuran (DPBF), phosphate-buffered saline (PBS, Sigma), 
Dulbecco’s Modified Eagle’s medium (DMEM, high glucose), 
trypan blue solution, and 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT)-formazan. ACS-grade meth-
anol (MeOH), acetone, ethanol (EtOH, 99.9%), and hexane 
were from Fischer (USA). Tetraethyl orthosilicate (TEOS, 98%) 
was from Acros (USA). Trypsin-ethylenediaminetetraacetic 
acid (EDTA, 0.25%) and fetal bovine serum (FBS) were from 
Gibco (USA). Penicillin, streptomycin, amphotericin B (P/S/A) 
mixture and Cell Counting Kit-8 (CCK-8) were from Biological 
Industries (Cromwell, Connecticut, USA) and Enzo Life Sciences, 
Inc. (Farmingdale, NY, USA), respectively. All organic solvents 
and chemical reagents were used without further purification.

2.2. Instrumentation
The size and shape of the NPs were characterized by a trans-
mission electron microscope (TEM) JEM-2000EXII (JEOL, 
Akishima, Japan) with an acceleration voltage of 100 kV. The 
statuses in solution were determined using a HORIBA SZ-100 
(Kyoto, Japan) dynamic light scattering (DLS) instrument at room 
temperature. The ultraviolet–visible (UV-Vis) absorbance inten-
sity was measured using Hewlett-Packard model 8453 (Agilent 
Technologies, Santa Clara, USA). Steady-state fluorescence (FL) 
spectra were obtained using an FSP920 spectrometer (Edinburgh 
Instruments, Livingston,  United Kingdom). A multimode micro-
plate reader Infinite 200 (Tecan, Männedorf, Switzerland) was 
used for absorption and fluorescence measurements, which gave 
absorption MRab and fluorescence MRfl measurements, respec-
tively. An Olympus CKX41 microscope was used in in vitro tests.

2.3. Synthesis of NaYF4:Gd,Nd NPs
NPs were prepared following a reported method with some 
modification.12 A solution containing 8 mL of OA and 12 mL of 
ODE, Y(COOCH3)3·4H2O (0.7 mmol), Gd(COOCH3)3·4H2O 
(0.27 mmol), and Nd(COOCH3)3·4H2O (0.03 mmol) was stirred 
vigorously for 30 minutes at 190°C in a two-necked round-bot-
tom flask with argon flow. As cooled to 70°C, 5 mL of methanol 
containing NH4F (4 mmol) and NaOH (2.5 mmol) was added. 
The temperature was then increased to 300°C and maintained 
for 100 minutes with vigrous stir. The precipitate was formed 
in acetone centrifuged at 4000 rpm for 5 minutes. Finally, the 
precipitate was washed with ethanol and dispersed in hexane.

2.4. Surface modification process

2.4.1. NaYF4:Gd,Nd@SiO2
The procedure was primarily based on previous reports.13 First, 
1.4 mL IGEPAL CO-520 was mixed with 36 mg NPs (in 28 mL 

hexane) and 0.2 mL ammonia solution. After sonication, TEOS 
(0.3 mL) was added by a syringe pump, and the solution was 
stirred for 18 hours. MeOH was then added for precipitation. 
After washing three times and centrifuging at 12 000 rpm for 20 
minutes each with EtOH, the silica-coated NPs were dispersed 
in EtOH.

2.4.2. NaYF4:Gd,Nd@SiO2@PAH (PAH-NP)
A PAH coating procedure was reported previously with mod-
ification.14 Initially, 350 μL of PAH was added to 15 mg of 
silica-coated NPs in 15 mL EtOH and stirred for 6 hours. The 
particles were harvested by centrifugation at 12 000 rpm for 
20 minutes and then washed three times as described above. 
Finally, the positively charged particles were dispersed in dis-
tilled water.

2.4.3. NaYF4:Gd,Nd@SiO2@PAH@RB (RB-NP)
Serial amounts of negatively charged RB (X = 0.01, 0.02, 0.05, 
0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1 mg) were added to 
2 mg PAH-NP solution, denoted NX. The reaction continued for 
12 hours at room temperature with stir. After a series of washing 
and centrifugation, the RB-NPs were dispersed in distilled water 
and stored at 4°C.

2.5. Quantification of NP-bound RB molecules
The calibration curves (λab = 549 nm) were constructed using 
1.5-fold serial dilutions of the RB solutions. The number of RB 
molecules on the NP was calculated by subtracting the unbound 
RB from the total added one. For comparison, the absorbance 
of RB-NPs (λab = 561 nm) was also recorded by UV-Vis to obtain 
the extinction coefficient of NP-bound RB.

2.6. Determination of the absorption and fluorescence 
behavior
The fluorescence and absorption spectra of the RB solution were 
recorded with or without 0.018 μM of PAH, and RB-NP solu-
tions (0.1 mg NPs/mL).

2.7. Evaluation of 1O2 generation
Singlet oxygen generation was analyzed by monitoring the 
decrease in the absorbance of DPBF at 417 nm with slight 
modifications.15 A stock solution of DPBF in dimethyl sul-
foxide (DMSO) and 10 μL of DPBF were added to 2 mL of 
distilled water. A solution containing 70 μM DPBF and with 
free RB, 3 μL of PAH or RB-NPs (0.05 mg NPs/mL) was ana-
lyzed using a fluorescence spectrometer equipped with the 
xenon lamp.

2.8. In vitro tests

2.8.1. Cell culture
Human lung carcinoma cell line A549 with passage number 
of 103 (CCL-185, American Type Culture Collection) was 
a gift from the Laboratory of Hsin-Ell Wang, Department of 
Biomedical Imaging and Radiological Sciences, National Yang 
Ming Chiao Tung University, Taiwan. The cells were maintained 
in DMEM supplemented with 10% FBS and 100 U/mL P/S/A in 
a humidified atmosphere containing 5% CO2 at 37°C.

2.8.2. Cytotoxicity
A549 cells were seeded in 96-well plates at a density of 1 × 105 
cells/mL. The PAH-NPs were incubated with cells overnight and 
then washed. After incubation for 4 hours with MTT (0.5 mg/
mL), the formazan crystals were dissolved in 100 µL of isopro-
panol and then recorded at 570 nm.
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2.8.3. Photocytotoxicity
A549 cells were seeded and treated with either RB or RB-NPs for 
4 hours after overnight incubation. Before exposure to ambient 
light (a 30 W white light source in a laminar flow cabinet, Tsao 
Hsin VCM-420) for 30 minutes at a fixed distance of 70 cm, the 
cells were washed three times with PBS. After incubation for 2 
hours with CCK-8, the absorbance was detected at 450 nm with 
reference to that at 650 nm. A trypan blue exclusion assay was 
performed for confirmation.

3. RESULTS

3.1. Properties and characterization of the synthesized NPs
The NaYF4:27%Gd3+,3%Nd3+ NPs were monodispersed 
spheres (Fig. 1A). When coated with silica (Fig. 1B), these parti-
cles had the size of 22 nm using TEM, and 86.8 ± 16.9 nm with 
zeta potential of –63.0 ± 3.3 mV using DLS. After modification 
with PAH, the zeta potential became positive (+60.8 ± 1.8 mV) 
and the fluorescence intensity weakened (Fig. 2).

3.2. Absorption and fluorescence behavior
NP-bound RB molecules were estimated and compared 
(Fig.  3A). The calibration curve of RB-NPs was determined 
based on a linear relationship between absorbance and con-
centration (Fig.  3B). The solutions of free RB had a molar 
extinction coefficient of 100 000 M–1 cm–1 at 549 nm, whereas 
those of NP-bound RB exhibited a lowered coefficient of 
36 000 M–1 cm–1 at 561 nm. The results by different instru-
ments were listed in Table 1.

With peaks at 549 and 512 nm for water-soluble RB (Fig. 4A), 
there were redshifts to 561 and 525 nm for the NP-bound RB 
(Fig. 4B) as well as a decrease in the signal intensity. This red-
shift was also found in RB in the presence of PAH (RB-PAH, 
Fig. 4C), while the peak-to-shoulder ratio is closer to that of 
free RB, with no decrease in intensity. The peak-to-shoulder 
ratios of our RB-NP preparations, which ranged from 1.26 to 
1.72, were closest to those of free RB at high concentrations as 
44–67 μM (Tables 2 and 3).

Redshifts were observed in the fluorescence spectra of the 
free RB and NP-bound RB from 565 to 575 nm and from 579 
to 591 nm respectively (Fig. 5A, B). The fluorescence intensity 
showed a constant decrease in NP-bound RB as more RB bound 
to NPs, in contrast to a bimodal behavior of free RB.

3.3. Evaluation of the 1O2 generation of RB-NPs
Upon irradiation, DPBF was consumed in the presence of either 
13 μM of RB or the RB-saturated RB-NPs, and half of the DPBF 
disappeared within 30 minutes in the latter (Fig. 6A). At a fixed 
NP dose, the DPBF consumption increased dependent on the 

concentration of NP-bound RB. For RB and NP-bound RB at 13 
μM, the former consumed less than 20% of the DPBF, whereas 
approximately 50% was converted in the presence of the latter 
(Fig. 6B). For the same amount of NP-bound RB in the reaction, 
the presence of more NPs results in a lower RB density over 
the NP surface. At RB density higher than a certain threshold, 
an apparent DPBF consumption was observed (Fig. 6C). In the 
presence of PAH in solution, 0.2 and 13 μM of RB consumed 
40% and 70% of DPBF, respectively (Fig. 6D).

3.4. In vitro photocytotoxicity tests with RB-NPs
Upon treatment of A549 with PAH-NPs, a dose-dependent cyto-
toxicity effect could be observed (Fig. 7A). Compared to free RB 
in solutions, RB-NPs with the concentration of 33, 65, and 130 
μM of NP-bound RB inhibited cell viability by 15.8%, 16.7%, 
and 21.6%, respectively (Fig. 7B). Trypan blue exclusion assays 
was used for visualization (Fig. 7C).

4. DISCUSSION
The characteristic emissions of Nd3+ were observed at 900, 
1057, and 1330 nm.16 The absorptivity of lanthanides is very 
low (< 10 M–1 cm–1).17 This should limit the energy transfer from 
surface RB to the NP core, although there is an overlap between 
the emission of RB and excitation of the NPs at 574 nm. The RB 
molecules were electrostatically bound to the oppositely charged 
surface of the NPs. This type of modification can reduce leach-
ing when compared to silica encapsulation, covalent conjuga-
tion, physical adsorption, and direct surface coating.18

Our data suggest that PAH binding contributes to the 
observed redshift of NP-bound RB. Some proposed the interac-
tion with amine-containing polymers may induce the planari-
zation of the RB molecule, underlying the changes in spectral 
properties.4 The peak-to-shoulder ratio is related to the level 
of aggregation.19 Given no change of this ratio for RB-PAH as 
RB (Fig. 4C), the lower value seen for NP-bound RB is likely a 
result of so-called nanosized confinement.6 It has been reported 
that RB molecules can dimerize on oppositely charged surfaces 
of NPs.20 Some researchers hypothesize that positively charged 
particles are more compact and contain less water, which helps 
RB concentrate at the particle surface.21 In another example, a 
severe decrease in absorption and a higher degree of dimeriza-
tion were reported for PAH-RB-PAH-coated NPs.22 Since our 
data showed that NP-bound RB could reduce the fluorescence 
intensity more effectively than free RB, NP appears to further 
augment the inner filter effect of RB. This may limit the use of 
fluorescence of NP-bound RB.

To date, there have been few studies of the changes in pho-
tochemical properties of photosensitizers upon association 
with NPs.23 In one example, RB conjugated to the PAH coat by 

Fig. 1  Imaging analysis of the synthesized sodium lanthanide fluoride NPs. TEM (operating voltage: 100 kV) images of core NaYF4:27%Gd3+,3%Nd3+ NPs (A) and 
silica-shelled NPs (B). Scale bars are 20 nm. NP = nanoparticle; TEM = transmission electron microscope.
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covalent linkage, the peak of redshift is at 558 nm with a peak-to-
shoulder ratio of 1.5, and the triplet lifetime is shortened and 1O2 
production decreases.24 Our data indicate that free RB in PAH 
solution is sufficient to enhance 1O2 production but with a slight 
decrease in high dose of RB upon excitation, and NP-bound RB 
(N0.5) has a lower capacity for 1O2 production (Fig. 6D). The 
decrease in 1O2 production by NP-bound RB may be due to two 

reasons. First, the nanosized confinement conferred by the NP 
surface reduces the production by NP-bound RB. Second, the 
aggregation/dimerization of RB is much more prevalent in the 
NP-bound RB versus RB in PAH solution (Fig. 4C). This is con-
sistent with the report that aggregation/dimerization may not 
necessarily lead to better PDT efficacy.25 In addition, for a fixed 
amount of NP-bound RB (Fig. 6C), the increased consumption 

Fig. 2  Fluorescence spectra of the synthesized sodium lanthanide fluoride NPs. Emission spectra (λex = 793 nm) of bare core NPs (A) and PAH-modified NPs 
(B). Insets are excitation spectra (λem = 1057 nm). NP = nanoparticle; PAH = polyallylamine.

Fig. 3  RB present on RB-NPs prepared by mixing different amounts of RB and a fixed mass of NPs. A, The amount of NP-bound RB was quantitatively 
determined by subtraction of the RB concentration in the supernatant from that of total RB (circles). The concentration of NP-bound RB was also determined 
using the calibration curve of RB-NPs (diamonds) for comparison. No significance was observed between these two methods: indirect calculation by supernatant 
or direct evaluation by RB-NPs (p = 0.012). The saturation point was estimated at 0.25 mg RB/mg NP (N0.5) by both data sets. Calibration curve of RB-NPs (B) 
was established based on the absorption (λab = 561 nm) of RB-NPs using a 0.1 mg/mL RB-NP stock solution. The concentration of NP-bound RB was obtained 
through subtraction of the concentration of free RB from that of total RB added to the solution. n = 6 experiments, mean ± SD. NP = nanoparticle; RB = rose 
bengal.

Table 1

Limit of detection and linear range of RB and RB-NPs in solution obtained by UV-Vis, FL, MRab, or MRfl measurements

Parameters UV-Vis FL MRab MRfl

Condition of detection (nm)
  RB-NPs λ

ab
 = 561 λ

ex
 = 561, λ

em
 = 579 λ

ab
 = 561 N/A

  RB λ
ab

 = 549 λ
ex
 = 549, λ

em
 = 567 λ

ab
 = 549 λ

ex
 = 540, λ

em
 = 570

Limit of detection (μM)
  RB-NPs 0.0176 0.0873 0.0476 N/A
  RB 0.00745 0.000387 0.0168 0.0167
Linear range (μM)
  RB-NPs 0.465–28.5 0.465–14.6 0.465–28.5 N/A
  RB 0.152–13.2 0.0451–0.514 0.457–59.3 0.203–2.31

Limit of detection: signal-to-noise ratio = 3; linear range was defined as CV < 15% (n = 3). The total volumes of the solutions used for detection were 2.1 mL for UV-Vis, 1 mL for FL, and 0.1 mL for MR 
measurements.
CV = coefficient of variation; FL = fluorescence; N/A = not applicable; NP = nanoparticle; RB = rose bengal; UV-Vis, ultraviolet–visible.
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of DPBF results from the compact packing of RBs on the PAH-
coated NP surface but not from RB binding to NP surface. Also, 
the core material is probably independent of this effect, since RB 
bound to barium titanate NPs coated with PAH also showed 
similar photocytotoxic effect.22 These results support our con-
clusion that RB interaction with PAH coat via electrostatic inter-
action leads to this 1O2 enhancing effect.

While PAH is generally considered to be an inert vehicle for 
the delivery of bioactive substances,26,27 our studies, in line with 

the others, observed that the PAH coat over NPs indeed shows 
unexpected cytotoxicity like other similar studies. It has been 
speculated that high concentration of positive charge over the 
NP coat may account for such effects.28,29 Nevertheless, it is 
important to recognize that, when the sodium lanthanide fluo-
ride NPs with the positively charged coat was given to model 
animals, there was no noticeable in vivo toxicity for normal 
organs, with apparent suppression of tumor tissues.30 The differ-
ence in the permeability of the vessels, or enhanced permeability 

Fig. 4  Absorption spectra of RB, RB-PAH, and RB-NPs. Absorption spectra of RB (A) and RB-NPs (B). The concentrations of RB-NPs used were both 
0.1 mg NPs/mL. The estimated RB concentrations in the parentheses of the RB-NPs are based on Figure 3A. C, RB at 13 or 50 μM with and without 0.018 
μM of PAH were analyzed, and N0.5 (RB-NPs) was used in parallel experiments. The concentration of RB-NPs used was 0.05 mg/mL. Parentheses indicate 
the concentration of NP-bound RB (μM). The λ1/λ2 absorption ratios (549 nm/512 nm) of 13 and 50 μM free RB solutions are 3.16 and 2.32, respectively, and 
the λ1/λ2 ratios (561 nm/525 nm) of 13 and 50 μM of RB-PAH are 3.15 and 2.32, respectively. The ratio of λ1/λ2 (561 nm/525 nm) of N0.5 RB-NPs is 1.25 (λ1: 
maximum, λ2: shoulder). NP = nanoparticle; PAH = polyallylamine; RB = rose bengal.

Table 2

Peak-to-shoulder (λ1/λ2) absorption ratio (549 nm/512 nm) of free RB (λ1: maximum, λ2: shoulder)

Free RB Linear range

Concentration (μM) 100 67 44 30 20 13 8.8 5.9 3.9 2.6 1.7 1.2 0.77 0.51 0.34 0.23
Intensity ratio (λ

1
/λ

2
) 1.05 1.43 2.07 2.78 3.04 3.09 3.10 3.10 3.10 3.11 3.11 3.11 3.10 3.12 3.11 3.13

RB = rose bengal.

Table 3

Peak-to-shoulder (λ1/λ2) absorption ratio (561 nm/525 nm) of RB-NPs (λ1: maximum, λ2: shoulder)

RB-NPs N1 N0.8 N0.6 N0.5 N0.3 N0.15 N0.05 N0.01

NP-bound RB (μM) 27 27 25 24 15 7.3 2.4 0.47
Intensity ratio (λ

1
/λ

2
) 1.26 1.25 1.25 1.26 1.30 1.37 1.50 1.72

NP = nanoparticle; RB = rose bengal.
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and retention effect, has been attributed to the specific effects on 
tumor tissues,31 which is also the reason why NPs are considered 
to be the preferred vehicles for the delivery of reagents like RB.

Even with the expected inertness for normal tissues in vivo, 
there have been some efforts to change the outer coat proper-
ties for the decrease in PAH bioactivity. For example, polyeth-
ylene glycol has been added to the outer coat for the decrease 
in the density of positively charged PAH.32 Researchers have 
also attempted to modified the coats with ligands for specific 

recognition of tumor cells33 or chemicals for pH-sensitive release 
based on the unique microenvironment of cancer tissues.29 To 
further our results for the development of clinical theragnos-
tic materials, we will examine these possibilities to enhance the 
tumor-specific uptake of RB-bound NP with PAH coats.

In conclusion, RB on the surface of NaYF4:Gd,Nd@SiO2@
PAH influences its optical and photochemical properties. Most 
importantly, the interaction of RB with the PAH coat can 
partly account for the enhancement of 1O2 production. The 

Fig. 5  Fluorescence spectra of RB and RB-NPs. Fluorescence spectra of serial dilutions of RB (A) and RB-NPs (B) in solution. NP = nanoparticle; RB = rose 
bengal.

Fig. 6  Evaluation of singlet oxygen generation. A, RB (13.1 μM) and RB-saturated RB-NPs (N0.8) with and without irradiation by an 8-mW/cm2 xenon lamp  
(λex = 549 nm for RB, and λex = 561 nm for RB-NPs) for the indicated time (n = 2). B, 1O2 generation was detected for RB (λex = 549 nm) and RB-NPs (λex = 561 nm) 
with an irradiation time of 30 min. DPBF only and PAH-NPs served as controls (n = 3). C, A group of solutions with different amounts of RB-NPs equivalent to 
1 μM RB were irradiated at 561 nm for 15 min. Parentheses indicate the concentration of RB-NPs (mg/mL) used for analysis (n = 2). D, An RB solution (0.2, 
13, or 50 μM) with and without 3 μL of PAH was analyzed for singlet oxygen production (n = 2). N0.5 (RB-NPs) was used for comparison. The concentration 
of RB-NPs used was 0.05 mg/mL. Parentheses indicate the concentration of NP-bound RB (μM). Data are mean ± SD. DPBF = 1,3-diphenylisobenzofuran;  
NP = nanoparticle; PAH = polyallylamine; RB = rose bengal.
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photocytotoxic effects of the RB-NPs also show their poten-
tial in PDT, although more efforts should be placed on how to 
modify the coat materials and lessen the bioactivities of the PAH 
coat.
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