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Abstract
Background  nowadays, the photoacoustic imaging is in the mainstream of cancer theranostics. In this study the 
nanoparticles with previously proven photoacoustic imaging properties, i.e. glucose-ethylenediamine carbon dots 
(GE-NPs), were tested for photoacoustic cancer therapy.

Methods  nanoparticle biocompatibility was analyzed in cell toxicity and neurotoxicity experiments ex vivo. 
Biochemical parameters were analyzed in animal experiments in vivo after intramuscular implantation of Lewis Lung 
carcinoma cells into the C57/Black mouse line.

Results  GE-NPs at concentrations of 0.1–1.0 mg/ml did not change the extracellular level, exocytotic and transporter-
mediated release, as well as the initial rate of uptake and accumulation of L-[14C]glutamate in isolated rat brain nerve 
terminals. GE-NP-treated mice had evidence of the probable protection of the liver and attenuating the systemic 
consequences of tumor growth, as evidenced by normalization of serum aspartate aminotransferase (ASAT), and 
lactate dehydrogenase (LDH) levels, compared to vehicle-dosed tumor-bearing animals. According to hematological 
analysis, treatment with GE-NPs caused an increase in red blood cells and hematocrit up to the healthy control levels. 
When a combination of GE-NPs (1 mg/ml) is injected into a mouse tumor and the tumor is irradiated by a laser 
beam, it leads to an increase in mice survival by more than 30% compared to GE-NPs-treated non-irradiated mice, 
and a decrease in the growth rate of the cancerous tumor. The observed therapeutic effect can be related to the 
photoacoustically-induced destruction of cancer cells significantly enhanced by the presence of the incorporated 
GE-NPs, because the laser-induced localized heating of mice skin has not exceeded 2 °C.

Conclusions  the efficiency of photoacoustic therapy of Lewis Lung carcinoma in mice using biocompatible carbon 
dots was demonstrated. Biocompatible GE-NPs own multimodal potential in cancer theranostics, including both 
photoacoustic imaging and therapy, by applying different irradiation conditions.
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Introduction
The global cancer burden is growing, and the projected 
cancer burden increase in 2050 is predicted to be over 
35 million new cancer cases which is a 77% increase from 
the estimated 20  million cases in 2022 [1]. The use of 
nanoparticles (NPs) for cancer treatment may overcome 
the disadvantages of most common cancer therapies 
(surgery, radiation, chemotherapy, hormonal therapy) 
[2–10]. There are several ways of NP targeting the cancer 
cells; i.e. passive targeting (NPs are applied to organism 
without specific targeting agents) and active targeting 
(small drug molecules are attached to NPs to assist its 
accumulation in cancer cells). Due to enhanced perme-
ability and retention effect (EPR effect), NPs can leave the 
blood capillaries of the tumor, consisting of underdevel-
oped and leaky endothelium, and remain in the tumor 
for days. NPs can be administrated either intratumoral or 
intravenous, for passive or active targeting [6, 11–15].

Among different types of NPs, carbon-based fluores-
cent nanomaterials, such as graphene quantum dots [16, 
17], graphene oxide [18–20], and carbon dots (CDs) [21, 
22] have attracted significant attention because of their 
unique optical and biocompatible traits under physiolog-
ical conditions. Such characteristics are greatly beneficial 
for various biomedical applications, such as theranostics. 
Compared to traditional anticancer models, the combi-
nation of diagnosis and therapy can gather more detailed 
information for precise, high-sensitivity, and low-inter-
ference cancer treatment. The integration also can moni-
tor the metastasis and relapse of tumor to obtain high 
therapeutic efficiency. Hence, a large variety of ther-
anostic agents based on multicomponent nanomaterials 
that combine two or more imaging functions (e.g., fluo-
rescence and /photoacoustic imaging) and therapeutic 
modalities have been studied, and many valuable results 
have been obtained in preclinical animal experiments on 
various tumor models [23, 24].

CDs own aromatic and aliphatic regions, constituents 
of which are graphene, graphene oxide and diamond [25]. 
Water-suspended CDs possess inorganic carbon cores 
with sp2 hybridized graphene islands and diamond-like 
sp3 hybridized inclusions. The shells of CDs are of amor-
phous carbon and oxygen-containing polar groups, such 
as carbonyls, carboxyls, and hydroxyls. CDs exhibit not 
only fluorescent imaging capability but also a photo-
therapy nature including photodynamic therapy (PDT) 
and photothermal therapy (PTT), which is beneficial to 
photothermal and photoacoustic imaging. CDs provide 
a strong potential for multimodal imaging and multiple 
therapies leading to promote the practical applications 
of CDs in the nanomedical fields [26]. Also, CDs with 
potential uses for the administration of drugs against 
cancer are considered advantageous systems to control 

drug release in the organism and increase the efficiency 
of treatments and reduce their toxicity [27–30].

CD can be applied for (i) photodynamic therapy (PDT) 
electronically excited photosensitizer transfers energy to 
the ground state of molecular oxygen to produce excited 
singlet oxygen, which is cytotoxic, thus leading to direct 
tumor cell death via apoptosis or necrosis and damage 
of the tumor microvasculature and dramatic changes in 
tumor microenvironment [31–35]; (ii) photothermal can-
cer therapy (PTT) that typically employs near-infrared 
(NIR) light-absorbing agents that convert laser energy 
into heat to kill cancer cells, generating irreversible cel-
lular damage and subsequent tumor destruction; and (iii) 
ultrasound hyperthermia. Ultrasound is the sound waves 
that can propagate from one soft tissue to another (except 
bone tissue junction) and to get the vibration back from 
soft tissues, a high-intensity focused ultrasound was used 
[36]. The major physical effects of ultrasound are the gen-
eration of heat, mechanical vibration, and cavitation.

A photoacoustic approach can share characteristic 
features of both PTT and ultrasound hyperthermia. Lit-
erature data revealed that the photoacoustic approach 
was used mainly for imaging, and there are not numer-
ous data regarding therapy [37–39]. This study aimed to 
assess an efficacy of photoacoustic therapy using CDs. 
Mechanical vibration of CDs can initiate cavitation lead-
ing to cancer cell damage [6, 40]. Ultrasound (UlS) is a 
kind of non-toxic mechanical wave commonly used in 
clinical diagnostic imaging, which can also play a thera-
peutic role in tumor eradication. This efficient treatment 
method utilizes the UlS to activate sonosensitizers to 
generate toxic reactive oxygen species (ROS) to eradicate 
tumor cells [41–43]. Compared with traditional PDT, UlS 
offers a significant advantage due to its deep penetration 
depth [44]. Furthermore, it allows for targeted tumor 
ablation through rapid ultrasonic energy deposition, 
destroying tumor blood vessels and cancer cells while 
sparing surrounding healthy tissues cells [41, 42, 45].

Here, we have developed approaches for cancer ther-
apy using acoustic wave generation in carbon NPs under 
photo-induced treatment of Lewis lung carcinoma in 
mice (Scheme 1). This technique is based on the fact that 
some materials, such as CDs, can generate detectable 
acoustic waves after laser irradiation [46, 47]. To create 
a treatment protocol using the generation of an acous-
tic wave in CDs that were injected into the tumor, it was 
necessary to select the type of CDs, their concentration 
in the buffer solution, the parameters and mode of laser 
operation (wavelength, pulse frequency, energy den-
sity), the protocol for the introduction of CDs and irra-
diation of the tumor, etc. It was necessary to select CDs 
with optimal acoustic properties (maximum amplitude 
of the generated acoustic wave) so that the used CDs 
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concentration would be non-toxic and laser irradiation 
would not lead to the effect of hyperthermia.

According to our previous research, glucose-ethylene-
diamine nanoparticles (GE-NPs) demonstrate low toxic-
ity and high photoacoustic response [21, 48] Chemical 
structure of these nanoparticles consisted of O–H and 
N–H functionalities, methylene groups, conjugated C = C 
and C = N double bonds, as well as single C–O bonds. 
The most intense signals in their 1H-NMR spectrum 
relates to –HC(OH)– protons of hydroxylated hydro-
carbon chains of cross-linked glucose molecules (2.5–4 
ppm), presence of which resulted in hydrophilicity of GE-
NPs and their high solubility in water.

Taking into account all aforementioned, the GE-NPs 
seems promising as agents for photoacoustically-induced 
cancer treatment. So, the aims of the present study were: 
(1) to synthesize the GE-NPs ; (2) to assess their size, zeta 
potential, and photoacoustic signal for tissue phantoms; 
(3) to analyze neurotoxicity of GE-NPs ex vivo using 
isolated rat brain nerve terminals and measuring the 
extracellular level, exocytotic and transporter-mediated 
release and uptake of L-[14C]glutamate, the main excit-
atory neurotransmitter in the central nervous system; (4) 
to assess anticancer activity of GE-NPs without irradia-
tion in experiments in vivo using mice with Lewis lung 
carcinoma; (5) to perform photoacoustic therapy of mice 
with Lewis lung carcinoma using GE-NPs (Scheme 1).

Methods and materials
Synthesis of GE-NPs
The GE-NPs were synthesized using a procedure, simi-
lar to the one, described in [49]. Glucose monohydrate 
(0.495  g, 2.5 mmol) and ethylenediamine (170 µL, 2.5 
mmol) were dissolved in 5 mL of water and sealed in a 
teflon-lined stainless-steel autoclave. The autoclave was 
heated to 180 °C with a 5 °C‧min-1 heating rate, kept for 
3 h at this temperature and naturally cooled. The resulted 
solution was evaporated at 60  °C in a rotary evapora-
tor and dried at 60 °C under 10− 3 bar vacuum. The solid 
was dissolved in water (1 mg‧ml-1) under sonication. The 
resulting transparent dark-brown solution was centri-
fuged at 14,500 g for 10 min, negligibly small precipitate 
was disposed.

GE-NPs were used in neurotoxicity studies for ex 
vivo experiments at concentrations ranging from 0.1 to 
1.0 mg/ml. 100 µl of the GE-NP suspension (with a con-
centration of 1 mg/ml) was injected into the mouse in the 
experiments in vivo.

Post-synthesis characterization of GE-NPs
Dynamic light scattering
Size distribution measurements of diluted colloidal solu-
tions of GE-NPs were performed using Zetasizer Nano 
ZS from Malvern Instruments (He–Ne laser 633  nm, 
5mW, with 173° Non-Invasive Back Scatter (NIBS) detec-
tor and narrow band filter).

Photoacoustic measurements
The light radiation from a Q-switched Nd: YAG laser 
with laser fluency equal to 300  mJ/cm2, laser beam 
focus ~ 2  mm and in the irradiation mode “532 nm 
(green) + 1064 nm (IR)” was used as an excitation source. 
The pulse energy was reduced by a filter to avoid any tis-
sue damage. Additionally, the intensity of the laser beam 
was controlled with a photodiode. The beam was directed 
toward a photoacoustic probe to the studied tissue. The 
photoacoustic probe comprised a transparent glass buffer 
(30 mm thick) and a piezoelectric sensor rigidly attached 
to it. A transmission gel was used to couple the photo-
acoustic buffer to the tissue phantom. Excited photo-
acoustic signals were registered from the target sample 
(located 15 mm beneath the surface), using a piezoelec-
tric ring, then amplified and detected by a digital oscil-
loscope. The final oscillogram was averaged among 128 
pulses.

Biocompatibility study of GE-NPs: neurotoxicity 
assessment ex vivo of GE-NPs using isolated rat brain 
nerve terminals
Ethical approval of ex vivo experiments using rats
During the ex vivo study on neurotoxicity, male Wis-
tar rats with a body weight of approximately 120 g were 
housed in the animal facilities at the Palladin Institute of 
Biochemistry, National Academy of Sciences of Ukraine. 
They were kept in a temperature-controlled room 
(22–23  °C) with access to water and dry food pellets 

Scheme 1  Roadmap of the experiments
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ad libitum. The experiments were performed in accor-
dance with the Guidelines of the European Community 
(2010/63/EU), local laws and policies, and approved 
by the Animal Care and Use Committee of the Palladin 
Institute (Protocol # 3 from September 21, 2020). The 
studies were stated in accordance to the ARRIVE guide-
lines for reporting experiments involving animals [50, 
51]. A total of 12 animals were used in the study.

Nerve terminals (synaptosomes) from the rat brain cortex
The cortex regions were isolated from the brains of 
decapitated animals. Then they were quickly removed, 
and homogenized in the ice-cold solution containing 
0.32  M sucrose, 5 mM HEPES-NaOH, pH 7.4, and 0.2 
mM EDTA. Synaptosome preparation was isolated from 
one animal, and each record of the experimental data 
was performed in triplicate. Synaptosomal preparations 
were obtained by differential and density gradient (using 
Ficoll-400) centrifugations of the brain homogenates 
according to Cotman`s method with slight modifica-
tions [52–54]. Synaptosomal isolation procedures were 
performed at + 4 °C. All experiments used synaptosomal 
suspensions for 2–4  h after isolation. The standard salt 
solution contained (in mM): NaCl 126; KCl 5; MgCl2 2.0; 
NaH2PO4 1.0; HEPES 20, pH 7.4; and D-glucose 10. Ca2+-
containing media were supplemented with 2 mM CaCl2, 
and Ca2+-free media were supplemented with 2 mM 
EGTA. Protein concentrations were analyzed according 
to [55].

The exocytotic and transporter-mediated release, and the 
extracellular level of L-[14C] glutamate in the nerve terminal 
preparations
Glutamate is the main excitatory neurotransmitter in 
the central nervous system. When the transport of glu-
tamate is impaired and there is an excess of glutamate in 
the synaptic cleft, it leads to neurotoxicity and neuronal 
death due to overexcitation of postsynaptic glutamate 
receptors. Synaptosomal preparations were diluted in the 
standard salt solution up to a concentration of 2  mg of 
protein/ml, and after pre-incubation at 37 °C for 10 min 
were pre-loaded with L-[14C]glutamate (2.81 µM, 1 µCi/
ml) in standard salt solution at 37  °C for 10  min. After 
loading, the synaptosomal suspensions were washed with 
10 volumes of ice-cold standard salt solution and the 
pellets were re-suspended to achieve a concentration of 
1  mg of protein/ml. Synaptosomal suspensions (125  µl; 
0.5  mg of protein/ml) were pre-incubated at 37  °C for 
10 min, then aliquots of GE-NPs at concentrations of 0.1, 
0.5 and 1.0  mg/ml were added and pre-incubated with 
synaptosomes for 6  min, and then sedimented using a 
microcentrifuge (20 s at 10,000 g). The extracellular syn-
aptosomal level of L-[14C]glutamate was measured in 
Ca2+-free media. Transporter-mediated synaptosomal 

release of L-[14C]glutamate was initiated with 35 mM KCl 
in Ca2+-free media and measured for 6  min. Exocytotic 
synaptosomal release of L-[14C]glutamate in Ca2+-con-
taining media was stimulated by the membrane depolar-
ization with 35 mM KCl and was measured at 6 min time 
point and calculated by subtraction of L-[14C]glutamate 
release in Ca2+-containing media from that in Ca2+-free 
one. The extracellular level and release of L-[14C]gluta-
mate were measured in the aliquots of the supernatants 
(100  µl) and the pellets using liquid scintillation count-
ing with Sigma-Fluor® High Performance LSC Cocktail 
(1.5  ml) and liquid scintillation counter Hidex 600SL 
(Finland), and their values were expressed as percentage 
of total accumulated L-[14C]glutamate [25]. L-[14C]glu-
tamate release data were collected from several indepen-
dent triplicated experiments using different synaptosome 
preparations (n).

The initial rate and accumulation of L-[14C] glutamate by the 
nerve terminals
Transporter-mediated uptake of L-[14C]glutamate by 
synaptosomes was measured in the synaptosomal sus-
pensions (125  µl of suspension, 0.4  mg of protein/ml) 
that were pre-incubated in the standard salt solution at 
37 °C for 6 min with the GE-NPs at concentrations of 0.1, 
0.5 and 1.0 mg/ml. The uptake was initiated by the appli-
cation of L-glutamate/L-[14C]glutamate (10 µM/450 nM, 
0.167 µCi/ml). Synaptosomes were incubated at 37 °C for 
1 min (the initial rate) and 10 min (the accumulation) and 
then sedimented in a microcentrifuge (20 s at 10,000×g). 
Non-specific L-[14C]glutamate binding was assessed in 
immediately cooled samples after the addition of radio-
activity. L-[14C]glutamate uptake was calculated based on 
the decrease in radioactivity in the supernatant aliquots 
(100  µl) and the increase in radioactivity in the SDS-
treated pellets. L-[14C]glutamate uptake was calculated 
with liquid scintillation counting using Sigma-Fluor® 
High Performance LSC Cocktail (1.5 ml) and liquid scin-
tillation counter Hidex 600SL (Finland) [25]. L-[14C]
glutamate uptake data were collected from several inde-
pendent experiments in triplicate performed using differ-
ent synaptosome preparations (n).

Administration of GE-NPs in vivo using lung cancer mice 
model
Ethical approval of in vivo experiments using mice
In vivo testing, animals were bred in-house and kept in 
the animal facility of Taras Shevchenko National Uni-
versity of Kyiv in standard conditions (natural light, 50% 
humidity at 20-22oC) and free access to standardized 
rodent diet and tap water. All experimental procedures 
were conducted according to the Declaration of Helsinki 
(“Scientific Requirements and Research Protocols” and 
“Research Ethics Committees”). Experimental protocols 
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were approved by the University’s Animal Care and Use 
Committee (Protocol from 3/09 to 2018).

Anticancer treatment of LLC-bearing mice using GE-NPs 
without irradiation
C57BL6 male mice 12–14 weeks old with an initial body 
weight of 21.5 ± 2.5  g were used in the experiments. A 
highly metastatic Lewis lung carcinoma cells (LLC) in 
C57BL6 mice were employed. Suspension of primary 
tumor cell culture got from LLC tumor in the amount 
of 1 × 106/100 µL in saline, with a volume of 100 µl, was 
injected subcutaneously into the right flank of each ani-
mal. This number of inoculated cells results relatively fast 
tumor growth, which allows to estimate the effect of the 
treatment on tumor volume before achieving the allowed 
maximum (2500 mm3 [56]) without being compromised 
with animal mortality due to metastases burden. After 
tumors reach approx. 100 mm3 (6-7th day post-inocu-
lation), mice were randomized on groups according to 
tumor volume, and the treatment was started and con-
tinued for 18 days as daily intratumoral injections of GE-
NPs (concentration 1 mg/mL, volume of administration 
5 mL/kg, dose 5  mg/kg) in NaHCO3 buffer served as a 
vehicle. The rationale of repeated administrations was to 
investigate the effects of GE-NPs itself on tumor growth 
dynamics. Two mutually perpendicular tumor diameters 
were measured every day before treatment. Length (L) 
(the larger diameter), and width (W) (smaller diameter) 
were used to calculate the tumor volume (V) according to 
the formula: V = (W2 x L) x 0.5 mm3.There were 2 groups 
of mice (n = 3): one group was treated with a vehicle, and 
the other was treated with GE-NPs (5  mg/kg, approxi-
mately 0.1  ml per mouse). A healthy control group 
consisting of mice without tumor inoculation was also 
included. After 18 days of treatment, the mice were sacri-
ficed under 2,2,2-tribromoethanol (150 mg/kg) anesthe-
sia, and their tumors were weighed; and lung metastases 
were also counted. Hematological and blood serum bio-
chemical analyses were performed after the sacrifice as 
well. Thus, aspartate aminotransferase (ASAT), alanine 
aminotransferase (ALAT), lactate dehydrogenase (LDH), 
gamma-glutamyl transferase (GGT), alkaline phospha-
tase (ALP), creatinine and urea in the blood serum were 
determined using commercial kits according to the man-
ufacturer’s instructions (Cormay, Poland). Hematological 
analysis was performed using the hematology analyzer 
MCL-3124 (Guangzhou Mecan Trading Co., Ltd, China).

Anticancer treatment of LLC-bearing mice using GE-NPs and 
irradiation
For this study, tumor transplantation was performed in 
the same way but in the amount of 0.5 × 106cells per ani-
mal (average animal weight at the beginning of the exper-
iment was 19.4 ± 1.7  g). This number of cells injected 

results in more slowly tumor growth, which provides 
appropriate time to metastases development and allows 
to assess animal survival due to that. The introduction 
of nanoparticles (5 mg/kg, approx. 0.1 ml per mice) or a 
saline as the vehicle control was performed once on the 
10th day after tumor inoculation intratumorally when 
tumors reached approx. 100 mm3 and after the mice were 
randomized to the treatment groups (according to tumor 
volume). Tumor irradiation was performed 15 min after 
the treatment, and continued for 5–10 min. Both irradi-
ated and non-irradiated controls were included. N = 4–5 
for Vehicle-treated groups (either irradiated or non-irra-
diated), and n = 6–7 for GE-NPs-treated groups (either 
irradiated or non-irradiated).The rationale of this scheme 
was to investigate the effect of GE-NPS after being acti-
vated with irradiation. Since the procedure was supposed 
to have a dramatical effect on further tumor growth, it 
was performed once.

When irradiating mice, an Alvi Prague TL-500 laser 
was used with a nozzle in the irradiation mode “532 nm 
(green) + 1064 nm (IR)”, as well as a set of 3 neutral den-
sity (ND) filters along the route laser pulses. The pulse 
repetition rate is 1 Hz. The duration of each pulse is 3.5 
ns, and the beam diameter is (3 ± 1) mm. The energy den-
sity of the outgoing laser pulse (without filters) is 30 mJ 
/ cm2, about 30% of the energy is from green “532 nm”, 
60% of the energy is from IR “1064 nm” of the compo-
nent, respectively, and up to 10% is due to loss, reflec-
tion and so on. The filters transmitted an energy density 
of approximately 2.5  mJ/cm², wherein the near-infrared 
component, predominantly at 1064  nm, accounted for 
up to 90% of the total transmitted energy. The transmit-
tance of the filters was calculated analytically based on 
the Bouguer – Lambert – Beer law. In a given mode of 
laser exposure to the tumor, a modulated localized heat-
ing of the body surface of the mouse ≤ 2°C was observed 
throughout the entire exposure time. Temperature 
changes were monitored using a Seek Thermal Imager 
(Compact Pro model).

Taking into account relatively low absorption level 
of the NIR radiation by colloidal GE-NPs themselves 
[21], 10% o the green light was intentionally used to sig-
nificantly amplify resulted photo-acoustic signal [48] 
generated by tumor labeled with GE-NPs and thus, to 
guarantee the laser-induced therapeutic effect reported 
in our manuscript. Therefore, weekly absorbed NIR radi-
ation represents major part (90%) of the whole combined 
laser intensity while highly absorbed green radiation was 
limited only at 10% of the global intensity.

After irradiation, tumors were measured as described 
above.

The survival of animals in the experimental groups was 
determined relative to the appropriate control until the 
natural death of the animals. Animals expressed signs of 
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toxicity which require humane killing were euthanized, 
and considered as those which died. Clinical signs to 
define humane endpoints include [57, 58]: (1) Signs of 
dehydration or emaciation (weight loss more than 15% 
during 72  h), (2) Persistent hypothermia, (3) Blood-
stained or mucopurulent discharge from any orifice, (4) 
Deep/heavy respiration, (5) Hind-limb paralysis or weak-
ness, (6) Diarrhoea over a 48-h period, (7) Tumors that 
interfere with locomotion or cause abnormal vocaliza-
tion, animal behavior or functions, (8) Necrosis resulting 
in skin breakdown or exudation.

Statistical analysis
The neurotoxicity experimental data ex vivo using rat 
brain nerve terminals were stated as the mean ± S.E.M. of 
n independent experiments. One-way ANOVA was used 
to assess the extracellular level, exocytotic release, trans-
porter-mediated release, and uptake of L-[14C]glutamate 
in nerve terminal preparations. The Shapiro-Wilk proce-
dure was used to test normality in samples and Levene’s 
test was used to verify the homogeneity of variance for 
the groups (p > 0.05) before applying ANOVA.

For mice experiments, homogeneity of variance was 
assessed using the Levene test. The data was analyzed 
using one-way or two-way analysis of variance (ANOVA) 
with the Tukey post hoc test. We evaluated animal sur-
vival using the Log-rank Mantel–Cox test and further 
depicted the results using a Kaplan-Meier plot. A p-value 
of less than 0.05 was considered statistically significant.

Study limitations
Small sample size of in vivo experiments might com-
promise the statistical power of the results. However, 
such sample size was chosen as it was a pilot study and 

according to 3R rules. Then given the differences in 
tumor growth dynamics and mortality between the 
studies with and without irradiation, it appears that the 
mechanisms driving the antitumor efficacy of the two 
tested approaches also differ. Further, more extended 
studies would be required to explore and clarify these 
underlying mechanisms.

Results
Physical and chemical properties of GE-NPs
Diameters and zeta potential of GE-NPs
The GE-NPs were characterized by dynamic light scat-
tering (DLS) and electrophoretic light scattering (ELS), 
using Malvern Zeta-sizer instrument. According to the 
DLS data (Fig. 1a), the solution of GE-NPs contains large 
particles (52 ± 14  nm). According to our previous data 
[21], more than 75% of the GE-NPs pass through 20 kDa 
membrane, so the particles are rather small, while the 
value of 52  nm could be explained by micelles or other 
aggregates formation in GE-NPs solution. Despite this 
fact and slightly negative zeta potential (ζ = -18,6 mV) of 
GE-NPs (Fig. 1b), the solution of GE-NPs is stable in time 
(no precipitate formed under centrifugation of the solu-
tion, stored for at least 2 weeks). Probably, the solution 
stability is caused by GE-NPs hydrophilicity due to the 
presence of hydroxylated hydrocarbon chains of cross-
linked glucose molecules in their structure.

Photoinduced UlS generation enhanced by GE-NPs
The generation of a photoacoustic response involves 
three key steps:

1.	 Absorption of radiation: the target object absorbs the 
incident radiation.

Fig. 1  GE-NPs size distributions by number, found by the DLS (a) and zeta-potential distributions by ELS (b). Three measurements (for 1 min each) were 
performed for 5 mg/ml aqueous dispersion of GE-NPs nanoparticles
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2.	 Thermal conversion: the absorbed radiation is 
converted into heat energy, causing a localized 
temperature increase.

3.	 Thermoelastic expansion: the increase in 
temperature leads to thermal expansion of the 
material, resulting in the generation of acoustic 
waves.

Following a short laser pulse excitation, the local frac-
tional volume expansion dV/V of the heated tissue at 
position −→r  can be expressed as follows [59]:

	
∆ V

V
= −k∆ p (−→r ) + β ∆ T (−→r )� (1)

,
where k is the isothermal compressibility, β is the ther-
mal coefficient of volume expansion, ∆ p (−→r ) and 
∆ T (−→r ), are changes in pressure and temperature, 
respectively. The isothermal compressibility is equal to 
∼5 × 10 –10  Pa− 1 for water or soft tissue, the thermal 
coefficient of volume expansion is equal to ∼4 × 10 –4 K− 1 
for muscle [60].

To ensure efficient photoacoustic signal generation, the 
laser pulse duration should be on the order of nanosec-
onds. This duration must be shorter than both the ther-
mal and acoustic confinement times:

	
τ <

lc
vs

<
l2
c

4α th

,
where lc is the characteristic length of heat heterogeneity 
(the desired spatial resolution), and α th is the thermal 
diffusivity (∼0.1 mm2/s for tissue) [59].

For a short laser pulse, the fractional volume expansion 
is negligible, and the local pressure rise p immediately 

after the laser excitation can be derived from (1) as fol-
lows [61]:

	
∆ p (−→r ) = β ∆ T (−→r )

k

The temperature increase can be further described as a 
function of optical absorption:

	
T = Ae

ρ CV

where Ae is the specific or volumetric optical absorption, 
ρ  is the mass density (∼1000  kg/m3 for water and soft 
tissue), CV  is the specific heat capacity at constant vol-
ume (∼4000 J/(kg·K) for muscle).

The PA pressure can be written as:

	
p = β

kρ CV
Ae = ΓAe

,
where Γ is the Grueneisen parameter.

Thus, variation in the optical absorption of the media 
located on the x-y stage of the experimental set-up 
(shown in Fig.  2a) leads to a variation of the registered 
PA response magnitude (as we can see it from the tis-
sue phantom inclusion with different concentrations 
of GE-NPs on its surface, depicted in Fig.  2b). Tissue 
phantoms were constructed from agarose gel A9539 
(Sigma-Aldrich). To simulate tissue heterogeneity, a den-
sity difference was introduced between the spherical-
like 5 × 3  mm inclusions and the surrounding phantom 
matrix by adjusting the concentration of agarose powder 
in water-based gel for each component (2 wt%.and 1.5 
wt%.of powder, respectively). The observed time delay of 
over 10 microseconds is indicative of the time required 

Fig. 2  Typical experimental set-up for photoacoustic measurements (a) schematic of tumor phantom and piezoelectric sensor with transparent buffer 
used (b) typical photoacoustic signal for 5 × 3 mm inclusion with different concentrations of GE-NPs inside the tissue phantoms (c)
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for acoustic waves to travel from their generation site 
within the tissue, through the PA glass probe, and reach 
the detector.

Experiments ex vivo using animals: neurotoxicity risk 
assessment of GE-NPs
Toxicity risk assessment of GE-NPs was carried out using 
model of isolated rat brain nerve terminals that allowed 
analyzing ability of GE-NPs to affect the most compli-
cated nerve signal transduction, and simultaneously 
examining their membrane tropic activity. Acute neu-
rotoxicity study was done by monitoring key character-
istics of glutamatergic neurotransmission. Importantly, 
impaired transport of the main excitatory neurotrans-
mitter glutamate is involved in the pathogenesis of major 
neurological and neurodegenerative disorders and dis-
eases. Increased concentration of glutamate in the synap-
tic cleft over individual threshold leads to neurotoxicity 
and neuronal death through over- activation of post-syn-
aptic glutamate receptors, and uncontrolled release of 
Ca2+ into the cytoplasm [25, 62, 63].

The extracellular level of L-[14C]glutamate in nerve terminals
The extracellular level of L-[14C]glutamate between epi-
sodes of exocytosis is established by a dynamic balance 
of permanent transporter-mediated release and uptake 
of L-[14C]glutamate, and also reflects the integrity of 
the plasma membrane of the presynaptic nerve termi-
nals [64]. As shown in Table 1, the extracellular level of 
L-[14C]glutamate in the nerve terminal preparations was 
not changed by GE-NPs at concentrations of 0.1–1.0 mg/
ml. Therefore, GE-NPs did not alter dynamic balance of 
transporter-mediated release and uptake of L-[14C]gluta-
mate, and also GE-NPs had no membrane tropic features, 
and did not disturb the membrane integrity of the nerve 
terminals.

Data were analysed using one-way ANOVA. Data are 
the mean ± SEM., n.s., no significant differences com-
pared to the control; n = 12.

Depolarization-induced transporter-mediated release of 
L-[14C]glutamate from nerve terminals
Glutamate transporters, membrane proteins, are key 
players in synaptic neurotransmission, and use Na/K 
electrochemical gradient across the plasma membrane 
as driving force. Depolarization-induced transporter-
mediated glutamate release to the synaptic cleft (in other 
terms, glutamate transporter reversal) is the main mech-
anism for the development of neurotoxicity under condi-
tions of energy supply deficiency, e.g. hypoxic conditions, 
stroke, brain trauma, etc. Under these pathological con-
ditions, glutamate transporters start to release glutamate 
to the synaptic cleft [25, 62–64].

GE-NPs at concentrations of 0.1–1.0  mg/ml did not 
influence synaptosomal transporter-mediated release 
of L-[14C]glutamate stimulated by 35 mM KCl in Ca2+-
free media (Table 2). Therefore, GE-NPs did not increase 
pathological glutamate transporter reversal, which is the 
main mechanism for development of glutamate excito-
toxicity. This data agreed with the results on the absence 
of GE-NP effects on the extracellular level of L-[14C]
glutamate in nerve terminal preparations presented in 
Table 1.

Exocytotic release of L-[14C]glutamate from nerve terminals
Stimulated compound exocytosis is the main mechanism 
of nerve signal transduction. KCl (35 mM) - induced exo-
cytotic release of L-[14C]glutamate from nerve terminals 
in Ca2+-containing media was not decreased by GE-NPs 
(Table  3). Therefore, GE-NPs did not affect exocytotic 
release of L-[14C]glutamate from nerve terminals, and so 
preserved normal nerve signal transduction.

Transporter-mediated uptake of L-[14C]glutamate by nerve 
terminals
Removal of excess glutamate from the synaptic cleft after 
exocytosis, and prevention of neurotoxicity events occur 
through glutamate uptake by glutamate transporters [25, 
62–64]. As shown in Table 4, GE-NPs at concentrations 

Table 1  The extracellular level of L-[14C]glutamate in nerve 
terminal preparations

The extracellular level
of L-[14C] glutamate
in nerve terminal preparations
(% of total accumulated label)

F; p-value

Control 30.49 ± 0.79
GE-NPs ; 0.1 mg/ml 29.68 ± 0.84 F(1,22) = 0.55; 

p = 0.46; n.s.
GE-NPs; 0.5 mg/ml 30.18 ± 0.82 F(1,22) = 0.08; 

p = 0.77; n.s.
GE-NPs; 1.0 mg/ml 29.16 ± 0.75 F(1,22) = 1.63; 

p = 0.21; n.s.

Table 2  Depolarization-induced transporter-mediated release of 
L-[14C]glutamate from nerve terminals

The transporter-mediated 
release of L-[14C]glutamate from 
nerve terminals
(% of total accumulated label)

F; p-value

Control 13.95 ± 0.54
GE-NPs ; 0.1 mg/ml 14.18 ± 0.67 F(1,22) = 0.07; 

p = 0.78; n.s.
GE-NPs; 0.5 mg/ml 13.74 ± 0.72 F(1,22) = 0.06; 

p = 0.80; n.s.
GE-NPs; 1.0 mg/ml 14.32 ± 0.81 F(1,22) = 0.15; 

p = 0.70; n.s.
Data were analysed using one-way ANOVA. Data are the mean ± SEM., n.s., no 
significant differences compared to the control; n = 12
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of 0.1–1.0 mg/ml did not change the initial rate of uptake 
and accumulation of L-[14C]glutamate for 10  min by 
nerve terminals. These data agreed with all above L-[14C]
glutamate results presented in Tables 1, 2 and 3. There-
fore, GE-NPs did not affect any key synaptic parameters 
in nerve terminals, and so they did not have neurotoxic 
signs and were biocompatible.

Experiments in vivo using animals: anticancer activity of 
GE-NPs
A highly metastatic Lewis lung carcinoma was used in 
the experiments. Seek Thermal Imager was used for 
tumor imaging (Fig. 3).

Tumor growth parameter
In case of multiple subcutaneous injections, GE-NPs-
treated LLC-bearing mice had significant tumor growth 
inhibition at the 14th -18th days of treatment compared 
to the vehicle group with a maximum inhibition of 77.3% 
(Day 17). Lung metastases were observed in all vehicle-
treated mice, and 1 out of 3 GE-NPs-treated tumor-bear-
ing mice (Fig. 4).

Hematological and serum biochemical parameters
Vehicle-treated tumor-bearing mice demonstrated a 
significant increase of ASAT, a tendency to increase of 
GGT and LDH, and a tendency to decrease urea (p < 0.1) 

compared to healthy control, which might be the con-
sequence of liver function alteration (ASAT, GGT) and 
tumor growth (LDH). GE-NPs-treated mice had sig-
nificantly decreased LDH compared to vehicle-dosed 
tumor-bearing animals. This might evidence the probable 
protection of the liver and attenuating the systemic con-
sequences of tumor growth, as evidenced by the normal-
ization of serum ASAT, and LDH levels (Figs. 5 and 6).

According to hematological analysis, vehicle-treated 
animals demonstrated a significant increase in white 
blood cells (WBC), granulocytes (GRAN) count and per-
centage, mean cell hemoglobin (MCH) and mean cell 
hemoglobin concentration (MCHC), and decrease of 
lymphocytes (LYM) percentage, red blood cells (RBC), 
hemoglobin (HGB), hematocrit (HCT) compared to 
healthy control. Treatment with GE-NPs caused an 
increase of RBC and HCT up to the healthy control levels 
(Figs. 5 and 6).

Photoacoustic therapy of LLC-bearing animals using 
GE-NPs and irradiation
Figure 7 allows comparison of mouse survival treated in a 
different way. Intratumoral injection of carbon nanopar-
ticles and subsequent irradiation (during up to 10  min) 
of the tumors were performed on the 10th day after the 
tumor introduction. As one can see, combination of the 
nanoparticle injection and the irradiation of tumors with 
the laser results in significant increase of mice survival 
on 54% and 75%, depending on the irradiation time. The 
more prolonged the radiation – the more increased the 
survival. It should be noted, that either single GE-NPS 
injection without irradiation, or irradiation itself (of 
vehicle-treated mice) did not cause siggnificant changes 
in mice survival (Table  5). Because the laser-induced 
localized heating of mice skin has never exceeded 2  °C 
throughout the entire time of treatment, the main mech-
anism responsible for the observed therapeutic effect can 
be related to a photo-acoustically induced destruction 
of cancer cells significantly enhanced by presence of the 
incorporated GE-NPs.

Table 3  Exocytotic release of L-[14C]glutamate from nerve 
terminals

Exocytotic release of
L-[14C]glutamate from nerve 
terminals
(% of total accumulated label)

F; p-value

Control 5.47 ± 0.74
GE-NPs ; 0.1 mg/ml 5.22 ± 1.10 F(1,22) = 0.04; 

p = 0.84; n.s.
GE-NPs; 0.5 mg/ml 5.82 ± 0.68 F(1,22) = 0.13; 

p = 0.72; n.s.
GE-NPs; 1.0 mg/ml 5.99 ± 0.89 F(1,22) = 0.22; 

p = 0.64; n.s.
Data were analysed using one-way ANOVA. Data are the mean ± SEM., n.s., no 
significant differences compared to the control; n = 12

Table 4  L-[14C]glutamate uptake by nerve terminals in the presence of GE-NPs
The initial rate of L-[14C]glutamate 
uptake by nerve terminals (nmol/
min/mg of protein)

F; p-value Accumulation of L-[14C]glutamate 
by nerve terminals for 10 min 
(nmol/mg of protein)

F; p-value
p-value

Control 2.43 ± 0.07 9.81 ± 0.14
GE-NPs 0.1 mg/ml 2.57 ± 0.11 F(1,22) = 1.21;

p = 0.28; n.s.
9.61 ± 0.18 F(1,22) = 0.85;

p = 0.36; n.s.
GE-NPs 0.5 mg/ml 2.38 ± 0.08 F(1,22) = 0.22;

p = 0.64; n.s.
9.94 ± 0.17 F(1,22) = 0.40; 

p = 0.53; n.s.
GE-NPs 1.0 mg/ml 2.28 ± 0.14 F(1,22) = 0.95;

p = 0.33; n.s.
9.53 ± 0.23 F(1,22) = 1.16; 

p = 0.29; n.s.
Data were analysed using one-way ANOVA. Data are the mean ± SEM., n.s., no significant differences compared to the appropriate control; n = 12
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Fig. 4  The dynamics of tumor growth and lung metastases count in LLC-bearing mice after treatment with GE-NPs

 

Fig. 3  Experimental set-up for mice irradiating (a, b), typical image of laser beam spot on tumor site of alive (c) and died (d) LLC-bearing mouse obtained 
using Seek Thermal imager
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To analyse the effect shown in Fig. 8 in details, the fol-
lowing experiments were done involving different combi-
nations of influenced factors and parameters.

As shown in Fig.8, the tumor volume increased linearly 
up to the 25th day post-inoculation. This trend continued 
for the Vehicle-treated mice, both irradiated and non-
irradiated, up to their death. However, mice treated with 
GE-NPs followed by irradiation exhibited a stable tumor 
volume, reaching a plateau up to the end of the study. 
Notably, GE-NPs-treated mice without irradiation also 
reached a tumor volume plateau, albeit later, around the 
30th day post-inoculation. Although there was no signifi-
cant difference in tumor volume between the groups, the 
stabilization of tumor growth, combined with a signifi-
cant increase in survival, suggests a substantial enhance-
ment of the antitumor effect of GE-NPs by irradiation. 

Additionally, the duration of irradiation correlates with 
smaller stabilized tumor volumes (Fig. 8).

It should be noted, however, that further increase 
of irradiation time to 20  min led to mouse heating and 
reducing of mice survival (data not shown).

Discussion
Literature data analysis has shown that the photoacous-
tic approach was used mainly for imaging. Photoacous-
tic tomography is a non-invasive/non-ionizing imaging 
technique that combines optical specificity and sen-
sitivity with high resolution and penetration depth of 
ultrasound [47], and it remains one of the perspective 
techniques for theranostic applications in humans [65]. 
Photoacoustic imaging uses light as an excitation source 
and ultrasound detector to monitor sound waves gener-
ated by the optically-excited targets [66]. Optical photons 

Fig. 5  Hematological parameters of LLC-bearing mice after vehicle or GE-NPs treatment compared to healthy control
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are absorbed and converted to heat; the transient ther-
moelastic expansions of heated biological tissues lead 
to the emission of acoustic waves [67]. It is an emerging 
modality for molecular imaging of cancer and preclinical 
studies using mouse models have demonstrated perspec-
tives in the assessment of response to radiotherapy and 
chemoradiotherapy [68]. The photoacoustic signal can be 
significantly amplified by using contrast agents. A poten-
tial contrast material for photoacoustic imaging should 

possess both features, namely, high photon absorbance 
and sufficient conversion efficiency from light to heat 
[67]. Carbon nanomaterials are perfect candidates for 
photoacoustic imaging due to their superior absorption 
coefficients in the near-infrared spectral region, making 
them perfect among a wide variety of exogenous contrast 
agents [67, 69].

In this study, our primary focus was to evaluate 
the capacity of GE-NPs, which had previously shown 

Fig. 7  Mice survival for animals treated with Vehicle or GE-NPs and irradiated with nanosecond pulse laser for 5 and 10 min. Medians of survival and the 
significances of the difference are shown in Table 5

 

Fig. 6  Biochemical parameters of LLC-bearing mice after vehicle or GE-NPs treatment compared to healthy control
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efficiency in photoacoustic imaging, to be effective in 
photoacoustic therapy, which in turn should be biocom-
patible for further successful medical implementation.

Here, it was demonstrated that GE-NPs within the con-
centration range 0.1–1 mg/ml demonstrated low neuro-
toxicity ex vivo when measuring the extracellular level, 
transporter-mediated and exocytotic release and uptake 
of the excitatory neurotransmitter L-[14C]glutamate in 
nerve terminals (Tables  1, 2, 3 and 4). Previous results 
on neurotoxicity risk assessment of CDs [25, 62] allow us 
to compare neuroactive properties of different nanopar-
ticles. In particular, GE-NPs at a concentration 1 mg/ml 
did not change the extracellular level, transporter-medi-
ated and exocytotic release and uptake of L-[14C]gluta-
mate in nerve terminals (Tables  1, 2, 3 and 4), whereas 
CDs synthesized from β-alanine decreased the exocytotic 
release and uptake of L-[14C]glutamate in nerve termi-
nals starting from the concentration of 0.08  mg/ml and 
increased the extracellular level of L-[14C]glutamate start-
ing from 0.2  mg/ml. CDs derived from the sulfur-con-
taining precursor thiourea decreased L-[14C]glutamate 
uptake by nerve terminals and increased its extracellular 
level at a concentration of 0.5 mg/ml. As a result, GE-NPs 
exhibit lower neurotoxicity signs compared to the above-
mentioned CDs. These data agreed with our previous 

results, where a human lung cancer A549 cells were used 
for cytotoxicity study of GE-NPs [21]. In particular, toxic-
ity assessment using A549 cells after 24 h of incubation 
showed no changes in cell viability and morphology at 
concentrations of 1.5 mg/ml and lower. If applied at the 
highest concentration (2.0  mg/mL), GE-NPs demon-
strated cytostatic activity (cell growth inhibiting) [21]. 
However, despite no neurotoxicity ex vivo being revealed 
for GE-NPs even at a high concentration, in vivo experi-
ments using animals are required to prove their biocom-
patibility and biosafety.

Data on low toxicity ex vivo agreed with our previous 
results, where GE-NPs were administrated in vivo in 
Wistar rats without visible health consequences [48]. In 
another study, the in vivo toxicity of GE-NPs was com-
prehensively assessed using a mouse model. It was shown 
that GE-NPs did not affect C57Bl6 mice wellbeing after 
multiple dosages (5  mg/kg subcutaneously) for 14 days. 
Comparative analysis of CDs with different surface prop-
erties revealed that CDs with surface carboxyl and phe-
nol groups accompanied by nitrogen and trifluoromethyl 
groups, were the most impactful for all organs [21].

In this study, the efficiency of cancer treatment by GE-
NPs was proven in vivo experiments using mice bearing 
Lewis lung carcinoma after inoculation (Figs.  7 and 8). 
Mice daily treated with GE-NPs during 18 days demon-
strated significant tumor growth inhibition at the 14th 
-18th days of treatment as compared to vehicle group 
with maximum inhibition by 77.3% (Day 17), while those 
treated once had no difference in tumor volume com-
pared to vehicle group. Notably, GE-NPs daily injec-
tions significantly inhibited tumor growth, stabilizing 
the tumor volume almost at the initial level, probably 
because of the impact on every tumor cell generation. 
While single GE-NP administration followed by irradia-
tion stabilized the tumor volume as well, but after some 
period of time and after achieving some tumor volume. 

Table 5  Medians of survival of mice treated with single 
intratumoral injection of vehicle or GE-NPs and irradiated (IRR) 
with nanosecond pulse laser (1064 and 532 nm wavelengths and 
1 hz of pulse repetition rate) for 5 and 10 min

Medians (95% CI) p-value
Vehicle, n = 5 27 (18.4–35.6) p = 0.849; n.s.
GE-NPs, n = 7 32 (19.2–44.8)
Vehicle + IRR 5 min, n = 4 25.5 (20.1–27.9) p = 0.028
GE-NPs + IRR 5 min, n = 6 37 (32.2–41.8)
Vehicle + IRR 10 min, n = 4 24 (18.1–29.9) p = 0.002
GE-NPs + IRR 10 min, n = 7 42 (34.9–42.3)

Fig. 8  The dynamics of tumor growth in LLC-bearing mice after single administration of GE-NPs accompanied with irradiation
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This might happen because of the different mechanisms 
of action of GE-NP itself and after activation with irra-
diation. Additionally, it is worth noting, that the tumors 
in the Vehicle-treated group in the “irradiation” study did 
not reach 2000 mm³ even 30 days post-dosing, compared 
to 2500 mm³ on the 18th day of the treatment in “no irra-
diation” study. Thus, while tumor growth reduction in 
the “irradiation” study may not appear dramatic, survival 
benefits are likely attributable to effects on tumor biology 
and metastasis inhibition.

In preclinical studies, tumor growth inhibition with-
out full eradication can still hold significant clinical rele-
vance for several reasons, as delayed disease progression, 
improved survival (as we observed in our study), thera-
peutic window for treatment combinations like immu-
notherapy, chemotherapy, or radiation therapy, symptom 
management and quality of life, sometimes, tumor dor-
mancy and immune control. Therefore, demonstrating 
tumor growth inhibition in preclinical models better mir-
rors the partial responses seen in clinical settings, mak-
ing such models highly valuable for predicting clinical 
responses and optimizing treatment strategies.  Impor-
tantly, our previous study has demonstrated the poten-
tial effectiveness of GE-NPs for photoacoustic imaging, 
and their prospects for various photoacoustic approaches 
have been predicted [48]. In particular, bio-distribu-
tion of GE-NPs after 24 h of their intravenous injection 
was investigated using a photoacoustic approach. A 16 
ns light pulse from a Q-switched Nd: YAG laser with 
1064  nm wavelength was used as the excitation source, 
and the laser-induced photoacoustic signals were cap-
tured with a ring piezoelectric detector. It was shown 
that the GE-NPs were mainly found in the liver, kid-
neys and spleen, with lower accumulation in the heart 
and gastrocnemius muscles. It was concluded in this 
study that among other studied carbon NPs, i.e. carbon 
nanodots from urea-citric acid, β-alanine, and carbon 
furooxide nanoparticles, GE-NPs were the most prom-
ising. It was clearly stated that increasing photoacoustic 
signals in the brain after administration of GE-NPs can 
be used as a potential model for detailed investigation of 
blood-brain barrier permeability. The high amplitude of 
photoacoustic signals and the high capability of GE-NPs 
to convert absorbed light into heat compared to other 
carbon NPs make GE-NPs perspective agents for photo-
thermal approaches. In this context, GE-NPs can be rec-
ommended not only for photoacoustic imaging but also 
for photothermal therapy of cancer [48].

The main finding of this study is the fact that efficacy 
of GE-NPs for photoacoustic therapy has been demon-
strated in vivo using mice subcutaneously grafted with 
Lewis lung carcinoma cells. In particular, the combined 
application of intratumoral injection of GE-NPs and irra-
diation by the laser beam during 5 and 10 min resulted 

in an increase in mice survival on more than 30% com-
pared to GE-NPs-treated non-irradiated mice, and up to 
75% depending on the irradiation duration, and a tumor 
volume stabilization, as it was not reduced but stopped 
to growth after 25 days post-inoculation. The observed 
therapeutic effect can be related to the photoacoustically-
induced destruction of cancer cells, and significantly 
enhanced by the presence of the incorporated GE-NPs 
because the laser-induced localized heating of mice skin 
has never exceeded 2 °C during the entire time of treat-
ment. Therefore, efficiency of photoacoustic therapy for 
carcinoma in mice using biocompatible GE-NPs was 
demonstrated for the first time, showing potential for 
medical application. It should be noted that an increase 
in irradiation time to 10 and 20  min led to more com-
plicated dependencies, in particular, 20  min irradiation 
resulted in mouse heating and reducing of mice survival.

Conventional lung cancer treatments primarily 
involve chemical-based approaches, such as chemo-
therapy, immunotherapy, and targeted therapies, which 
aim to destroy cancer cells. However, these treatments 
often impact non-cancerous cells due to the challenge 
in achieving absolute selectivity, leading to notable side 
effects. Radiotherapy, which uses targeted heat to damage 
tumors, also faces limitations in precision, risking dam-
age to surrounding healthy tissues. Photothermal therapy 
(PTT) offers a combination of these two approaches’ 
advantages: it uses the specificity of chemical agents to 
target cancer cells, coupled with the destructive power 
of a laser beam to selectively kill cancer cells. This dual-
action allows for a reduction in the “dose” of each com-
ponent, maintaining effectiveness while minimizing side 
effects.

For example, combining PTT with chemotherapy, 
such as with gold nanorods and doxorubicin, has shown 
enhanced efficacy, achieving up to 11 times greater effec-
tiveness than either treatment alone [70]. Additionally, 
many PTT agents, like polyethylene glycol-modified 
polymers, exhibit excellent biocompatibility, reducing 
adverse effects compared to traditional chemotherapies 
[71] Furthermore, PTT enables localized hyperther-
mia, which induces ROS generation to enhance cancer 
cell apoptosis while sparing healthy cells [72]. Real-time 
monitoring techniques like photoacoustic imaging also 
facilitate treatment adjustments during therapy, increas-
ing overall efficacy [71] as well.

The long-term circulating time of GE-NPs in the organ-
ism shown in our previous study [48] favours potential 
GE-NPs accumulation by tumor due to passive target-
ing and enhanced permeation and retention effect, that 
makes GE-NPs not only perspective agents in photo-
acoustic therapy after intratumoral application shown in 
this study, but also for photoacoustic therapy using intra-
venous administration.
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Conclusions
Summarizing, this study aims to prove the effectiveness 
of highly biocompatible GE-NPs for photoacoustic ther-
apy. The photoacoustic imaging potential of these NPs 
has been demonstrated in a previous study [48]. Injec-
tion of GE-NPs into mouse tumor and irradiation by 
laser beam resulted in an increase in mice survival and 
a decrease in the growth rate of the cancerous tumor. 
The observed therapeutic effect may result from a photo-
acoustically induced destruction of cancer cells enhanced 
by injected GE-NPs. Therefore, GE-NPs possess dual 
potential in cancer theranostics for both photoacous-
tic imaging and therapy by applying different irradiation 
conditions.
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