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Abstract: The concentration of oxygen and its rate of consumption are important factors in certain medical treat-
ments, such as radiotherapy and photodynamic therapy (PDT). Measuring the tissue concentration of oxygen or 
its partial pressure (pO2) can be achieved by taking advantage of the oxygen-dependent luminescence lifetime 
of certain molecules, including metallo-porphyrin derivatives, due to the oxygen-dependent quenching of their 
triplet state. Unfortunately, most of these porphyrin derivatives are phototoxic due to the O2

1∆ produced in the pO2 

measurement procedure. The aim of this work was to characterize new nanoparticle oxygen sensors, where the 
palladium-porhyrin molecule (Pd-meso-tetra(4-carboxyphenyl)porphyrin) or its dendrimer form, is incorporated 
into an oxygen permeable matrix of chitosan-based colloidal particles. It was hypothesized that the reactive O2

1∆ 
produced during the pO2 measurement would react inside the particle thus reducing its toxicity for the surround-
ing tissue, whereas the 3∑ ground state of O2, that is to be measured, would diffuse freely in the peptide. We ob-
served that the incorporation of the porphyrin in the nanoparticles resulted in a reduction of the phosphorescence 
lifetime sensitivity to pO2 by about one order of magnitude. Our studies of these new sensors indicate that the 
oxygen concentration can be measured in aqueous solutions with a precision of ±20% for oxygen concentrations 
ranging between 0% and 25%.
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Introduction

Monitoring the tis-
sue oxygenation be-
fore, during and after 
treatment is important 
to better understand 
the mechanisms and 
outcome of radio-
therapy[1,2] and pho-

todynamic therapy (PDT),[3–6] since pO
2
 is 

involved in the processes leading to tissue 
destruction. Therefore, the ability to quan-
titatively and reliably measure the tissue 
oxygen concentration may help to optimize 
these therapeutic methods.[7–10] Measuring 

the oxygen partial pressure (pO
2
) also pro-

vides valuable information regarding the 
tissue metabolism. This is of importance to 
understand the basic mechanisms involved 
in hypoxia-induced neovascular diseases, 
including age-related macular degenera-
tion (AMD),[11,12] diabetic retinopathy,[13] 
as well as cancer.[1,14,15] Measuring pO

2 
might even be used in the early detection 
of these conditions.

Time-resolved luminescence detec-
tion techniques for measuring pO

2
 are in 

general more reliable than luminescence 
intensity-based methods.[16,17] For the type 
of O

2
-sensing molecules we are concerned 

with here, the phosphorescence lifetime 
depends on the concentration of quench-
ing molecules, including especially the 
molecular oxygen present in the solution. 

Following the development of sensitive 
and non-invasive time-dependent optical 
spectroscopic techniques based on the ox-
ygen-dependent luminescence quenching 
of selected molecular probes, the level of 
oxygenation can thus be measured quanti-
tatively at selected sites.[18–20] Palladium-
meso-tetra(4-carboxyphenyl) porphyrin 
(Oxyphor R0; see Fig. 1A) and its multimer-
ic form, Pd-meso-tetra(4-carboxyphenyl)
porphyrin dendrimer (Oxyphor R2; 
see Fig. 1B), are two of the molecules 

frequently used in this context.[20,21]  
Many of the known porphyrins are charac-
terized by limited solubility in water. This 
drawback can be avoided by synthesizing 
porphyrin derivatives with multiple polar 
or charged groups.[22]

These oxygen probes generally present 
a relatively high phosphorescence quan-
tum yield (Φ

phos
 = 6% for Oxyphor R0 and 

Φ
phos

 = 12% for Oxyphor R2), long triplet 
state lifetimes (about 0.7 ms under anoxic 
conditions) in an aqueous environment, 
and a high absorption coefficient in the 
visible part of the spectrum (for Oxyphor 
R0, ε

410
 = 2.5×105 [M–1cm–1]; and ε

524
 = 

1.9×105 [M–1cm–1] for Oxyphor R2).[23,24] 
Unfortunately, these oxygen probes are 
phototoxic, due to the production of O

2
1∆ 

in the triplet quenching process. This is the 
case for virtually all molecules based on the 
same pO

2
-sensing mechanism, thus lead-

ing to tissue damages, including vascular 
damages, during the pO

2
 measurements.[20] 

Thus, the measurement may strongly per-
turb the tissue in which one wants to mea-
sure the pO

2
. Here we are trying to develop 

a strategy to incorporate these sensors in 
nanoparticle-based formulations, which 
should eventually enable pO

2
 measure-

ment in vivo. In this approach, to overcome 
phototoxicity, the molecular oxygen sen-
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ed hypsochromically as compared to the 
Soret band of Oxyphor R0, whereas the 
Q-band showed a very small bathochromic 
shift (see Fig. 3A). In the case of NP4, a 
bathochromic shift for both the Soret and 
the Q-bands was observed, as compared to 
those of Oxyphor R2 (Fig. 3B). These two 
figures are presented to illustrate the spec-
tral changes we observed typically after 
the incorporation of the Oxyphors in the 
chitosan NPs. The spectral data are given 
for all compounds in Table 1. Similarly, 
the emission bands of both Oxyphors and 
NP in PBS (pH 7.3, room temperature, 
21% of oxygen) are given in Table 1. The 
spectra given in the Fig. 3C were obtained 
with R0 and NP2, and they illustrate the 
typical spectral modification observed in 
two oxygenation conditions. The incor-
poration of Oxyphors R0 or R2 in NPs 
induced a small bathochromic shift of the 
fluorescence bands as compared to their 
free forms (Fig. 3 and Table 1). The ratio 
of the value of fluorescence over phospho-
rescence intensity of these peaks differed 
for each nanoparticle formulation (Table 
1). The emission spectra of free Oxyphor 
R0 exhibited a highly oxygen-dependent 
phosphorescence intensity (700–715 nm). 
At room conditions (21% of oxygen), the 
fluorescence over phosphorescence ratio is 
2:1 (see curve 4, Fig. 3C), whereas in de-
oxygenated environment (0% of oxygen) 
this ratio was much more smaller (about 
1:8) due to the reduced quenching of the 
triple state (see curve 1, Fig. 3C). For NP 
formulations of Oxyphor R0 (see, as illus-
tration, the case of NP2 in Fig. 3C) at 21% 
of oxygen, the phosphorescence was less 
quenched, as compared to the free forms of 
the Oxyphors. This could be due to the fact 
that, inside the nanoparticles, the oxygen 
diffusion is not as efficient as for the solu-
tion in which are dissolved the free forms 
of the Oxyphors. This limited diffusion 
of oxygen in the NPs material possibly 
also explains the difference of phospho-
rescence intensity with 0% of oxygen. For 
free Oxyphor R2, the fluorescence over 
phosphorescence ratio was 2:1 (Table 1), 
and was reduced by a factor 3 under nitro-
gen-saturated conditions (data not shown).

Time-resolved Measurements
Subsequently, Oxyphors phospho-

rescence lifetime measurements were 
measured in solutions at known oxygen 
concentrations. Comparison of the mea-
surements performed in deoxygenated so-
lutions indicated that the phosphorescence 
lifetimes of the free and the incorporated 
(NP) forms of all Oxyphors are almost the 
same (Table 2). In all other tested oxygen 
environments, the measured lifetimes in 
the NPs were considerably longer (over an 
order of magnitude) than for the free form 
of the Oxyphors, possibly due to the ‘pro-

sors are incorporated in oxygen-permeable 
nanoparticles (NPs), in which the O

2
 can 

diffuse easily. However, the tissue should 
be shielded from the toxic photoproducts, 
including singlet oxygen and/or radicals[25] 
produced by the oxygen sensor porphyrin 
complex in the measurement, by rapid reac-
tion of the O

2
1∆ with the material of the NP. 

Consequently, there is a need, for oxygen 
permeable NPs that essentially do not af-
fect the physico-chemical properties of the 
molecular oxygen probe. Among the ideal 
properties of such particles for the applica-
tion considered here, is that they should be 
(i) non-toxic and well tolerated in vivo, (ii) 
mono-disperse enabling its homogenous 
distribution in blood, and (iii) stable, from 
a photochemical, and immunological point 
of view and have an optimal circulation 
time in the body. Biodegradable matrixes 
composed of polyesters or polysaccharides 
are interesting candidates for this purpose. 
NPs composed of the polysaccharide chi-
tosan as main component are interesting 
candidates.[26] 

Therefore, the main goal of the present 
work was to develop and study new nano-
sensors for pO

2
 measurement encapsulated 

in such particles. More precisely, we report 
on the phosphorescence lifetime measure-
ment (Fig. 2) of Oxyphor R0 and Oxyphor 
R2, incorporated or not in chitosan-based 
NPs with different O

2
 permeability, poly-

anion carrier, and zeta potential. 

Results and Discussion

Optical Spectroscopy
As stated above, the purpose of the in-

corporation of Oxyphor R0 or R2 into chi-
tosan-based nanoparticles was to shield the 
tissue in which the sensor is measuring pO

2 
from the toxic O

2
1∆. For these Oxyphor-

based sensors the spectral regions 380–
420 nm (Soret band) and 515–535 nm 
(Q-band) can be used for excitation. The 
Soret band of the absorption spectrum of 
NP2 (room temperature, 21% of oxygen) 
in aqueous solutions appeared to be shift-

Fig. 1. Chemical structures of the Oxyphors R0 (A) and R2 (B), repeating units of chitin and chito-
san: R = CH3CO for chitin; R = H for chitosan (C).

Fig. 2. Optical fiber-based time-resolved spectrophotometer. A) Block diagram of the experimen-
tal setup adapted from ref. [27]. BS: beam-splitter, DC: dichroic filter, LP: long pass filter, SP: short 
pass filter; B) Example of spectro-temporal recording from the streak camera. White-marked area 
in the spectrum is an example of the chosen spectral domain providing the highest intensity, from 
which the phosphorescence lifetime is extracted. 
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tective’ environment of the polysaccharide 
nanoparticles.

The calculations of Rho (ρ, the ratio 
of the phosphorescence lifetime of a sen-
sor in a deoxygenated solution to its life-
time in oxygenated solution) and Alfa (α, 
the ratio of ρ for the encapsulated form 
of the Oxyphor to that of their free form) 
were performed for various oxygenation 
conditions (see Table 3 and Fig. 4). The 
results indicate that the tested NPs are 
sensitive oxygen sensors since, in the 
presence of only 5% oxygen, the lifetime 
is about 4-fold (NP2), 9-fold (NP1 and 
NP3) or 13-fold (NP4) reduced as com-
pared to the results obtained with deoxy-
genated solutions. Nevertheless, the sen-
sitivity of Oxyphors to oxygen decreased 
significantly after the incorporation in 
NP, i.e. approximately 10-fold for NP1, 
NP3, and NP4, and 5-fold for NP2 (Fig. 
4). Nevertheless, the phosphorescence 
lifetime decreased to around 7–17 μs for 
the air-saturated nanoparticle formula-
tion, which indicates an efficient quench-
ing of the phosphorescence by molecu-
lar oxygen. This change of lifetime is 
such that the oxygen concentration can 
be measured in aqueous solutions with a 
precision ranging between 10 and 20%, 
for oxygen concentrations ranging be-
tween 0% and 25% (error due to the mea-
surement of the lifetime are not taken into 
consideration).

It is of interest to note that the quench-
ing by molecular oxygen was found to be 
rapidly and completely reversed by subse-
quent bubbling of N

2
 through the nanopar-

ticle suspension. This observation enables 
us to exclude processes related to an oxi-
dation of the constituents of the nanopar-
ticles. 

The relatively small size of a colloidal 
nanoparticle is advantageous for its cel-
lular uptake and distribution as compared 
to other nanoprobes, which are frequently 
larger. Their small size also provides a large 
surface-to-volume ratio and a reduced dis-

tance over which the oxygen must diffuse 
to reach the dyes, which leads to the excel-
lent response time we have observed.

It is also interesting to note that, in all 
cases, the so-called oxygen diffusivity co-
efficient α was found to remain constant 
for all NP formulations under all the tested 
oxygenation conditions. This observation 
suggests that the reduced oxygen sen-

sitivity induced by the incorporation of 
Oxyphors in NPs is more likely to be due 
to the physico-chemical properties of the 
NPs than to a reduction of oxygen diffu-
sivity. Performing such measurements at 
different temperatures may provide useful 
information to address this issue.

The large optical absorption, phospho-
rescence quantum yield, and acceptable 

Table 1. Chitosan-based colloidal particles (nanoparticles) listing the polyelectrolyte complex 
partner polyanion, the entrapped Oxyphor species, their concentrations and the particles zeta 
potential in their formulation medium.

Code Polyaniona Oxyphor Oxyphor concentration 
[mg/l]

Zeta potential
[mV]

NP1 Heparin R0b 60 +/–0

NP2 CMA R0 128 –40

NP3 TPP R2b 198 +20

NP4 CS R2 280 +45

aType of polyanion carrier: CMA-carboxymethy amylase; TPP-tripolyphosphate; CS-hondroitin 
sulfate A; bOxyphor R0: Pd-meso-tetra(4-carboxyphenyl)porphyrin]; Oxyphor R2: Pd-meso-
tetra(4-carboxyphenyl)porphyrin dendrimer.

Table 2. Phosphorescence lifetimes of free Oxyphors R0 and R2 and their incorporated forms in 
NPs in PBS. n.m.: not measured. 

Compound

                       

Phosphorescence lifetime [μs] (tmean ± SD*t)

0% 5% 10% 15% 25%

NP1 242a ± 35 58 ± 9 39 ± 6.7 27.0 ± 5.7 11.2 ± 3.4

NP2 336 ± 60 35 ± 9 21.1 ± 5.1 13.8 ± 2.4 7.4 ± 2.3

R0 363 ± 39 10.5 ± 3.7 4.8 ± 1.2 3.2 ± 0.9 1.9 ± 0.4

NP3 287 ± 55 71 ± 8 37.7 ± 5.6 31.5 ± 9.5 17.0 ± 4.5

NP4 345 ± 32 121 ± 14 62.7 ± 4.9 52.3 ± 5.6 n.m.

R2 282 ± 45 7.7 ± 2.4   5.1 ± 0.9 2.7 ± 0.7 n.m.

aEach value is the average of at least 2 independent experiments. The values are given in μs with 
standard deviations multiplied by student’s t-distribution. Measurements were conducted at room 
temperature in PBS at the atmospheric pressure.

Fig. 3. Absorption and emission spectra of the tested compounds. A), B): Normalized absorption spectra of representative nanoparticle formulations 
(NP2 and NP4) and free Oxyphors R0 and R2 in PBS. C) Emission spectra: NP2 and R0 (both c = 0.003 g/l) in PBS at 0% or 21% oxygenation con-
ditions. 
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wavelengths corresponding to their Soret 
bands (see Fig. 3). The pH of the solutions, 
was measured with a Schott pH-meter 
(model CG825) using an InLab™ pH com-
bination electrode (Mettler-Toledo GmbH, 
Giessen, Germany).

Phosphorescence Lifetime 
Measurements in Solutions at 
Different Oxygen Concentrations 
with the Optical Fiber-based Time-
resolved Spectrofluorometer

The oxygen depletion in the studied 
solutions was obtained by bubbling O

2
/N

2
 

gas mixtures (with known molar concentra-
tions of oxygen, i.e. 0%, 5%, 10%, 15% and 
25%) during 20 minutes in dedicated 5 cm-
long quartz cuvettes (Hellma, Müllheim, 
Germany) equipped with a gas in/outlet 
tube. The measurements were performed 
with the optical fiber-based time-resolved 
spectrofluorometer described in detail else-
where (see the block diagram of the setup 
in Fig. 2A).[27] Briefly, the excitation source 
was a nitrogen laser-pumped dye laser (LTB 
Lasertechnik, Berlin, Germany) pulsing at 
10 Hz and delivering sub-ns light pulses at 
408 nm, operated with the dye 2,5-di-(4-
biphenyl)oxazol (BBO, Lambda Physik; 
Gottingen; Germany). The laser light used 
to excite the sensors was delivered by a fiber 
fed into a quartz optical fiber (core diameter 
200 μm) by an anti-reflection coated lens 
and positioned in direct contact with a quartz 
cuvette outer wall. The same fibre was used 
to collect the emitted luminescence that was 
transmitted through a long-pass filter (495 
nm) before being coupled into a spectro-
graph (250IS, Chromex) equipped with a 
100 g/mm grating. The centre of the spec-
tral region was set at 700 nm, which gave 
a spectral recording in the range 630–770 
nm. A streak camera (C4334, Hamamatsu 
Photonics K.K., Japan) was used as a two-
dimensional fast detector to record the 
spectro-temporal images (see Fig. 2B). The 
sweep speed of the camera was adjusted 
to capture spectro-temporal images cor-
responding to the phosphorescence decay 
times. The data were then processed in or-
der to evaluate the lifetimes of the observed 
phosphorescence.

The mean lifetime was calculated by 
fitting a double exponential to the data re-
sulting in a mean of the two lifetimes ac-
cording to Eqn. (1) 

τ
mean

=
β
i
⋅ τ

i

2∑
β
i
⋅ τ

i∑
i = 1, 2 (1)

(1)

where the β
i
 represents the intensities of 

the individual decay components and the τ
i
 

represents the associated lifetimes.[27] 
This approach is justified by the fact 

that the use of triple, or higher order ex-

oxygen sensitivity of the tested chitosan-
based NPs suggest that this type of formu-
lation is promising to measure the pO

2
 in 

biological systems. For the time being the 
use of the NP formulations of the oxygen 
sensors used here did not lead to a strong 
reduction in phototoxicity. The next steps 
will consist of further nanoparticle devel-
opment and assessment of their (photo)
toxicity in vitro and in vivo.

Experimental

Chemicals and Reagents
Oxyphor R0 [Pd-meso-tetra(4-

carboxyphenyl)porphyrin] and Oxyphor 
R2 [Pd-meso-tetra(4-carboxyphenyl)por-
phyrin dendrimer], see Fig. 1A and 1B, 
were obtained from Oxygen Enterprises 
Ltd. (Philadelphia, USA). PBS (without 
Ca2+ and Mg2+ ions, pH=7.4) was pur-
chased from Gibco (Invitrogen, Scotland). 
Chitosan middle viscous (Chit), carboxy-
methyl amylase (CMA), chondroitin sul-
fate A (CS), heparin and pentasodium 
triphosphate (aka tripolyphosphate, TPP) 
were purchased from Sigma-Aldrich 
(Buchs, Switzerland). 

Particle Formation
Chitosan-based colloidal nanoparti-

cles, are polyelectrolyte complexes formed 
with different polyanions.[28] The Oxyphor 
derivatives were incorporated into these 
colloidal particles. All dispersions of col-
loidal particles were filtered through a 1.2 
μm filter, and their ζ-potential was deter-
mined by measuring the electrophoretic 
mobility in a Malvern Nanosizer (Malvern 
Ltd, Malvern, UK). The batches defined 
as NP1 and NP2 contained Oxyphor R0, 
whereas NP3 and NP4 contained Oxyphor 
R2 (Table 1). This adaptation in the 
nanoparticle composition was due to the 
difference in negative charges per mol-
ecule of R0 and R2.

Preparation of NP1 and NP2: Under 
magnetic stirring, a 0.09% solution of hep-
arin was slowly dropped into a 0.05% chi-
tosan solution at pH 4.6, while maintaining 
the pH between 4.0 and 4.8 by adding 0.1 
N HCl. The ‘chitosan to heparin’ volume 
ratio in the solution was 2 to 1 in NP1, and 
3 to 2 in NP1. A solution of Oxyphor R0 of 
1.4% in water at pH 7.0 was added to this 
colloidal dispersion under continued stir-
ring. During addition, the pH of the dis-
persion was kept at pH 4.0–4.8 by adding 
0.1 N HCl. The addition was stopped at a 
concentration of 60 mg Oxyphor R0/l final 
dispersion (NP1), and at 128 mg Oxyphor 
R0/l (NP2).

NP3 preparation: Prior to the formation 
of the colloidal particles, the Oxyphor R2 
was covalently bound to the chitosan by 
forming an amide bond between the amino 

group of the chitosan and the Oxyphor R2 
carboxy group. This was performed by em-
ploying an aqueous carbodiimide reaction: 
Oxyphor R2 was dissolved at 0.38% in 2 ml 
NaOH. To this solution, 1 ml of 3% sulfo-
NHS and 0.4% coupling reagent 1-ethyl-
3-(3-dimethyllaminopropyl)carbodiimide 
hydrochloride (EDC.HCl) was added. 
After 25 min storage at room temperature, 
chitosan (3.45 ml, 1.16%) was added. The 
reaction mixture was stirred at room tem-
perature overnight, then dialyzed (Spectra/
Por® Biotech Cellulose Ester Dialysis 
Membrane MWCO: 25’000 Spectrum 
Ls Europe B.V., Breda, The Netherlands) 
against demineralized water. The filtrate 
was color-free and rejected while the reten-
tate was recovered by freeze-drying. The 
produced chitosan-Oxyphor R2 derivative 
was used to create the colloidal particle 
dispersion: under magnetic stirring, a 0.1% 
solution of TPP was slowly dropped into a 
0.1% chitosan-Oxyphor R2 solution at pH 
4.6, while maintaining the pH between 4.0 
and 4.8 by adding 0.1N HCl. The volume 
ratio chitosan-Oxyphor R2 to TPP solution 
was 6 to 1. 

NP4 preparation: Under magnetic stir-
ring, a 0.1% solution of CS was slowly 
dropped into a 0.025% chitosan solution 
at pH 4.6, while maintaining the pH be-
tween 4.0 and 4.8 by adding 0.1 N HCl. 
The chitosan to CS volume ratio was 9 to 
4 in the solution. Under stirring, a solution 
of Oxyphor R2 of 0.01% in water at pH 7.0 
was added to this colloidal dispersion. The 
volume ratio of the colloidal dispersion to 
Oxyphor R2 solution was 1 to 1. During 
addition, the pH of the dispersion was kept 
at pH 4.0–4.8 by adding 0.1 N HCl. The 
Oxyphor R2-loaded dispersion was con-
centrated by evaporating the water at 50 
°C under normal pressure in a rotary film 
evaporator. The evaporation was stopped at 
a concentration of 280 mg Oxyphor R2/l in 
the final dispersion.

Optical Spectroscopy 
Measurements
UV-VIS and Emission Spectroscopy

Steady-state UV-VIS spectra of the 
solutions described above were obtained 
using 1 cm long quartz Suprasil cuvettes 
(Hellma, Müllheim, Germany) positioned 
in a two-beam Varian Cary UV-Vis-NIR 
500 spectrophotometer (Varian AG, Zug, 
Switzerland). These optical absorption 
measurements were performed between 
350 and 600 nm with a scan speed of 600 
nm/min.

The steady state luminescence emis-
sion spectra were recorded with a spectro-
fluorometer (model LS50B, Perkin-Elmer 
AG, Massachusetts, USA). The samples, 
placed in 1 cm long optical path quartz 
Suprasil cuvettes (Hellma, Müllheim, 
Germany), were excited at appropriate 
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ponentials, never improved the residues 
resulting from a double exponential fit-
ting. In addition, the lifetimes were never 
mono-exponential, possibly due to the lo-
calization of the luminophores in different 
compartments.

Two more parameters were defined in 
this study:

1) Rho (ρ), that is the ratio of the phos-
phorescence lifetime of a sensor in a de-
oxygenated solution to its lifetime in oxy-
genated solution.   

 

ρ [x%] = τ (0% of O
2
) / τ (x% of O

2
) (2)

Rho defined in this way is a measure of 
the quenching efficiency.

2) Alfa (α), that is defined as the ra-
tio of ρ for the encapsulated form of the 

Oxyphor to that of their free form. Thus, α 
is, at least in part, a measure related to the 
oxygen diffusivity in the particle, as com-
pared to the solution: 

α [x%] = ρ
encapsulated 

[x%] / ρ
free 

[x%]
  

(3)
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Table 3. Comparison of Rho and Alfa for the free Oxyphors R0 and R2, and their incorporated 
forms in NPs tested in various oxygenation conditions (room temperature).

Compound ρ 5% ρ 10% ρ 15% ρ 25% α 5% α 10% α 15% α 25%

R0 34.6 75.7 113.6  191 1 1 1 1

NP1  4.2   6.1  9.1 21.7 0.12 0.08 0.08 0.11

NP2  9.6 15.9  24.4 45.4 0.28 0.21 0.21 0.24

R2 36.6 56.1 104.4 n.m. 1 1 1 1

NP3  4.0 7.6  9.1 16.9 0.11 0.13 0.08 n.m.

NP4  2.8 5.5  6.6 n.m. 0.08 0.09 0.06 n.m.

Fig. 4. Stern-Volmer plots of phosphorescence lifetimes of the tested compounds. A) Oxyphor R0 
and R0-based nanoparticles (NP1 and NP2), B) Oxyphor R2 and R2-based nanoparticles (NP3 
and NP4).
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