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ABSTRACT 

Near-infrared (NIR) cyanine dyes demonstrate considerable promise in medical applications, notably in cancer diagnosis, due 
to their favourable fluorescence properties and biocompatibility. However, these dyes generally have low photostability and 
tend to aggregate in aqueous solution, which can constrain their usefulness for prolonged in vivo imaging and phototherapy 
applications. Here, we report the synthesis of a selenium-integrated NIR cyanine dye, Se-Cyn, designed to modulate its electronic 
and photophysical properties. Se-Cyn demonstrates high photostability, molar absorptivity, photothermal conversion efficiency 
(PCE), and sustained optoacoustic (OptA) contrast under prolonged irradiation. Se-Cyn nanoparticles (NPs) outperform the 
indocyanine green (ICG) NPs, exhibiting PCE of 59% and a 1.36-fold higher OptA generation efficiency. Additionally, nano- 
formulated Se-Cyn NPs show excellent aqueous stability and improved bioavailability, supporting its suitability for biological 
applications. Furthermore, Se-Cyn NPs accumulate in tumors following systemic administration, enabling effective OptA tumor 
imaging. Together with their strong photodynamic and photothermal properties, these NPs show considerable potential for cancer 
theranostics. 
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 Introduction 

he development of cyanine-based compounds that can serve
s both near-infrared (NIR) contrast agents and therapeutic
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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agents remains one of the major challenges in modern cancer
research. Conventional cyanine dyes have been widely studied,
but they exhibit several major drawbacks, including poor pho-
tostability, low photothermal conversion efficiency (PCE), weak
se, which permits use, distribution and reproduction in any medium, provided the 
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ptoacoustic (OptA) signal generation, and limited reactive oxy-
en species (ROS) production [ 1, 2 ]. Solving the challenge of
eveloping multifunctional cyanine agents with strong OptA
maging capabilities in the NIR window could facilitate deeper
issue imaging and effective phototherapy within a single plat-
orm. In contrast to conventional fluorescence methods, NIR
ight penetrates tissue more effectively than light at visible
avelengths, enabling clinicians to observe internal structures or
umors with higher clarity and less interference from background
 3–6 ]. 

he improved imaging depth of NIR agents addresses key spa-
ial limitations found using traditional agents, allowing more
ccurate tumor delineation, precise localization, and real-time
onitoring of therapeutic responses [ 7, 8 ]. Incorporating thera-
eutic functionalities, such as photothermal and photodynamic
roperties, into NIR-active agents enables both imaging and
reatment. Upon NIR light activation, these agents can directly
liminate tumor cells either by generating heat (photothermal
herapy) or by producing cytotoxic ROS (photodynamic therapy)
 9 ]. This dual functionality enables precise image-guided inter-
entions and synergistic combination therapies that effectively
uppress tumor growth and reduce the risk of metastasis and
ecurrence. Integrating these multiple functions into a sin-
le platform represents a significant advancement in real-time
mage-guided cancer therapy, offering targeted treatment with
nhanced safety and therapeutic efficacy [ 10 ]. 

he solution to the aforementioned limitations lies in developing
mproved cyanine-based agents capable of achieving deep-tissue
maging, while simultaneously serving as effective cancer ther-
peutics [ 11 ]. Such a solution would pave the way for more
recise and efficient OptA-guided cancer therapies. Photostable
yanine dyes, mainly those modified with benzo[cd]indolenyl
nd azobenzene groups, have been developed and utilized in
ongitudinal, optical, and OptA imaging due to their unique
IR optical characteristics and potential for deep-tissue imag-
ng [ 12–14 ]. Despite these synthetic advantages, one notable
bstacle remains: low aqueous stability, which severely restricts
heir utility in in vivo imaging applications. Although iodinated
anthene-cyanine dyes have been reported for photodynamic
herapy (PDT) and exhibit good PDT properties, they tend to
ggregate in aqueous solutions [ 15 ]. This limitation makes them
nsuitable for combined imaging and phototherapy applications.
he resulting aggregation leads to reduced fluorescence and
iminished therapeutic performance in in vivo settings [ 16, 17 ].
hus, their instability and propensity for aggregation render
hem inadequate for multifunctional biomedical techniques until
urther advancements are achieved. 

s such, the current work focuses on developing a multi-
unctional selenium-integrated cyanine dye for OptA imaging
n the NIR range while concurrently integrating photothermal
erformance and photosensitive oxidative activity to enable both
ancer treatment and imaging. Designed specifically for in-vivo
se, this dye is aimed at addressing key limitations such as poor
hotostability and aggregation. Ultimately, this approach offers
 promising molecular platform for integrated cancer diagnosis
nd therapy. We hypothesise that integrating an organoselenium
nit into the cyanine backbone could modulate the electronic
nd photophysical properties of the dye, thereby improving its
of 15
performance as an NIR theranostic agent. Furthermore, the
nanoformulated Se-Cyn nanoparticles (Se-Cyn NPs), owing to
their enhanced stability in biological solvents, are anticipated to
enable superior in vivo OptA imaging and phototherapeutic per-
formance by minimising aggregation and degradation. Together,
these properties make Se-Cyn NPs a favourable candidate for
multifunctional cancer therapy and longitudinal imaging. 

Here, we report the synthesis of a NIR cyanine dye with
an organoselenium moiety integrated into its backbone. The
resulting Se-Cyn dye shows significantly improved photostability,
higher molar absorptivity, and enhanced PCE in the NIR window.
This dye is optimized for efficient OptA signal generation and
sustained performance, supporting its potential for deep-tissue
and longitudinal NIR imaging. As a next step, we developed a
PEGylated lipid-based nano-formulation of Se-Cyn, which shows
improved in vivo biocompatibility and enhanced therapeutic
potential compared to existing cyanine formulations. Following
systemic injection, Se-Cyn NPs preferentially accumulate in
tumors through passive targeting. This accumulation enables
OptA tumor imaging and localized therapeutic intervention
under NIR light irradiation, with the experimental findings
supporting contributions from both photothermal heating and
photosensitive oxidative activity. 

2 Results 

2.1 Reaction Scheme of Se-Cyanine (Se-Cyn) 

To obtain the Se-Cyn dye, we employed a donor–acceptor
integration strategy in which a selenium-containing donor unit
was incorporated into the cyanine scaffold to modulate its elec-
tronic structure and achieve red-shifted NIR absorption through
intramolecular charge-transfer character. The synthesis of cyclic
organoselenium-based cyanine compound (Se-Cyn) is presented
in Scheme 1 . Intermediates 1 , 2 , 3 , 4 , 5 , and Cyn.7.Cl were
synthesized according to previously published methods (Figures
S1–S6 ) [ 18–23 ]. The compound 1-(naphtho[1,8-cd][1,2]diselenol-
3-ylmethylene)-2-phenylhydrazine ( 6 ) was synthesized by con-
densation of naphtho[1,8-cd][1,2]diselenole-3-carbaldehyde ( 5 )
and phenyl hydrazine in the presence of a catalytic amount
of glacial acetic acid in ethanol. The reaction mixture was
refluxed for 12 h under an inert atmosphere. Compound 6 was
recrystallized using n-hexane, resulting in orange-yellow crystals
with a yield of 99.05% (0.20 g), and characterised using 1 H,
13 C NMR spectroscopy and mass spectrometry (Figures S7–S10 ).
The 1 H NMR spectrum of compound 6 showed a singlet at δ
8.11 ppm, which is a characteristic peak of the imine proton
( ─N ═ CH ─), while a broad peak at δ 7.82 ppm indicated the –
NH (heteroatomic proton). Aromatic protons appeared in the
aromatic range between δ 7.60–6.94 ppm (Figure S7 ). In the 13 C
NMR spectrum, the imine carbon ( ─CH ═ N ─) of compound 6
appeared at δ 143.4 ppm, whereas the nitrogen-attached phenyl
carbon ( ─N ─C ═ ) appeared at δ 142.2 ppm (Figure S8 ). The ES-
MS spectrum of compound 6 indicated a [C17 H12 N2 Se2 ]+ ion at
m/z 402, consistent with an isotopic selenium pattern (Figures S9
and S10 ). 

1-ethyl-2-((E)-2-((E)-3-(2-((E)-1-ethyl-3,3-dimethylindolin-2-yli 
dene)ethylidene)-2-(2-((E)-naphtho[1,8-cd][1,2]diselenol-3-ylm- 
Advanced Functional Materials, 2026
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SCHEME 1 Schematic depicting the synthesis of the Selenium-cyanine dye (Se-Cyn). GAA: Glacial acetic acid. ACN: Acetonitrile. DMF: N, 
N-Dimethylformamide. EtOH: Ethanol. Cyn.7.Cl: 2-[2-[2-chloro-3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1- 
yl]ethenyl]-1-ethyl-3,3-dimethyl-3H-indolium iodide. TEMDA: Tetramethyl ethylenediamine. 
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thylene)-1-phenylhydrazineyl)cyclohex-1-en-1-yl)vinyl)-3,3- 
imethyl-3H-indol-1-ium (Se-Cyn) was synthesized by
eacting 1-(naphtho[1,8-cd][1,2]diselenol-3-ylmethylene)-2-
henylhydrazine ( 6 ) and Cyn.7.Cl with cesium carbonate
Cs2 CO3 ) in anhydrous acetonitrile at − 10◦C. The resulting
roduct, Se-Cyn, was purified by silica gel column
hromatography, affording a yield of 14.45% (0.072 g). This
odest overall yield is primarily attributable to the sensitivity
f the final selenium-containing coupling step and to material
osses incurred during purification. Accordingly, while the
urrent synthetic route is suitable for proof-of-concept studies,
urther optimization would be required before scale-up. Se-Cyn
as characterized by 1 H, 13 C and 77 Se NMR spectroscopy and
ass spectrometry (Figures S11–S16 ). The 1 H NMR spectrum of
e-Cyn confirmed the absence of the atomic –NH proton from
eactant 6 at δ 7.82 ppm and the appearance of an imine proton in
e-Cyn at δ 8.33 ppm. All aliphatic protons were observed in the
ange of δ 4.17–0.85 ppm (Figure S11 ). The 77 Se NMR spectrum of
he Se-Cyn exhibited selenium peaks at δ 534 ppm and δ 391 ppm,
ndicating the presence of two non-equivalent selenium atoms in
he compound (Figure S13 ). ES-MS showed a [C51 H51 N4 Se2 ]+ ion
eak at m/z 877.4 with the expected isotopic selenium pattern
Figures S14 and S15 ). Collectively, the data from the NMR and
dvanced Functional Materials, 2026
mass spectrometric analyses confirm the successful synthesis of
compounds 6 and Se-Cyn. 

2.2 Development of Se-Cyn Nanoparticles and 

Their Characterization 

Water-soluble Se-Cyn NPs were developed to improve the in
vivo bioavailability of Se-Cyn. These NPs were synthesized via
nanoprecipitation using DSPE-PEG5000 (Figure 1a ). Transmis-
sion electron microscopy (TEM) and dynamic light scattering
(DLS) confirmed spherical nanoparticle morphology, with diam-
eters predominantly in the 70–110 nm range (Figure 1b ) and a
polydispersity index (PDI) of 0.151, indicating a fairly uniform
nanoparticle population (Figure S17 ). This size range is well
within the < 250 nm threshold required for penetration through
tumor vasculature [ 24, 25 ]. The colloidal stability of Se-Cyn NPs
was assessed over 14 days in water and 10% fetal bovine serum
(FBS) (Figure 1c ). As shown in Figure S18 , Se-Cyn NPs exhibited
a zeta potential of − 5.4 mV on day 0, with only minimal variation
over 14 days (Figure S19 ), indicating good colloidal stability. These
findings demonstrate excellent nanoparticle stability, with no sig-
nificant aggregation or degradation, confirming their suitability
3 of 15
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FIGURE 1 Nanoformulation development and characterization of Selenium-Cyanine (Se-Cyn) nanoparticles (NPs) (a) Synthesis scheme of Se- 
Cyn NPs using a nanoprecipitation method (DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine, PEG_5000: Polyethylene glycol with a molecular 
weight of 5000). (b) Transmission electron microscopy (TEM) image and dynamic light scattering (DLS) profile of Se-Cyn NPs. (c) Average size 
distribution of Se-Cyn NPs in water and in fetal bovine serum (FBS) over a 14-day incubation period. (d) Natural transition orbitals (NTOs) corresponding 
to the lowest-energy electronic excitation (S1), calculated using time-dependent density functional theory (TD-DFT) at the B3LYP/def2-TZVP level with 
implicit water solvation (SMD). The dominant NTO pair is shown, where the “hole” represents the electron density removed upon excitation (donor 
orbital) and the “particle” represents the electron density gained upon excitation (acceptor orbital). (e) Absorbance and optoacoustic (OptA) spectra of Se- 
Cyn NPs in water. (f) OptA signal stability of Se-Cyn NPs, Se-Cyn, Cyn.7.Cl, and Indocyanine Green (ICG) NPs during 30 min of pulsed laser irradiation 
(fluence: 10 mJ/cm2 ). (g) Linear relationship between OptA signal intensities and absorbances of Se-Cyn-NPs. a.u.: arbitrary units. Cyn.7.Cl: 2-[2-[2- 
chloro-3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-1-ethyl-3,3-dimethyl-3H-indolium iodide. PTT: 
Photothermal Therapy. PDT: Photodynamic Therapy. Schematic illustration of the nanoparticle system used in this study, created with BioRender.com. 

f  

e  

n  

C  

[

D  

d  

c  

T  

C  

[  

e  

w  

C  

a  

w  

t  

2  

l  

(  

N  

t  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.79191, W
iley O

nline L
ibrary on [30/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
or both in vitro and in vivo applications. The encapsulation
fficacy (%EE) of 59.5% indicated the good efficiency of this
anoprecipitation method, which retained up to 30.1% of the Se-
yn dye within the NPs (Figure S20–S22 , Equations 3 and 4 )
 26, 27 ]. 

ensity functional theory (DFT) calculations followed by time-
ependent density functional theory (TD-DFT) analyses were
arried out using the ORCA software package at the B3LYP/def2-
ZVP level with implicit water solvation (SMD) for Se-Cyn,
yn.7.Cl, and ICG as a reference compound (Figures 1d and S23 )
 28 ]. Incorporation of selenium markedly reduces the low-energy
xcitation energy compared with the chloro analogue, consistent
ith the experimentally observed bathochromic shift. For Se-
yn, the lowest-energy singlet excitation (S0 →S1 ) was calculated
t 1.67 eV (741 nm, f = 0.026) showing reasonable agreement
ith the experimental absorption maximum at 806 nm, whereas
he corresponding excitation energies for Cyn.7.Cl and ICG were
.20 eV (564 nm) and 2.13 eV (582 nm), respectively. The strongest
ow-energy allowed transition for Se-Cyn was predicted at 1.94 eV
639 nm, f = 2.21), indicating that the experimentally observed
IR absorption arises from the red-edge intramolecular charge
ransfer (ICT) character of the S1 state rather than from a single
trongly allowed transition. To elucidate the electronic nature
of 15
of the red-shifted S1 excitation, natural transition orbital (NTO)
analysis was performed. This excitation was dominated by a
single NTO pair (n = 0.9996), indicating a highly localized
and well-defined one-electron transition. The hole (NTO donor)
was primarily localized on the selenium-containing donor frag-
ment, whereas the particle (NTO acceptor) was distributed over
the polymethine cyanine backbone. This orbital redistribution
demonstrates ICT from the selenium donor unit to the conjugated
cyanine scaffold upon excitation, consistent with the experimen-
tally observed bathochromic shift and enhanced donor–acceptor
electronic coupling introduced by selenium incorporation. Both
S1 and S2 excitations collapsed to essentially the same dominant
donor–acceptor pair in the NTO representation, indicating a
common underlying charge-transfer excitation. Consistent with
expectations, Se-Cyn NPs showed negligible fluorescence in
solution, with quantum yields < 0.2% (Equation 1 ). 

Following the synthesis and characterization of Se-Cyn NPs, their
optical properties were evaluated. As depicted in Figure 1e , the
absorbance and OptA spectra of Se-Cyn NPs in PBS exhibited
precise overlap within the region of interest, indicating that the
NPs function as ideal linear absorbers suitable for OptA appli-
cations, assuming they exhibit high nonradiative efficiency. This
overlap is important because only absorbed energy converted into
Advanced Functional Materials, 2026
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eat can induce thermoelastic expansion and generate acoustic
aves.13 Photostability was further assessed by irradiating Se-Cyn
Ps with a continuous pulsed laser (fluence: 10 mJ.cm− 2 ) for 30
in in 10% FBS. As shown in Figure 1f , the OptA signal generated
y Se-Cyn NPs remained stable throughout irradiation, whereas
ignals from ICG NPs in 10% FBS progressively decreased,
ndicating the superior photostability of Se-Cyn NPs. 

he optoacoustic signal generation efficiency (OGE) was eval-
ated by plotting a linear correlation between the OptA signal
ntensity of Se-Cyn NPs and their absorbance (Figure 1g ) The
alculated OGE of Se-Cyn NPs was 1.36 times higher than that
f ICG NPs evaluated under same conditions (Figures S24–S27 ,
able S1 ). This increased OGE supports improved deep tissue
maging and enables more accurate quantification of contrast
gents for in vivo applications 

.3 In Vitro Photothermal, Photodynamic 
roperties, and Cytotoxicity 

n the NIR window, biological tissues exhibit reduced absorption
nd scattering; therefore, the absorption maxima of Se-Cyn NPs at
06 nm closely match the excitation wavelength (808 nm) utilized
n photothermal therapy [ 29 ]. Although Se-Cyn NPs exhibit an
bsorption maximum at ∼ 806 nm, we used 780 nm for irradi-
tion because it falls within their strong NIR absorption band
nd provides effective photothermal excitation. These findings
ncouraged us to further investigate the heat-generating ability
nd PTT potential of Se-Cyn NPs. To evaluate concentration-
ependent temperature changes, Se-Cyn NPs were irradiated
ith a continuous-wave (CW) laser (780 nm, 0.8 W/cm2 ), and
he temperature increase was monitored using a thermal camera.
s shown in Figure 2a , PBS solutions containing 50 µg/mL
nd 100 µg/mL of Se-Cyn NPs exhibited a marked temperature
ncrease of approximately 15◦C, whereas PBS alone showed no
onsiderable temperature change. Such an increase in intracellu-
ar temperature is sufficient to trigger cell death, demonstrating
he suitability of Se-Cyn NPs for PTT applications [ 30, 31 ]. To
urther assess the effect of laser power, temperature changes
ue to Se-Cyn NPs (100 µg/mL) were examined under 780 nm
W laser irradiation at different power settings. As shown in
igure 2b , the observed temperature increase was correlated with
aser power, confirming that a power density of 0.8 W/cm2 was
ufficient to induce a temperature shift capable of causing cancer
ell death. 

o evaluate photostability, a solution of Se-Cyn NPs (100 µg/mL)
n PBS was subjected to four repeated heating and cooling cycles,
omprising 10 min of irradiation (780 nm, CW laser, 0.8 W/cm2 )
ollowed by 10 min without laser irradiation. These repeated
rradiation cycles demonstrated the sustained stability of Se-
yn NPs (Figure 2c ). The TD-DFT/NTO analysis supports the
ntramolecular charge-transfer character of Se-Cyn. Experimen-
ally, Se- Cyn/Se- Cyn NPs showed good photostability, photosen-
itive oxidative activity, and efficient photothermal performance.
lthough selenium substitution can promote intersystem cross-
ng through the heavy-atom effect in related cyanine systems,
hese properties are discussed here based on the experimental
bservations without assigning them to a specific excited-state
echanism [ 32–34 ]. The PCE of Se-Cyn NPs was subsequently
dvanced Functional Materials, 2026
calculated. As shown in Figure 2d , Se-Cyn NPs (100 µg/mL, PBS)
exhibited a linear relationship between the cooling time and the
negative logarithm of temperature. Based on this observation and
Figure 2c (Equation 5 ), the PCE was calculated to be 59%, which
exceeded reported values for other cyanine derivatives [ 1, 35, 36 ].
Together, these results demonstrate that Se-Cyn exhibits strong
photothermal properties, making it well-suited for theranostic
applications. 

To evaluate the phototherapeutic efficacy of Se-Cyn NPs, an
MTT cell viability assay was conducted to assess their in vitro
cytotoxicity in three cancer cell lines (4T1, HCT116, and U87MG)
(Figure 2e ; Figures S28 and S29 ). As shown in Figure 2e , 4T1 cells
treated with Se-Cyn NPs (0–25 µg/mL in PBS) and laser irradia-
tion (780 nm, 0.8 W/cm2 , 5 min) showed a significant reduction
( ∼ 3.5-fold) in cell viability compared to the non-irradiated cells,
demonstrating the strong phototherapeutic potential of Se-Cyn
NPs. 

Additionally, the photosensitive oxidative activity of Se-Cyn NPs
were assessed using a ROS sensor, 1,3-Diphenylisobenzofuran
(DPBF). As shown in Figure 2f , the absorption spectra of
DPBF changed after treatment with Se-Cyn NPs and irra-
diation with a 780 nm CW laser (0.8 W/cm2 ) at different
time intervals. A progressive decrease in absorbance at the
characteristic peak ( ∼ 410 nm) was observed, indicating light-
induced oxidative activity within the solution. Subsequently,
we evaluated the in vitro photodynamic efficacy of Se-Cyn
NPs on 4T1 cells. As depicted in Figure 2g , representative
images show increased DCF fluorescence in 4T1 cells only
after incubation with Se-Cyn NPs and laser irradiation, but
not in controls, indicating increased intracellular oxidative
activity. 

To further assess the phototherapeutic efficiency of Se-Cyn NPs,
a live/dead cell staining assay was performed on 4T1 cancer
cells. Cells were co-stained with Calcein-AM (live cells, green
fluorescence) and EthD-1 (dead cells, red fluorescence). As shown
in Figure 2h , strong green fluorescence was observed in cells
treated with PBS (with or without laser irradiation) and in cells
treated with Se-Cyn NPs without irradiation, indicating high cell
viability under these conditions. In contrast, cells treated with
Se-Cyn NPs (100 µg/mL in PBS) followed by laser irradiation
(780 nm, 0.8 W/cm2 , 5 min) displayed prominent red fluores-
cence, corresponding to cell death. The DPBF- based apparent
singlet oxygen quantum yield of Se-Cyn NPs was estimated to
be 17.33% using ICG NPs as the reference standard, indicating
appreciable photosensitizing activity (Figure S30 , Equation 2 ).
Although DPBF is widely used for evaluating singlet oxygen gen-
eration, its response is not completely specific to 1 O2 ; therefore,
the calculated value is considered as an indirect estimate of pho-
tooxidative activity consistent with, but not definitive evidence for
1 O2 generation. Time-dependent UV–vis photobleaching analysis
showed only a slight decrease in the characteristic absorption
band during 10 min of irradiation, indicating good photostability
of the compound (Figure S31 ). To differentiate the individual
contributions of PDT and PTT, Se-Cyn NPs were further evalu-
ated under an ice-water bath to suppress heat generation and in
the presence of glutathione (GSH) to quench ROS. As shown in
Figure S32 , each monotherapy produced only partial inhibition of
cancer cell growth, whereas the combined phototherapies caused
5 of 15
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FIGURE 2 Photothermal characteristics of Selenium-Cyanine (Se-Cyn) nanoparticles (NPs) and their effects on 4T1 cell viability in vitro. 
(a) Temperature change curves for 1 mL of PBS containing various concentrations of Se-Cyn NPs subjected to 780 nm continuous wave (CW) laser 
irradiation (0.8 W/cm2 ). (b) Temperature change curves for 1 mL of PBS containing 100 µg of Se-Cyn NPs subjected to 780 nm CW laser irradiation at 
different laser power levels. (c) Temperature changes recorded in a Se-Cyn NP solution (100 µg/mL, PBS) over four cycles of heating (10 min, 780 nm CW 

laser, 0.8 W/cm2 ) and subsequent cooling (10 min without laser irradiation). (d) The cooling time of a Se-Cyn NP solution (100 µg/mL, PBS) demonstrates 
a linear relationship with the negative logarithm of temperature. (e) Relative cell viabilities of 4T1 cells incubated with Se-Cyn NPs (0–25 µg/mL, PBS) 
with or without laser irradiation (780 nm excitation, 0.8 W/cm2 for 5 min). ***p < 0.001. (f) Absorption spectra for a solution of 1,3-Diphenylisobenzofuran 
(DPBF) and Se-Cyn NPs after 780 nm CW laser irradiation (0.8 W/cm2 ) at different time points. The arrow indicates a decrease in DPBF absorbance at 
its characteristic peak ( ∼ 410 nm). (g) Representative images showing reactive oxygen species (ROS) staining (green) of 4T1 cells incubated with Se-Cyn 
NPs with or without laser irradiation (780 nm CW laser, 0.8 W/cm2 for 5 min, n = 3). (h) Live/dead cell staining images of 4T1 cells after incubation with 
PBS or Se-Cyn NPs with or without laser irradiation. Calcein-AM (green color) or EthD-1 (red) staining indicates live or dead cells, respectively. (n = 3). 
PCE: Photothermal conversion efficiency. 
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arkedly enhanced cell killing [ 37 ]. These findings demonstrate
hat the phototherapeutic effect of Se-Cyn NPs is primarily
ue to the combined photothermal and photosensitive oxidative
ctivities. 

.4 In Vivo OptA Imaging 

he 4T1 subcutaneous mouse tumor model was used to evaluate
he in vivo OptA imaging performance of Se-Cyn NPs, given their
romising optoacoustic properties. Figure 3a presents represen-
ative unmixed multispectral optoacoustic tomography (MSOT)
mages of tumors acquired before and at 1, 6, and 24 h after
ntravenous injection of Se-Cyn NPs (0.2 mg in 100 µL PBS).
he images reveal peak Se-Cyn NP accumulation in a tumor
etween 1 and 6 h post-injection, most likely attributable to
assive targeting. These results indicate that a 6 h interval is
ufficient for effective tumor uptake and accumulation of Se-
yn NPs for in vivo OptA imaging. Overall, the findings clearly
ndicate that Se-Cyn NPs generate strong in vivo OptA contrast
nd represent effective contrast agents for longitudinal OptA
maging. 
of 15
Additionally, imaging data suggest that photothermal treatment
can be initiated at any point between 1 and 6 h following
intravenous administration of Se-Cyn NPs. The biodistribution of
Se-Cyn NPs was evaluated in isolated major organs (heart, liver,
kidney, spleen, and tumor) by MSOT imaging 24 h after Se-Cyn
NP injection (Figure S33 , n = 3). As shown in Figure 3b , signal
intensities from isolated organs and tumor 24 h post-injection of
Se-Cyn NPs (n = 3) demonstrate that Se-Cyn NPs are present in
the tumor even at 24 h post-injection. 

2.5 In Vivo Phototherapy 

Motivated by the in vitro findings and in vivo imaging results, we
proceeded to evaluate the phototherapeutic potential of Se-Cyn
NPs in 4T1 tumor-bearing mice, focusing on their demonstrated
photothermal properties. The tumor-bearing mice were divided
into four groups to evaluate the in vivo phototherapeutic effect:
PBS, PBS + laser, Se-Cyn NPs, and Se-Cyn NPs + laser (n =
5 each). Temperature analysis curves (Figure 3c ) and thermal
camera images (Figure 3d ) show that 4T1 tumors in mice injected
with Se-Cyn NPs (0.2 mg in 100 µL PBS) 6 h prior to irradiation
Advanced Functional Materials, 2026
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FIGURE 3 In vivo optoacoustic (OptA) imaging and photothermal therapy of tumors labelled with Selenium-Cyanine (Se-Cyn) nanoparticles 
(NPs). (a) Representative unmixed multispectral optoacoustic tomography (MSOT) images of a 4T1 subcutaneous tumor in a mouse after intravenous 
injection of 0.2 mg Se-Cyn NPs in 100 µL of PBS. Imaging data are shown from a single independent in vivo imaging experiment with n = 3 biologically 
independent mice per group. Longitudinal imaging measurements from the same mouse were analyzed as repeated measures. (b) OptA signal intensities 
of isolated major organs and tumor 24 h post-injection of Se-Cyn NPs (n = 3). a.u.: arbitrary units. (c) Temperature changes in 4T1 tumors in mice during 
CW laser irradiation (780 nm excitation, 0.8 W/cm2 ) 6 h after intravenous injection of PBS or Se-Cyn NPs (0.2 mg in 100 µL of PBS). (d) Representative 
thermal images of 4T1 tumor-bearing mice before and during a 10 min irradiation period with a 780 nm continuous wave (CW) laser (0.8 W/cm2 ). Mice 
received intravenous injections of either PBS or Se-Cyn NPs 6 h before irradiation. Data are shown from one independent in vivo experiment with n = 5 
biologically independent mice per group, with each mouse receiving the assigned treatment once. (e-g) Comparison of tumor weights (e), relative tumor 
volumes (f), and mouse body weights (g) at different time points after treatment with Se-Cyn NPs or PBS with or without laser irradiation. V: Tumor 
volume at different time points, V0: Initial tumor volume. (h) Representative images of hematoxylin and eosin (H&E)-stained tumor tissue sections 
isolated from mice on day 8 post-treatment. A two-tailed Student’s t test was performed for two-group comparisons, and a one-way analysis of variance 
(ANOVA) was conducted for multiple comparisons (* p < 0.05, ** p < 0.01, and *** p < 0.001); data are presented as the means ± SD. 
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ith a 780 nm CW laser (0.8 W/cm2 ) reached a significantly
ncreased tumor-surface temperature of ∼ 43.5◦C compared to
ontrol mice (PBS + irradiation). This temperature increase
chieved by Se-Cyn NPs in combination with laser irradiation
s sufficient to induce tumour cell death [ 38 ]. As intratumoral
emperature distribution could not be assessed using a thermal
amera, the therapeutic efficacy was therefore evaluated on the
asis of tumor volume, weight, and histological findings. 

umor volume and body weight were measured daily for
ach treatment group to monitor the phototherapeutic effect.
igure 3e,f show the changes in tumor weight and relative
umor volumes at various time points after treatment with Se-
yn NPs or PBS alone, with or without laser irradiation. The
esults indicate that mice treated with both Se-Cyn NPs and
aser irradiation exhibited significant retardation of tumor growth
dvanced Functional Materials, 2026
compared to the other groups. During treatment, body weights
were recorded to assess the a general indicator of tolerability,
following administration of Se-Cyn NPs. Figure 3g shows changes
in body weight over time in mice treated with either Se-Cyn
NPs or PBS alone, with or without laser irradiation (n = 3 per
group). No significant weight loss was observed over the 8-day
observation period, indicating that the photothermal therapy was
well-tolerated. 

Furthermore, histological examination of key organs with H&E
indicated minimal toxicity, proving that Se-Cyn NPs do not
adversely affect vital organs (Figure S34 ). To assess the therapeu-
tic effects of Se-Cyn NPs on tumors, H&E staining was carried
out on tumors excised during an 8-day treatment period. Tumors
treated with Se-Cyn NPs combined with irradiation show clear
signs of necrosis and cell shrinkage, while these effects are not
7 of 15
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FIGURE 4 Preliminary tolerability assessment of Selenium-Cyanine nanoparticles (Se-Cyn NPs). Blood samples from healthy mice injected with 
Se-Cyn NPs or PBS (control) were analyzed for (a) blood biochemistry, and (b) hematological parameters. ALB, albumin; ALT, alanine transferase; AST, 
aspartate transferase; BUN, blood urea nitrogen; CREA, creatinine; HCT, hematocrit; HGB, hemoglobin; LYMPH, lymphocytes; MCH, mean corpuscular 
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; PLT, platelet; RBC, red blood cells; TP, total protein; 
WBC, white blood cells; (c) Images of hematoxylin and eosin (H&E)-stained sections of major organs from mice treated with PBS (controls) or Se-Cyn 
NPs. Data are presented as mean ± SD (n = 3 mice per group). Comparisons between groups were performed using the two-tailed non-parametric 
Mann–Whitney U test. 
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bserved in the other groups (Figure 3h ). Overall, the study
howed the photothermal therapeutic efficacy of Se-Cyn NPs and
rovided preliminary evidence of their in vivo tolerability. 

.6 In Vivo Preliminary Tolerability 

he preliminary tolerability of Se-Cyn NPs was assessed through
lood biochemical analyses, organ function tests, and H&E
taining of major organs. Hematological and biochemical results
rom healthy C57BL/6 mice, injected with 100 µL of 3 mg/mL
e-Cyn NPs and analyzed at 1, 7, 14, and 21 days after injection,
r with PBS as the control, are shown in Figure 4a–c , respec-
ively. Overall, no overt treatment-related abnormalities were
bserved. Minor variations in plasma protein, serum urea and
reatinine, and selected hematological parameters were observed
t individual time points, with most values trending toward
ontrol levels at later time points. A modest increase in aspartate
minotransferase activity was observed, which may reflect pre-
nalytical variability associated with sample collection. Similarly,
of 15
total white blood cell count increased on days 14 and 21; however,
values remained within the range routinely observed in untreated
wild-type animals. Importantly, histopathological examination
revealed no treatment-related tissue abnormalities or overt evi-
dence of organ injury (Figures 4 and S35 ). Given the limited
sample size (n = 3 per group), these findings are interpreted as
preliminary tolerability data. 

3 Discussion 

This study presents a selenium-incorporated cyanine dye, Se-Cyn
with enhanced OptA contrast in the NIR window for efficient
deep-tissue imaging. Se-Cyn NPs exhibit superior OptA perfor-
mance compared to ICG NPs, making them strong candidates
for non-invasive in vivo NIR imaging. In addition, Se-Cyn NPs
produces substantial heat and shows photosensitive oxidative
activity, enabling synergistic photothermal and photodynamic
cancer cell ablation following nanoparticle-mediated delivery
and light irradiation. These combined imaging and therapeutic
Advanced Functional Materials, 2026
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apabilities establish Se-Cyn as a promising platform for inte-
rated cancer diagnosis and treatment. Beyond oncology, the
nique properties of selenium also highlight Se-Cyn’s potential
or diverse in vivo applications, including reducing liver injury
nd lipid peroxidation, serving as an antichagasic agent, and
ontributing to antimicrobial therapy [ 39–42 ]. 

e successfully synthesized and characterized Se-Cyn and its
anoformulation (Se-Cyn NPs) using spectroscopic and spectro-
etric techniques. Both forms display peak absorbance in the
ed/NIR region at 806 nm, along with high OGE, strong PCE, and
xcellent photostability. Se-Cyn NPs exhibit stable particle size,
trong contrast, and good bioavailability, making them highly
uitable for in vivo NIR imaging applications. Compared to pre-
iously reported selenium-based dyes, Se-Cyn exhibits superior
hotostability and higher PCE [ 1, 14, 29, 32, 33 ]. The comparative
nalysis presented in Table S2 further underscores the advantages
f Se-Cyn_NPs over various reported agents. Importantly, Se-Cyn
Ps provide markedly better OptA properties (OGE and PCE)
han the ICG NPs evaluated under the conditions used in this
tudy. In addition, their robust photothermal and photodynamic
ffects enable effective phototherapy. 

ince Se is sensitive to moisture, its handling presents substan-
ial challenges and requires inert conditions during reactions
 43, 44 ]. These conditions are essential to prevent compound
egradation or unwanted reactions. Therefore, the synthesis of
e-Cyn dye is quite a complex process. Nonetheless, this limi-
ation can be addressed, as selenium possesses favorable redox
roperties, high environmental and industrial relevance, and
otential utility for various biomedical applications. These factors
ollectively justify the effort required for the synthesis of the
ye [ 45–47 ]. Furthermore, the FDA approval of certain selenium-
ontaining formulations underscores its potential in developing
ext-generation cyanine-based theranostic agents with improved
ontrast in the NIR window [ 48 ]. 

e found that Se-Cyn NPs induce cytotoxicity in 4T1, HCT116,
nd U87MG cancer cells under laser irradiation, attributable to
ynergistic photothermal and photosensitive oxidative activities.
n vivo phototherapy experiments further showed that Se-Cyn
Ps administered with laser irradiation significantly suppressed
umor growth in mice at rates comparable to those of established
hototherapy agents [ 49–51 ]. These results highlight the potential
f Se-Cyn NPs as an effective multimodal platform, enabling both
ptA imaging and therapeutic intervention in diverse tumors.
evertheless, a key challenge for broader clinical application is
stablishing dosage regimens that balance safety and therapeutic
fficacy [ 52, 53 ]. Addressing this challenge will require further
tudies aimed at optimizing the dosing parameters of Se-Cyn dyes
n large animals. 

s an initial step, we examined tolerance to Se-Cyn NPs in
ealthy C57BL/6 mice and observed good tolerance. Se-Cyn NP
dministration induced only slight changes in blood biochemical
nd hematological values, supporting overall good tolerability.
istopathological analysis revealed no abnormalities in the vital
rgans examined, including the heart, liver, spleen, and kidneys.
lthough these findings suggest good short-term tolerability at
he administered dose, more comprehensive safety and toxicity
ssessments in small and larger animal models remain necessary.
dvanced Functional Materials, 2026
This study provides an initial in vivo evaluation of selenium-
based cyanine NPs. These findings suggest that Se-Cyn NPs could
be employed as phototherapy and imaging agents in theranostic
applications. Nonetheless, it is important to acknowledge that
current findings in murine models may not fully extrapolate to
human clinical settings due to limited sample size, interspecies
differences and the narrow therapeutic window of selenium.
Further studies using large cohort, longer follow-up periods, and
appropriate large-animal studies are still required to establish
biosafety and clinical translation [ 54, 55 ]. 

4 Conclusion 

We synthesized Se integrated Cyn contrast agent that exhibits
strong optical absorption in the NIR wavelength range and high
photothermal conversion efficiency, thus allowing for prolonged
OptA imaging with high contrast. The key advantage of this study
lies in the use of the NIR Se-Cyn dye, which enables non-invasive,
real-time tumor visualization with deep tissue penetration and
low background autofluorescence in a murine model. The dye
also showed good biocompatibility in both cells and animals,
underscoring its potential for clinical translation. The combined
imaging and therapeutic capabilities of Se-Cyn support precise
localization and treatment of pathological tissue. Furthermore,
Se-Cyn NPs offer promise for clinical image-guided interventions
by facilitating monitoring of biodistributions, targeting of tumors,
and evaluation of therapeutic efficacy. A current limitation of
Se-Cyn NPs is the absence of an active cancer-targeting moiety.
To achieve active tumor targeting, conjugation with a specific
ligand will be necessary [ 56, 57 ]. In this study, our focus was
on evaluating passive tumor accumulation; therefore, targeting
ligands were not incorporated. Nevertheless, the Se-Cyn dye
structure is amenable to chemical modification, and a cancer-
targeting group can be readily attached to the dye using standard
conjugation chemistry. Future work will focus on modifying Se-
Cyn dyes for specific applications, such as sensing components of
the tumor microenvironment, thereby expanding their potential
for clinical use. In summary, we have developed a Se-Cyn dye and
its nanoformulation that exhibits outstanding optoacoustic prop-
erties and strong phototherapeutic efficacy, both of which have
been validated in vivo. Beyond introducing a novel NIR Se-Cyn
derivative for OptA imaging, this study lays the foundation for
future research exploring the photopharmacological applications
of NIR Se-Cyn NPs. 

5 Experimental Section 

5.1 Materials 

The chemicals used were of analytical grade, purchased from
commercially available sources (SDFCL, Spectrochem, Sigma-
Aldrich, and A ura Chemicals), and used without further purifi-
cation. Column chromatography was done by using silica
gel with a mesh size of 60–120. HPLC-grade solvents were
used for spectrophotometric studies. Reactions were carried
out in an inert atmosphere. The thin-layer chromatography
(TLC) was done on UV-active (254 nm) aluminum-coated silica
plates (60, F-254) from Merck. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT assay kit) and Indocyanine
9 of 15
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reen (ICG) were purchased from Sigma-Aldrich (Munich, Ger-
any). Calcein acetoxymethyl (AM) and ethidium homodimer-1
EthD1) were obtained from Thermo Fisher Scientific. Nanocs
nc. (USA) was the source of DSPE-PEG5000. 

.2 Synthesis of Se-Cyn and Se-Cyn NPs 

.2.1 Synthesis of 1-(Naphtho[1,8-cd][1,2]Diselenol-3- 
lmethylene)-2-Phenylhydrazine (6) 

aphtho[1,8-cd][1,2]diselenole-3-carbaldehyde ( 5 ) (0.150 g,
.48 mmol) and phenyl hydrazine (0.06 g, 0.58 mmol) were
ombined in 10 mL of ethanol, and the mixture was refluxed
or 12 h under an inert atmosphere in the presence of catalytic
mount of glacial acetic acid (GAA). Upon completion of the
eaction, the reaction mixture was cooled to room temperature,
nd the solvent was evaporated under vacuum. Further, the
rude compound was recrystallized using n-hexane to yield
range-yellow crystals of compound ( 6 ) (0.20 g, 99.05%). The
ompound was characterized by NMR and mass spectroscopy.
pectroscopic Data: 1 H NMR (300 MHz, CDCl3 ): δ (ppm) 8.11 (s,
H), 7.83 (bs, 1H), 7.61–7.58 (m, 2H), 7.53–7.50 (d, 1H), 7.39–7.26
m, 6H), 6.99 (t, 1H); 13 C (75 MHz, CDCl3 ): δ (ppm) 143.45,
42.16, 140.64, 138.27, 136.46, 129.46, 127.71, 127.42, 127.11, 127.14,
22.77, 122.59, 122.48, 120.76, 112.79; ESI-MS: calculated Mass for
C17 H12 N2 Se2 ]+ (m/z):- 402.21 and observed (m/z):- 402.1. 

.2.2 Synthesis of 1-Ethyl-2-((E)-2-((E)-3-(2-((E)-1- 
thyl-3,3-Dimethylindolin-2-Ylidene)Ethylidene)-2-(2- 
(E)-Naphtho[1,8-cd][1,2]Diselenol-3-Ylmethylene)-1- 
henylhydrazineyl)Cyclohex-1-en-1-yl)Vinyl)-3,3- 
imethyl-3H-Indol-1-Ium (Se-Cyn) (7) 

s shown in Scheme 1 , to a solution of Cesium carbonate (0.21 g,
.65 mmol) in 5 mL of anhydrous acetonitrile, 1-(naphtho[1,8-
d][1,2]diselenol-3-ylmethylene)-2-phenylhydrazine ( 6 ) (0.24 g,
.60 mmol) dissolved in 5 mL of dry dichloromethane was added
t − 10◦C under an inert atmosphere. The reaction mixture was
tirred for 45 min at − 10◦C. Dissolved Cyn.7.Cl (0.32 g, 0.80 mmol)
n 5 mL of acetonitrile was added dropwise to the reaction mixture
t − 10◦C for 15 min, and the reaction mixture was stirred for
 h at RT. The solvent was evaporated under vacuum. The solid
as purified by silica gel column chromatography using ethyl
cetate/methanol (95:5 v/v) as mobile phase. The bluish solid was
btained in a yield of 14.45% (0.072 g). Spectroscopic Data: 1 H
MR (300 MHz, CDCl3 ) δ (ppm):- 7.96 (s, 1H), 7.68–7.53 (m, 5H),
.48–7.39 (m, 5H), 7.28 (m, 4H), 7.15 (m, 3H), 7.08–7.06 (d, 2H),
.02 (s, 1H), 6.24–6.20 (d, 1H), 4.18 (m, 4H), 3–2.93 (d, 2H), 2.23
m, 2H), 1.73 (s, 2H), 1.39 (s, 6H), 1.25 (s, 6H), 1.09 (s, 3H), 0.88–
.86 (d, 3H); 13 C (75 MHz, CDCl3 ): δ (ppm):- 172.8, 153.9, 146.1,
45.3, 143.5, 142.3, 142.0, 141.9, 141.7, 141.5, 140.0, 139.1, 138.3, 137.1,
30.1, 129.3, 129.1, 128.2, 127.8, 127.1, 126.8, 125.9, 124.6, 123.1, 122.8,
22.6, 122.2, 114.3, 111.0, 101.2, 100.8, 39.9, 31.9, 30.0, 28.2, 28.0, 27.8,
6.3, 25.0, 23.0, 21.3, 14.2, 12.5, 12.4; 77 Se NMR (76.34 MHz, CDCl3 ):
(ppm) 534, 391. ESI-MS: calculated mass for [C51 H51 N4 Se2 ] +
m/z):- 877.88 and observed (m/z):- 877.4. 
0 of 15
5.2.3 Synthesis of Se-Cyn NPs 

Se-Cyn and DSPE-PEG5000 were each dissolved in tetrahydro-
furan (0.5 mL) in separate vials. After dissolution, the solutions
were mixed and rapidly injected into deionized water (9 mL). The
solution was sonicated with a microtip probe sonicator (12 W)
for 5 min. Residual tetrahydrofuran was removed using a rotary
evaporator. The resulting Se-Cyn NPs were filtered through a
200 nm filter and then concentrated using a centrifugal filter
(MWCO = 100 kDa). 

5.3 Time-Dependent Density-Functional Theory 
(TD-DFT) 

All quantum chemical calculations were performed using the
ORCA 6.0.1 (Win64) software package [ 28 ]. Geometry optimiza-
tions of the dye molecules Cyn-7- Cl, Se- Cyn and ICG were
carried out using density functional theory (DFT) with the
B3LYP exchange–correlation functional and the def2-TZVP basis
set. Implicit solvation effects were modelled using the SMD
(Solvation Model based on Density) approach, with water and
dimethyl sulfoxide (DMSO) as solvents. Standard integration
grids and tight self-consistent field (SCF) convergence criteria
were applied. Canonical molecular orbitals were printed to enable
electronic structure analysis. Vertical excitation energies were
computed using time-dependent DFT (TD-DFT) at the same
level of theory (B3LYP/def2-TZVP), incorporating solvent effects
via the SMD model with water and DMSO as dielectric media.
Excited-state calculations were performed using the DRACO
module, with 30 singlet excited states requested (NROOTS =
30). The DONTO keyword was enabled to include contributions
from double excitations within the linear-response framework.
Solvent-dependent differences (water vs. DMSO) in excitation
energies and oscillator strengths were found to be negligible.
Molecular structures and electronic transitions were visualized
and analyzed using UCSF ChimeraX version 1.8 [ 58 ]. 

All quantum chemical calculations were performed using the
ORCA 6.0.1 (Win64) software package [ 28 ]. Geometry optimiza-
tions of the dye molecules Cyn-7- Cl, Se- Cyn, and ICG were
carried out using density functional theory (DFT) with the
B3LYP exchange–correlation functional and the def2-TZVP basis
set. Implicit solvation effects were modelled using the SMD
(Solvation Model based on Density) approach, with water and
dimethyl sulfoxide (DMSO) as solvents. Tight self-consistent
field (SCF) convergence criteria were applied. Vertical exci-
tation energies were computed using time-dependent DFT
(TD-DFT) at the same level of theory (B3LYP/def2-TZVP),
incorporating solvent effects via the SMD model. A total of
30 singlet excited states were calculated (NROOTS = 30) to
ensure reliable description of the low-energy absorption fea-
tures. The DONTO keyword was employed to generate natural
transition orbitals (NTOs) for analysis of the excited states.
Solvent-dependent differences (water vs. DMSO) in excita-
tion energies and oscillator strengths were found to be neg-
ligible. Molecular structures and electronic transitions were
visualized and analyzed using UCSF ChimeraX version 1.8
[ 58 ]. 
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.4 Characterization of Se-Cyn and Se-Cyn NPs 

uclear magnetic resonance (NMR) characterization was done
n a Bruker Avance 300 and 400. The 1 H, and 13 C NMR spectra
ere recorded in deuterated solvents (CDCl3 and DMSO-d6 )
n Brucker Avance 300 MHz spectrometer using tetramethyl-
ilane (TMS) as an internal standard. The 77 Se NMR spectrum
as recorded on Brucker Avance 400 MHz spectrometer using
iphenyl diselenide as an external standard. Mass spectra were
ecorded on AB SCIEX 3200 Q TRAP LC/MS/MS spectrometer.
PLC-UV/MS analyses were performed on a Dionex UltiMate
000 HPLC system coupled with a Thermo Scientific ISQ
C Single Quadrupole Mass Spectrometer. Analyses were per-
ormed using a Thermo Scientific Accucore RP-MS LC-column
2.1 ×50 mm, 2.6 µm) with a gradient (5% to 95% of acetonitrile
 0.1% formic acid v/v in water + 0.1% formic acid v/v) over
 min at a flow rate of 0.6 mL/min, and UV detection at 254 nm.
ransmission electron microscopy (Jeol JEM-1400 plus) was
sed for morphological analysis of the nanoformulations, while
anoparticle size distributions, polydispersity index and zeta
otential were quantified using a Malvern Zetasizer. UV-visible
pectra were recorded using a Tecan i-control and Shimadzu UV
450, while OptA spectra were recorded using MSOT inVision
56-TF (iThera Medical). Corrections were done with India ink,
rilliant Black BN (BBN) [ 59 ]. Infrared thermal images were
aptured using an infrared camera (FLIR I60). 

.4.1 Determination of Quantum Yield 

he quantum yield of Se-Cyn was calculated using the following
quation. 

𝜙1 = 𝜙2 
A2 
𝐴1 

×
S1 
𝑆2 

×
( 

𝜂1 
𝜂2 

) 2 

(1)

here, 𝜙2 is the quantum yield of standard, 

A is the absorbance at an excited wavelength, 
S is the integrated emission band area at an excitation

wavelength, 
ƞ is the refractive index of the solvents, 

he subscripts 1 and 2 refer to the sample and the standard,
espectively. 

ndocyanine Green (ICG) was used as a standard [ 60 ]. 

.4.2 Apparent Singlet Oxygen Quantum Yields ( ΦΔ) 

inglet oxygen quantum yields were assessed spectroscopically in
 cuvette. Se-Cyn NP solutions containing DPBF were irradiated
sing a laser (780 nm, 0.8 W/cm2 ), and absorption spectra were
aptured at 2-min intervals during laser irradiation in PBS buffer
pH 7.4) at room temperature, with ICG used as a standard.
ollowing laser irradiation, the absorbance of DPBF at 410 nm
as measured over 0- 6 min, and absorbance was plotted as a
dvanced Functional Materials, 2026
function of irradiation time. By using the following equation, the
apparent singlet oxygen quantum yield was estimated. 

𝑆 𝑖 𝑛 𝑔 𝑙𝑒 𝑡 𝑜 𝑥𝑦𝑔𝑒 𝑛 𝑞𝑢𝑎 𝑛𝑡𝑢𝑚 𝑦 𝑖 𝑒 𝑙𝑑 = Φ𝑠𝑡𝑑 
𝑔𝑟 𝑎𝑑𝑆𝑎 𝑚𝑝 𝑙𝑒 

𝑔𝑟 𝑎𝑑𝑆𝑡𝑑 
×
𝐹𝑆𝑎 𝑚𝑝 𝑙𝑒 

𝐹𝑆𝑡𝑑 
(2)

where, 𝜙std is the singlet oxygen quantum yield of ICG (0.077 in
DMSO) [ 61 ], 

grad is the rate of reaction, 
F is the absorption correction factor ( F = 1 − 10− Abs ) 

5.4.3 Determination of Encapsulation Efficiency 
(%EE) 

Encapsulation efficiency (%EE) was defined as the percentage
of Se-Cyn dye successfully encapsulated within the NPs relative
to the total amount of dye feed. To determine %EE, calibration
curves were first constructed by plotting the absorbance of Se-
Cyn dye in Tetrahydrofuran solution at 794 nm across different
concentrations. Absorbance values were recorded by a UV-Vis
spectrophotometer, and the amount of Se-Cyn encapsulated in
the NPs was determined from the standard calibration curve. %
EE was calculated using Equation 3 [ 62 ]. 

% 𝐸𝐸 =
( 

𝐴𝑚 𝑜𝑢 𝑛 𝑡 𝑜𝑓 𝑑𝑦𝑒 𝑒𝑛 𝑐𝑎𝑝𝑠𝑢 𝑙 𝑎𝑡 𝑒𝑑 𝑖𝑛 𝑁𝑃𝑠 

𝐴𝑚 𝑜𝑢 𝑛 𝑡 𝑜𝑓 𝑑𝑦 𝑒 𝑓 𝑒𝑒𝑑 

) 

× 100 (3)

5.4.4 Determination of Dye-Loading Percentage 

Dye-loading percentages were determined as the ratio of the
encapsulated dye mass to the total mass of NPs. To determine dye-
loading percentages in the NPs, freeze-dried Se-Cyn NPs were
first weighed to obtain the total mass of the NPs prior to disso-
lution in THF. The mass of Se-Cyn encapsulated in the NPs was
subsequently determined from the standard calibration curve.
The drug loading percentage was calculated using Equation 4
[ 62 ]. 

% 𝐷𝑟𝑢 𝑔 𝐿 𝑜𝑎𝑑𝑖𝑛 𝑔 =
( 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑦𝑒 𝑒𝑛 𝑐𝑎𝑝𝑠𝑢 𝑙 𝑎𝑡 𝑒𝑑 𝑖𝑛 𝑁𝑃𝑠 

𝑇𝑜𝑡𝑎𝑙 𝑚 𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑁𝑃𝑠 

) 

× 100

(4)

5.5 In Vitro Photothermal and Optoacoustic 
Generation Properties of Se-Cyn NPs 

The photothermal properties of Se-Cyn NPs were examined by
monitoring temperature changes in solutions containing varying
concentrations of Se-Cyn NPs during continuous laser irradiation
at 780 nm and varying power settings. Temperature was measured
with an infrared thermal camera. 

Photothermal conversion efficiency (PCE) : PCE of Se-Cyn
NPs was calculated using the following equation: 

𝜂 =
{ 

[ hs ( T − Tsurr ) − QDis ] ∕I
[
1 − 10

( − A ) 
780 

]} 

(5)

where, η stands for photothermal conversion efficiency, 
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h is the heat transfer coefficient, 
s is the surface area of the cuvette, 
T and Tsurr are the reached thermal equilibrium state tempera-

ture and the surrounding temperature, respectively, 
QDis is the energy input from deionized water in the detected

solution, 
I is the power of the continuous wave laser (0.8 W/cm2 ), 
A780 refers to the absorbance of Se-Cyn NPs at 780 nm (0.45)

[ 63 ]. 

he photothermal conversion capability of Se-Cyn NP solutions
as calculated over several cycles of laser irradiation on and off. 

ptoacoustic generation efficiency (OGE) : For OGE deter-
ination, each dye or nanoparticle solution was diluted in
eionized water to obtain optical absorbance values of 0.1, 0.2,
.3, 0.4, and 0.5 at the respective excitation wavelength. Sam-
les were imaged using MSOT under identical acquisition and
econstruction conditions. Nanosecond-pulsed light generated
y a tunable optical parametric oscillator laser was delivered to
he sample through a ring-shaped fiber bundle. Measurements
ere performed within the 680–900 nm wavelength range, with
he excitation wavelength selected based on the absorption
aximum of each sample. Absorption of the excitation light
nduced thermoelastic expansion and generated acoustic waves,
hich were detected using a cylindrically focused 256-element
ransducer array with a central frequency of 5 MHz, a radius of
urvature of 40 mm, and an angular coverage of 270◦. OGE was
efined as the slope of the linear regression between optoacoustic
ignal intensity and optical absorbance. 

.6 In Vitro Cytotoxicity Assessment of Se-Cyn 

Ps 

he cytotoxic effects of Se-Cyn NPs were assessed across several
ell lines, including 4T1, HCT116, and U87, using the MTT
ssay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
ide). For this study, cells were suspended in a suitable medium
upplemented with 10% FBS and 1% PS and incubated in a 5% CO2
tmosphere at 37◦C. The cells were cultured in a 96-well plate
vernight at a density of 1 × 103 cells/well. Afterward, the cells
ere treated with various concentrations of NPs for 12 h. After
2 h, the cells were washed, and fresh media was given. Cells were
hen irradiated using a laser (780 nm, 0.8 W/cm2 , 5 min), and cell
iability was then evaluated using the MTT assay. 

.7 In Vitro ROS Generation 

rior to testing the cells, ROS generation was assessed spec-
roscopically in a cuvette. Se-Cyn NPs solutions containing
PBF were irradiated using a laser (780 nm, 0.8 W/cm2 ) with
bsorption spectra captured every two minutes of laser irradiation
o determine determine photosensitive oxidative activity [ 64 ]. 

he cell-based in vitro photosensitive oxidative activity Se-Cyn
Ps was identified by 2 ′ ,7 ′ -dichlorodihydrofluorescein diacetate
DCFH-DA). Briefly, the cells were incubated for 12 h with Se-
yn NPs and with DCFH-DA for an additional 1 h, and the cells
2 of 15
were washed and replaced with fresh medium and exposed to
laser irradiation for 5 min. Leica DMI3000 B inverted microscope
(Wetzlar, Germany) was used to visualize the photosensitive
oxidative activity of Se-Cyn NPs at the cellular level. 

5.8 In Vitro Live/Dead Cell Staining 

A live-dead cell staining study was performed on 4T1 cells. Cells at
a density of 1 × 106 were cultured in a 6-well plate overnight. The
cells were then treated with PBS or Se-Cyn NPs for 12 h. After
12 h, the cells underwent laser irradiation (780 nm, 0.8 W/cm2 ,
5 mins) or no irradiation as control. After laser irradiation, cells
were washed with PBS and incubated with the Calcein-AM and
EthD-1 for 30 min. Finally, cells were washed with PBS, and
fluorescence imaging was carried out using a Leica DMI3000 B
inverted microscope (Wetzlar, Germany). 

5.9 In Vivo OptA Imaging of 4T1 Tumor-Bearing 
Mice 

The Government of Upper Bavaria approved the protocols that
were used for animal experiments. The 4T1 subcutaneous tumor
model was prepared by implanting 4T1 cells (1 ×106 cells in 30 µL
PBS) subcutaneously on the back of 6-week-old nude mice (n =
3). OptA imaging was carried out once tumors reached around
100 mm3 . Tumor-bearing mice were injected with Se-Cyn NPs
(3 mg/mL), and the MSOT inVision 256-TF was used to obtain
OptA images at pre-injection, 1, 6, and 24 h post-injection. Images
were reconstructed using ViewMSOT 4.0 software’s (iThera
Medical, Munich) “model linear” technique [ 65 ]. 

5.10 In Vivo PTT of 4T1 Tumor-Bearing Mice 

To assess the in vivo anti-tumor efficacy of Se-Cyn NPs, 4T1
tumor-bearing mice were split up into four groups (n = 5 each)
and treated with: PBS (i.v. injection, 100 µL), PBS + laser (i.v.
injection, 100 µL), Se-Cyn NPs (i.v. injection, 3 mg/mL, 100 µL),
Se-Cyn NPs + laser (i.v. injection, 3 mg/mL, 100 µL). The tumors of
laser-treated groups were irradiated (780 nm, 0.8 W/cm2 , 10 min)
6 h after injection of PBS or Se-Cyn NPs. Tumor temperatures
were recorded by using a thermal camera. Tumor volumes and
the weights of the mice in all the groups were measured over 8
days after treatments. On the final day of therapy, all the mice
were sacrificed, and the major organs and tumors were isolated
and subjected to H&E staining. 

5.11 In Vivo Tolerability Evaluation of Se-Cyn 

NPs 

The preliminary tolerability of Se-Cyn NPs was assessed using
C57BL/6 mice (3 groups, n = 3) [ 66 ]. Blood from Se-Cyn NP-
treated groups (i.v. injection, 3 mg/mL, 100 µL) was collected on
days 1, 7, 14, and 21. Hematological analyses were performed using
a Sysmex XN1000V hematology analyzer applying pre-set mouse
settings and the pre-dilution measurement mode applied to blood
samples diluted 1:7 with Cellpack DCL buffer (Sysmex). Blood
biochemistry parameters were determined using a AU480 Clini-
Advanced Functional Materials, 2026

e C
om

m
ons L

icense



c  

w  

e  

i  

(

5

E  

L  

t  

u  

s  

f  

a  

m  

t  

p  

w  

a  

d  

F  

p  

U

A

D  

a  

e  

a  

a  

d
r  

–  

M  

t  

w  

t  

w  

r  

d

A

W  

U  

n  

G  

c  

a  

B  

t  

m  

p  

v

O

F

T  

c  

i  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.79191, W
iley O

nline L
ibrary on [30/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
al Chemistry Analyzer (Beckman-Coulter Germany, Germany)
ith adapted kits provided by Beckman-Coulter as described
arlier) [ 67 ]. The isolated vital organs of these 3 groups were fixed
n 4% paraformaldehyde and stained with hematoxylin and eosin
H&E) for histopathological evaluation. 

.12 Statistical Analysis 

xperimental data were analysed using OriginPro 2023 (Origin-
ab Corporation, Northampton, MA, USA) with built-in sta-
istical analysis and curve-fitting tools. Graphs were plotted
sing the software’s high-resolution plotting features. The sample
ize was selected before the experiments based on practical
easibility, prior experience with comparable MSOT imaging
nd phototherapy studies [ 5, 66 ] and ethical considerations to
inimize animal use. For studies with 5 animals per group,
wo-tailed Student’s t tests were performed for two-group com-
arisons, whereas a one-way analysis of variance (ANOVA)
as applied for multiple comparisons. Data are presented
s the means ± SD, with statistically significant differences
enoted by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
or studies with 3 animals per group, group comparisons were
erformed using the two-tailed nonparametric Mann–Whitney
 test. 
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