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Significance: Nitric oxide (NO) is involved in the regulation of physio- 
logical and pathological mechanisms of the cardiovascular, nervous and 
immune systems; and plays an important role in cancer being involved 
in tumor growth and suppressing processes depending on its concentra- 
tion. 
Approach: The development of a near-infrared excitable nanoprobe, 
consisting of gold nanoparticles functionalized with a two-photon ex- 
citable NO probe, for the detection of intracellular NO is reported. 
Results: The nanoprobe showed good selectivity towards NO over cel- 
lular interferences and excellent stability in aqueous-medium over time. 
The nanoprobe was able to selectively detect endogenous and exogenous 
NO in different cell lines and it accumulated in the acidic organelles 
showing negligible toxicity. Importantly, the nanoprobe showed poten- 
tial to quantify intracellular NO concentrations in breast cancer cells. 
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Conclusions: The novel gold-based two-photon nanoprobe showed an 
excellent performance and versatility and could potentially be applied 
for the spatiotemporal monitoring of in vivo NO levels. 

Keywords: photodiagnosis, nitric oxide, nanoparticles, cancer, two-photon, near- 
infrared 

1. Introduction and Background 

NO regulates physiological processes when present at low concentra- 
tions; however, at high levels, it is related to pathologies including can- 
cer [1,2]. NO can be monitored using fluorescent probes, however, most 
of these are excited using ultraviolet or visible light, which results in 
poor penetration and high photodamage to cells. Alternatively, near- 
infrared light provides high photostability and tissue penetration, low 

level of autofluorescence and minimal photodamage upon long-term ir- 
radiation [3]. Although NO probes have been reported, the development 
of novel tools for the detection and quantification of NO is required for 
a better understanding of its role in biological processes. 

2. Aims 

The importance of NO in cancer, motivates the development of tools for 
monitoring intracellular levels of NO. The research presented here aims 
to develop a novel near-infrared excitable fluorescent nanoprobes to im- 
prove the detection and quantification of NO in biological environments 
and to, potentially, combine it with photodynamic therapy. 

3. Methods 

A NO-sensitive ligand was synthesized similarly to the molecular 
NO probe published in our previous work [4] containing an o - 
phenylenediamine moiety, a naphthalimide core and a thiolated chain. 
The fluorescence emission intensity of the probe is quenched in the ab- 
sence of NO via photoinduced electron transfer (PET). In the presence 
of NO, the PET is cancelled and the fluorescence emission of the probe 
is restored. The NO-sensitive ligand was used to functionalized gold 
nanoparticles yielding the desired nanoprobe and it was characterized 
by means of UV-Vis and steady state fluorescence spectroscopies, and 
transmission electron microscopy. Selectivity, sensibility and stability 
of the nanoprobe was investigated in solution. In vitro application of the 
nanoprobe was evaluated in mouse macrophages (RAW264.7 ϒ NO− ), 
human leukemia macrophages (THP-1), endothelial and breast can- 
cer cells (MDA-MB-231). Confocal laser scanning (images and emission 
spectra) and two-photon microscopies were used to confirm the internal- 
ization and exogenous and endogenous NO detection by the nanoprobe. 
LysoTrackerTM Red DND-99 was used to study the colocalization of the 
nanoprobe within the cells. Cell viability studies were performed us- 
ing CellTiter-Blue® cell viability assay. S -nitroso- N -acetylpenicillamine 
(SNAP) was used as NO donor, Ca2 + ionophore A-23187 was used to 
stimulated NO production in endothelial cells and lipopolysaccharide 
(LPS) and interferon gamma (IFN- ϒ) were used to stimulate NO produc- 
tion in macrophages. N -nitroarginine methyl ester (L-NAME) inhibited 
NO production. Flow cytometry was used to study a large population of 
cells looking at internalization and NO detection. An intracellular cal- 
ibration curve was obtained using the nanoprobe within MDA-MB-231 
cells. 

4. Results 

A goldNP-based NO nanoprobe was developed by self-assembling a thi- 
olated NO-sensitive ligand onto the surface of goldNPs (Figure 1.a). The 
nanoprobe (2.4 ± 0.7 nm) was characterized in solution by studying its 
selectivity and sensitivity towards NO (limit of detection of 1.30 𝜇M), 
and its stability in a range of pH values of intracellular relevance (4.7 
- 8) and over time. The nanoprobe was employed for the intracellu- 
lar detection of NO in mouse macrophages (RAW264.7 ϒ NO− ), human 
leukaemia macrophages (THP-1), endothelial and breast cancer cells 

(MDA-MB-231). Confocal images (Figure 1.b) and fluorescence emis- 
sion spectra (Figure 1.c) of the cells demonstrated the successful intra- 
cellular NO detection by the nanoprobe. Upon stimulation of the cells 
to produce NO or treatment with NO donor, enhancement of the fluo- 
rescence emission intensity of the nanoprobe was evidenced confirming 
the NO detection. The nanoprobe was able to detect endogenous NO in 
macrophages and endothelial cells and exogenous NO in endothelial and 
breast cancer cells; and inhibition of the NO-synthase enzyme allowed 
confirmation of selective NO detection. Great biocompatibility was ob- 
served for all tested cells. Colocalization studies proved the accumula- 
tion of the nanoprobe in the acidic organelles of the cells. The ability 
of the nanoprobe to be excitable via two-photon was demonstrated and 
the NO detection was also visualized through multiphoton microscopy. 
The potential application of nanoprobe to quantify intracellular NO con- 
centrations was explored in MDA-MB-231 breast cancer cells showing 
a linear correlation between the nanoprobe’s fluorescence intensity and 
the concentration of NO released in the cells. 

5. Conclusion 

The combination of a fluorescent NO probe and goldNPs to develop 
a two-photon fluorescent NO nanoprobe is reported. The research de- 
scribed here includes 1) synthesis and characterisation of the first two- 
photon nanoprobe based on goldNPs; 2) ability of the nanoprobe to be 
visualised under NIR light using a multiphoton microscope; 3) excel- 
lent performance of the nanoprobe to detect, in a selective manner, 
exogenous and endogenous NO levels produced in a variety of cellu- 
lar environments; 4) great biocompatibility of the nanoprobe in all the 
cellular systems investigated; and 5) successful use of different analyti- 
cal techniques to monitor the performance of the nanoprobe including 
confocal, multiphoton microscopy and flow cytometry. All these results 
suggested the potential of the nanoprobe to be used as a nanoplatform 

for the development of more sophisticated nanosystems including ratio- 
metric nanoprobes for NO quantification or theranostic nanotools when 
combining the NO probe with a photosensitizer for photodynamic ther- 
apy. 
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This research paper describes the synthesis of two derivatives, 1 and 2, 
using aldehydes containing acid-sensitive groups. Both derivatives are 
of the donor-acceptor-donor type and exhibit absorption and emission 
in the red region. Derivative 1 has an absorption peak at 647 nm and 
an emission peak at approximately 713 nm. These molecules possess 
intramolecular charge transfer properties, allowing them to populate a 
triplet state that produces singlet oxygen, which plays a crucial role in 
cell death. Furthermore, the acid-sensitive groups on these derivatives 
enable selective accumulation in slightly acidic cancer cells. The cellular 
uptake of these derivatives can be enhanced through the formation of 
nanoaggregates, with average particle sizes of 112 nm and 81 nm for 1 
and 2, respectively. While derivative 2 has a higher capacity for singlet 
oxygen production ( 𝜑 Δ∼0.40) and better fluorescence quantum yield 
than derivative 1, both molecules have high molar absorption coeffi- 
cients and can serve as potential photosensitizers for cancer treatment. 

Keywords: Intramolecular charger transfer, Donor-acceptor-donor molecule, sin- 
glet oxygen 

1. Introduction: 

In photodynamic therapy, a photosensitizer with high molar absorptiv- 
ity within the therapeutic window of 600-850 nm, zero dark cell toxicity, 
is required. Most importantly, PS should be capable of producing a sig- 
nificant amount of singlet oxygen.1,2 To enhance singlet oxygen produc- 
tion, heavy atoms can be introduced to induce spin orbit coupling, which 
populates the triplet state of the photosensitizer. Alternatively, charge 
transfer properties of donor-acceptor systems can be utilized to achieve 
the same effect without the need for heavy atoms.3 Difluoroboronite 
curcuminoid derivatives possess a central dioxaborine ring that acts as 
a strong electron-acceptor unit and two terminal electron-donor groups, 
creating a donor-acceptor-donor system that exhibits charge transfer 
properties. Electrons can be transferred from the charge transfer state to 
populate the triplet states of similar energy, thus making these deriva- 
tives suitable as photosensitizers for photodynamic therapy. Addition- 

ally, difluoroboronite curcuminoid derivatives have been previously 
studied and utilized as a near-infrared cell-imaging probe.4 

2. Aims 

The objective of this study is to synthesize novel Donor-acceptor-donor 
type photosensitizers that absorb in the red-NIR region and are suitable 
for use in photodynamic therapy. The ultimate aim is to develop photo- 
sensitizers that have a high selectivity towards cancerous cells. 

3. Methods 

(a) Difluoroboronite curcuminoid derivatives 1 and 2 were synthesized 
in two steps using the scheme presented below. 

Fig 1: Scheme of Synthesis of 1 and 2 

(b) The synthesis of these derivatives was confirmed using 1H NMR and 
MALDI-TOF. 
(c) Detailed photophysical studies were carried out in solvents with 
varying polarities. 
(d) Nanoaggregates of these derivatives were synthesized using PEG 
1500 to increase their surface area, water solubility, and cellular up- 
take. The particle size of these nanoaggregates was characterized using 
DLS. 
(e) Singlet oxygen generation studies were performed for these deriva- 
tives using the DPBF assay. The photooxidation of DPBF was monitored 
at different time intervals in solvents with varying polarities. Similarly, 
singlet oxygen generation studies were carried out for their nanoaggre- 
gates. 

4. Results and Discussion 

Compounds 1 and 2 were synthesized using Knoevenagel condensation 
with different aldehydes to fine-tune their photophysical properties. The 
aldehydes contained amine groups, which act as acid-sensitive moieties 
that can be selectively activated in cancerous cells due to their slightly 
acidic nature. Both derivatives exhibit strong absorption and emission 
bands in the red region. Photophysical studies were conducted on 1 and 
2 in solvents with different polarities. The absorption spectra of both 
compounds showed a bathochromic shift with an increase in solvent 

polarity , indicating their polar nature in the ground state. Additionally, 
the emission spectra of both compounds exhibited a bathochromic shift 
with an increase in solvent polarity, but their intensity decreased, in- 
dicating the formation of a charge transfer state in these derivatives as 
charge transfer state depends on solvent polarity. The nanoaggregates 
of 1 and 2 also absorbed and emitted in the red region. These nanoag- 
gregates have good water solubility and have been incorporated into a 
biocompatible polymer, PEG 1500, which is commonly used for drug 
loading in cell lines. 
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