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A B S T R A C T

Plexiform neurofibromas (PNs) are benign but complex tumors associated with neurofibromatosis type 1 (NF1), 
often making surgery difficult due to hypervascularization. PNs may progress to malignant tumors, increasing 
mortality risks, especially in adolescence and adulthood. Personalized therapies, such as chemo-photothermal 
image-guided treatments, provide targeted, less invasive options, improving efficacy where surgery is not 
viable. Carbon nanodots (CDs) with red-to-near-infrared fluorescence and efficient photothermal conversion in 
the biologically transparent window (750–1100 nm) show promise as theranostic tools, enabling localized 
heating of cancer cells under imaging guidance. CDs can also combine photothermal therapy with light-triggered, 
on-demand drug release due to their large surface area and zero-dimensional size. In this study, we developed a 
drug-loaded CDs-based nanoplatform with a narrow size distribution (8.3 ± 0.6 nm) that is optically and 
colloidally stable, functionalized with biotin-PEG chains via a copper(I)-catalyzed click reaction. This CDs-PEG- 
BT conjugate consists of an N-doped graphitic core (~ 2 nm) functionalized with PEG2k chains bearing biotin, 
serving as a colloidal stabilizer and tumor-targeting agent. Additionally, the PEG shell was loaded with sirolimus 
(5 % w/w), a water-insoluble and unstable mTOR inhibitor effective against PNs. The drug was released in a 
near-infrared-sensitive manner, allowing controlled, localized release upon laser stimulation. The potential of the 
CDs-PEG-BT@Sir conjugate for fluorescence imaging and chemo-photothermal therapy was demonstrated both 
in vitro and in 3D PN-in-a-dish models, simulating the complex tumor microenvironment. The CDs-PEG-BT@Sir 
platform offers high colloidal and fluorescence stability, effective photothermal conversion, and selective tumor 
targeting, showing strong potential as a theranostic agent for precision NF1 treatment.

1. Introduction

Neurofibromatosis type 1 (NF1; MIM#162,200), is an autosomal 
dominant condition characterized by various combinations of multiple 
café-au-lait macules (CALMs), skinfold freckling, iris Lisch nodules, 
choroidal abnormalities, cutaneous neurofibromas (cNFs), plexiform 
neurofibromas (PNs), tumors of the central nervous system such as Optic 
Pathway Gliomas (OPG) or other Low-Grade Gliomas (LGG), osseus 
dysplasia and other features [1,2]. Malignancies in NF1 (PNs, malignant 

peripheral nerve sheath tumors (MPNSTs), female breast cancer) are the 
leading causes of death and impairment of the Quality of Life (QoL), 
reducing the average life expectancy of the patients by 8–21 years [2,3]. 
PNs, typically found in 50–60 % of NF1 patients, are benign nerve sheath 
tumors that often lead to morbidity among NF1 patients due to limited 
medical and/or surgical interventions [4,5]. PNs arise within nerves and 
consist of multiple cell types, including Schwann cells (immersed in a 
variably loose myxoid stroma), fibroblasts, perineural cells, mast cells, 
and macrophages [6,7]. PNs can progress to malignant tumors, 
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specifically to malignant MPNST, increasing the risk of mortality, 
especially in adolescence and adulthood.

The mTOR pathway has emerged as a promising target for treating 
PNs, with sirolimus (Sir), an FDA-approved mTOR inhibitor, demon
strating efficacy in managing progressive PNs [8–10]. However, siroli
mus pharmacokinetics present formidable challenges: its poor solubility 
(2.6 μg mL⁻¹ at 25 ◦C), low and variable oral bioavailability (~14 %), 
and extensive distribution in the bloodstream hinder its effective de
livery [9]. To overcome these limitations, various drug delivery strat
egies—such as nanocrystals, liposomes, and polymeric 
nanoparticles—have been explored [11–13]. It was also encapsulated 
with a near infrared (NIR)-responsive dye named indocyanine green 
(ICG) inside liposomes to gain image-guided chemophotothermal ther
apy (IG-PTT) [14]. The theranostic liposomes of 150 nm in diameter 
were stable and produced synergistic anticancer effects combining hy
perthermia and m-TOR inhibition under the guidance of fluorescence 
imaging in vivo on cervical cancer models. Despite advances, there re
mains a need for nanosystems that simultaneously address drug solu
bility, stability, targeted delivery, and IG-PTT.

Recent studies have shown that elevated temperatures due to NIR- 
responsive nanoplatforms can enhance the release of chemothera
peutic drugs, and improve tumor cell sensitivity to chemotherapy. 
Consequently, the combination of PTT and chemotherapy has the po
tential to provide enhanced anticancer effects, addressing the limita
tions associated with using either therapy alone [15,16]. Carbon 
nanodots (CDs), zero-dimensional carbon allotropes of 1–10 nm in 
diameter, have emerged as promising theranostic platforms due to their 
high biocompatibility, optical tunability, and suitable photothermal 
conversion (PC > 20 %) in the NIR region [17–20]. With proper engi
neering, CDs can enable real-time fluorescence imaging (FLI), IG-PTT, 
and NIR-triggered drug release, while maintaining high dispersibility 
and bioeliminability in vivo. Surface phenomena play a pivotal role in 
the performance of CDs, as surface functionalization directly impacts 
drug loading, fluorescence properties, and colloidal stability. Interest
ingly, biotinylated CDs selectively target cancer cells and provide 
controlled, NIR-triggered drug release showcasing the importance of 
surface engineering in optimizing their multifunctionality [16,21–23]. 
Indeed, we previously demonstrated that biotinylated red-emitting CDs 
preferentially enter cancers cells instead of normal ones and, after 
irradiation with an 810 nm diode laser, they can generate heat and 
release their payload in a pulsed fashion inside breast cancer organoids 
overexpressing biotin receptors. Even if there are not available data 
indicating specific overexpression of biotin receptors in PNs, many 
studies have shown that biotin appears to play a particularly important 
role in neuron and human blood–brain barrier biochemistry, expressing 
receptors that could be targeted for therapeutic purposes [24–26].

On these grounds, we developed biotinylated CDs capable of 
reversibly loading sirolimus, addressing its solubility and stability 
challenges while maintaining optical and colloidal stability under 
physiological conditions. Importantly, we demonstrated that SIR 
adsorption does not interfere with the CDs’ red fluorescence, avoiding 
quenching effects [27,28] often seen in optical nanomaterials and 
highlighting how nanoscale interactions can be leveraged to achieve 
high drug loading without compromising optical performance. For the 
first time, we hypothesized the application of biotinylated CDs as 
theranostic nanoplatforms for IG-PTT of PNs. Combining the photo
thermal effects and fluorescence imaging capabilities of CDs with the 
mTOR inhibition of SIR, we aimed to achieve enhanced selectivity and 
efficacy against PNs both on 2D and 3D models. While our study high
lights the promise of IG-PTT in treating PNs, limitations remain, 
particularly in improving fluorescence quantum yield within the 
NIR-I/II window to enhance imaging and therapeutic depth. Neverthe
less, our findings provide a strong foundation for advancing 
surface-engineered nanoplatforms and addressing the unmet needs of 
rare diseases like NF1-associated PNs through innovative theranostic 
strategies.

2. Materials and methods

2.1. Materials

Urea (99 %), citric acid (99.5 %), N,N-dimethylformamide (DMF), 
azide-PEG3-biotin conjugate (98 %), ascorbic acid (98 %), copper (II) 
sulfate (CuSO4, 97 %), Sirolimus (Sir, 97 %), Sephadex® G-10, G-15, and 
G-25, sirolimus (rapamycin, > 95 %), Transwell-COL Corning® 
Collagen-coated (PTFE membrane, 6.5 mm, 0.4 µm pores) inserts, ECM 
Gel from Engelbreth-Holm-Swarm murine sarcoma, and Dulbecco’s 
phosphate buffered saline (DPBS) were purchased from Merck Life Sci
ence S.r.l. (Milan, Italy).

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum 
(FBS), L-glutamine (99 %), penicillin (98.5 %), streptomycin (98.5 %), 
and amphotericin B (98 %) were purchased from EuroClone S.p.A. 
(Milan, Italy).

The CellTiter 96 AQueous One Solution Cell Proliferation Assay 
(MTS) was purchased from Promega (Milan, Italy).

2.2. In vitro models and cell culturing

The tumoral human neurofibroma-derived Schwann cell line hTERT 
NF1 ipNF95.11bC (NF1) and the normal human Schwann cell line 
hTERT ipn02.3 2λ (HSC) (ATCC) were used as models of plexiform 
neurofibroma and corresponding healthy tissue respectively. Both cell 
lines were cultured in Dubecco’s Modified Eagle’s Medium (DMEM) 
supplemented with FBS (10 % v/v), 2 mM L-glutamine, penicillin G (100 
U mL-1), streptomycin (100 mg mL-1), and amphotericin B (2.5 μg mL-1). 
Cells were kept in T75 flasks at 37 ◦C and 5 % CO2 during all the studies.

Cells employed for in vitro 2D studies were seeded on 96-well plates 
at a 1.5 × 104 cell per well density and cultured in DMEM for 24 h before 
incubating with the samples.

3D in vitro models of PNs were developed by adopting a method 
previously reported for breast cancer models by Mauro et al. (2019) [29] 
In detail, 200 µL di ECM Gel were laid in the upper chamber of a 
Transwell-COL Corning® (Collagen-coated PTFE membrane, 6.5 mm, 
0.4 µm pores) insert, and kept at 37 ◦C for 10′. A suspension of NF1 cells 
(1.5 × 105 cells) in 300 μL of DMEM supplemented with a lower con
centration of FBS (0.2 %) was added above the formed gel. The transwell 
inserts were placed in a 24-well plate, and the lower chamber was filled 
with 700 μL of complete DMEM (10 % FBS). These culturing systems 
were kept at 37 ◦C and 5 % CO2, replacing the culturing medium in each 
chamber daily. Well-organized 3D spheroids were obtained after 4 days.

2.3. Synthesis and characterization of biotinylated carbon nanodots 
(CDs-PEG-BT)

Biotinylated carbon nanodots were synthesized in three steps. 
Briefly, plain carbon nanodots (CDs) were prepared by solvothermal 
decomposition of urea (6 g) and citric acid (3 g) in DMF (160 ◦C, 4 h). 
CDs were carefully purified by size exclusion chromatography (SEC), 
using a Sephadex® G-10/G-15/G-25 stationary phase. The obtained red- 
emitting CDs were freeze-dried obtaining a dark powder (Yield 43 %).

In the second step, CDs were dispersed in water (10 mL, 2 mg mL-1), 
and amino-PEG-alkyne (H2N-PEG-CC, 250 mg) was added. The pH was 
adjusted to 6.4, and then EDC (24.92 mg, 0.13 mmol) and NHS (14.96 
mg, 0.13 mmol) were added under magnetic stirring. The reaction was 
kept at pH 6.4 overnight, and then the product (CDs-PEG-CC) was pu
rified by dialysis against water and freeze-dried. Finally, CDs-PEG-CC 
(50 mg) and azido-PEG3-biotin (53 mg) were dispersed in 4 mL of 
water, then ascorbic acid (10 % cat.) and copper (II) sulfate (10 % cat.) 
were added to the solution under nitrogen atmosphere. The reaction was 
kept stirring overnight, then the product (CDs-PEG-BT) was purified by 
QuadraPure® (15 mg) for 30 mins, and by SEC using the same stationary 
phase previously described, and freeze-dried.

The size distribution of CDs was assessed based on their height 
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derived from atomic force microscopy (AFM) micrographs. AFM mea
surements were conducted in air using a Bruker FAST-SCAN microscope 
equipped with a closed-loop scanner (maximum scan ranges in X, Y, Z 
axes: 35, 35, 3 μm, respectively). Scans were performed in soft tapping 
mode utilizing a FAST-SCAN-A probe with an apical radius of approxi
mately 5 nm, with each image resolution comparable to the tip radius. 
Structural analysis of CDs and CDs-PEG-BT was carried out using a JEOL 
JEMS-2100 high-resolution transmission electron microscope (HRTEM) 
operating at an electron energy of 200 kV. The samples were prepared in 
ultrapure water (1 mg L–1) and deposited on a 400 μm mesh copper grid 
coated with a holey amorphous carbon film, approximately 3 nm thick. 
The surface functional groups of the CDs and their derivatives were 
investigated via Fourier transform infrared spectroscopy (FTIR) using a 
Bruker Alpha II spectrometer in transmission mode (24 scans, resolu
tion: 4 cm–1). Samples were prepared as KBr pellets. The pKa values and 
meq of surface acidic groups were determined using the de Levie method 
for acid–base equilibria in polyelectrolytes (Supporting Information). 
All samples (30 mg) were dispersed in 0.0036 M HCl (15 mL), diluted 
with CO2-free water to a total volume of 20 mL, and titrated with 0.01 M 
CO2-free NaOH at 25 ± 0.1 ◦C under a nitrogen atmosphere, using an 
AMEL 631 differential electrometer. Reverse titrations were conducted 
with 0.01 M HCl, employing dynamic injection volumes between 0.010 
and 0.100 mL. To maintain consistent H+ ion activity, the ionic strengths 
of HCl and NaOH solutions were adjusted to 0.10 M by dissolving NaCl. 
The pH-metric system was calibrated using multiple standard buffer 
solutions (pH = 1, 4, 7, 9, 10, and 11), yielding a calibration fit with an 
R² of 0.9998, a slope of 56.79 mV, and an ideality coefficient of 96.4 %.

Zeta-potential values of CDs and the CDs-PEG-BT sample were 
measured using a Malvern Zetasizer NanoZS instrument equipped with a 
633 nm laser and a scattering angle of 173◦. Measurements were 
recorded at 25 ◦C, and the values obtained from the analyses were 
derived using the Smoluchowski equation. The samples were prepared 
by dispersing the powder at a concentration of 0.25 mg mL− 1 in PBS pH 
7.4.

The amount of biotin pendants was quantified by HABA/Avidin 
assay, following the manufacturer’s instructions. In detail, 100 μL of a 
0.6 mg mL-1 solution of CDs-PEG-BT were added to 900 μL of HABA/ 
Avidin reconstituted reagent or to 900 μL of ultrapure water (blank), and 
the 500 nm absorbance of the HABA/Avidin reconstituted reagent 
(900μL), of the blank (1 mL), and of the mixture (1 mL) were measured. 
The concentration of biotin moieties was calculated as follows:

2.4. Preparation and characterization of sirolimus-loaded biotinylated 
carbon nanodots (CDs-PEG-BT@Sir)

The incorporation of sirolimus into CDs-PEG-BT was achieved by 
dissolving CDs-PEG-BT (35 mg) and sirolimus (6.4 mg, 14.0 μmol) in 15 
mL of chloroform and keeping the mixture stirring at room temperature 
for 3 days. The organic solvent was then removed by rotary evaporation, 
and the product was resuspended in ultrapure water (5 mL), filtered 
through a 5 mm syringe filter, and dialyzed against water (MWCO = 2 
kDa). After 3 h, the product (CDs-PEG-BT@Sirolimus) was retrieved, 
and freeze-dried to obtain a dark power with a 60 % yield.

To evaluate the drug loading (DL%) capacity, 4 mg of CDs-PEG- 
BT@Sirolimus were dispersed in ethanol (EtOH, 10 mL) and sonicated 
to help the extraction of the drug (15 min 3 times). The solution was 
filtered and its absorbance at 277 nm was measured and compared to a 
calibration curve obtained by measuring the 277 nm absorbance of 
sirolimus standard solutions in EtOH (0.001 – 0.100 mg mL-1).

2.4.1. Optical characterization of CDs-PEG-BT@Sir and parent compounds
The absorption spectra of bare CDs and CDs-PEG-BT were recorded 

using a double beam spectrophotometer (Shimadzu UV-2401 PC) 
operating in the 200–800 nm range (1 nm bandwidth) in a 1 cm quartz 
cuvette. The emission spectra of the bare CDs, CDs-PEG-BT, and CDs- 
PEG-BT@Sir were collected on diluted solutions in ultrapure water or 
phenol red free DMEM by a JASCO FP-6500 spectrofluorometer in a 1 
cm cuvette with a 2 nm resolution bandwidth. To assess the photo
stability, emission quenching measurements were carried out using the 
same procedure above reported, but with an excitation time of 10 min.

2.4.2. Colloidal stability of the conjugates under physiological conditions
The physicochemical colloidal stability of the CDs-PEG-BT@Sir 

conjugate was assessed by recording the absorption spectra up to 24 h 
of incubation in phenol red free DMEM, and using a double beam 
spectrophotometer (Shimadzu UV-2401 PC) operating in the 200–800 
nm range (1 nm bandwidth) in a 1 cm quartz cuvette. Samples were 
incubated at 37 ◦C in an orbital shaker (Thermo Scientific, MaxQ 420 
HP, Milan, Italy) at 100 rpm for 24 h, and then spectra were recorder 
each 1h.

2.5. Sirolimus release kinetics from CDs-PEG-BT@Sirolimus

The release profile was obtained in PBS pH 7.4 and 0.1 % w/v Brij58 
using the dialysis method. Sirolimus (10 μg), or an equivalent amount of 
CDs-PEG-BT@Sirolimus, was dissolved in 4 mL of fresh medium and 
placed inside a dialysis test tube with nominal molecular weight cut off 
(MWCO) 1 kDa. Then, the test tube was immersed in 16 mL of medium 
and incubated in an orbital shaker (Thermo Scientific, MaxQ 420 HP, 
Milan, Italy) at 100 rpm, 37 ◦C for 48 h. The sampling points were set up 
as 1 h, 3 h, 5 h, 6 h, 8 h, 12 h, 24 h, and 48h. At each sampling time, 0.5 
mL of release medium was retrieved, substituted with fresh medium, and 
analyzed using HPLC (Agilent Infinity 1200, C6-phenyl column) with 
acetonitrile/H2O 70:30 as eluant (0.8 mL min-1) and a UV–Vis diode 
detector at 277 nm. All the release experiments were repeated three 
times to report the mean ±s.d..

2.6. In vitro cytotoxicity study on a 2D model

The cytotoxic effect of CDs-PEG-BT@Sirolimus was first evaluated 
on an in vitro 2D model by MTS assay. For the 2D experimental set, HSC 

or NF1 cells were seeded on a 96-well plate at a 1.5 × 104 cells per well 
density and incubated for 24 h at 37 ◦C and 5 % CO2. The culture me
dium was then removed and cells were treated with 150 µL of either free 
sirolimus in DMEM (150 – 10 µg mL-1) or equivalent amount of CDs- 
PEG-BT@Sirolimus. Negative controls were incubated with 150 µL of 
fresh medium. After 24 h, the culture medium was withdrawn and cells 
were washed twice with DPBS. To perform the cell viability assay, every 
well was treated with 120 μL of MTS working solution, which was 
prepared by diluting the MTS stock solution with DMEM (1:6). After 2 h 
of incubation, the 492 nm absorbance of the samples was measured 
using a microplate reader (Multiskan, Thermo, UK), and compared with 
the absorbance of negative controls, assumed as 100 % of cell viability. 
The experiment was performed in triplicate.

[BT]
(
mmol mL− 1) =

[
0.9 ∗ Abs500 (HABA Avidin) + Abs500 (blank) − Abs500 (mixture Haba Avidin+sample)

]
∗ 10

34 
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2.7. Evaluation of the cytotoxic effect of CDs-PEG-BT@Sirolimus 
treatment on a 3D-model of plexiform neurofibroma

A 3D model of plexiform neurofibroma was obtained by preparing 
NF1 spheroids in a culturing system consisting of an ECM Gel layer, 
formed above the membrane of Transwell-COL Corning® inserts 
(Collagen-coated PTFE membrane, 6.5 mm, 0.4 µm pores), on which 
cells were cultured in presence of a FBS gradient (0.2 – 10 % FBS) for 4 
days. After this period, the culturing medium in the upper chamber was 
replaced with 200 μL of CDs-PEG-BT@Sirolimus (1.36 mg mL-1) or free 
sirolimus (23 μg mL-1) in DMEM supplemented with 0.2 % of FBS. While, 
fresh medium was added to the controls. Then, spheroids were incu
bated for seven days, changing the upper medium each three days, to 
evaluate cell viability and volume progression.

The photothermal effect induced by NIR-irradiation of CDs-PEG- 
BT@Sirolimus was assessed in a parallel experimental set. Spheroids, 
prepared and treated as previously described, were also irradiated with 
an 810 nm diode laser (GBox 15A/B diode, GIGAA laser, 7 W cm-2 power 
density, 300 s) on day 3 and culture for additional four days to follow the 
growth trend up to seven days.

For both the experimental sets, the spheroids’ size was monitored at 
scheduled time intervals (day 0 - day 7) using an optical microscope 
equipped with an Axio Cam MRm (Zeiss) digital camera.

For NF1 spheroid viability analysis, an MTS assay (CellTiter 96 
AQueous One Solution Cell Proliferation Assay, Promega) was per
formed each day. In detail, spheroids were removed, placed into a 96- 
weel plate, and incubated with the MTS solution (200 μL) for 3h. 
Then, cell viability was calculated from the 492 nm absorbance of the 
samples measured using a microplate reader (Multiskan, Thermo, UK), 
and compared results with the absorbance of negative controls, assumed 
as 100 % of cell viability.

On day 3 NIR-treated spheroids were stained using a Live/Dead Cell 
Double Staining Kit, following the manufacturer’s instructions. Briefly, 
the culture medium was removed from the upper chamber and it was 
washed twice with DPBS. Spheroids were then incubated with a live/ 
dead working solution, prepared by adding 5 mL of solution B, and 10 
mL of solution A to 5 mL of PBS, for 15′. Spheroids were then washed 
twice with PBS and fixed with 4 % buffered formalin. Micrographs were 
acquired using a widefield fluorescence microscope equipped with an 
Axio Cam MRm (Zeiss).

All independent experiments were performed in triplicates.

2.8. Cellular uptake of CDs-PEG-BT@Sirolimus

The self-fluorescence of CDs-PEG-BT in the red region was exploited 
to evaluate the cellular internalization of CDs-PEG-BT@Sirolimus on 2D 
HSC or NF1 cell lines, and on the established 3D model. In detail, for the 
2D cell uptake study cells (NF1 or HSC) were seeded in glass chamber 
coverslip at a density of 5 × 103 cells per well and grown in DMEM. After 
24 h, the medium was replaced with 200 μL of fresh culture medium 
containing CDs-PEG-BT@Sir (0.1 mg mL-1) and cells were incubated for 
6h. The 2D cell uptake of CDs-PEG-BT was evaluated by fluorescence 
microscopy recording red fluorescence (TxR channel) micrographs by an 
Axio Cam MRm (Zeiss). Untreated cells were used as negative control to 
set up the autofluorescence. The amount of relative fluorescence per cell 
was extrapolated by imageJ software, considering the average area of 
fluorescence intensity obtained from the red channel of at least six 
different cells. For the spheroids were prepared and treated with CDs- 
PEG-BT@Sirolimus as previously described, maintaining the same 
treatment schedule adopted for the evaluation of their cytotoxic effect. 
On day 7 (t3), the culture medium of the upper chamber was removed 
and spheroids were washed twice with DPBS. Micrographs of the 
spheroids were acquired using a widefield fluorescence microscope 
equipped with an Axio Cam MRm (Zeiss).

2.9. Statistical analysis

Statistical analysis was performed using the Student’s T-test (two- 
tailed). Statistical calculations were performed using the Microsoft®- 
Excel data analysis tool and the software package GraphPad Prism 
(V.7.03). Comparisons were considered statistically significant at p <
0.05 (*), p < 0.01 (**), and p < 0.001 (***).

3. Results and discussion

3.1. Synthesis and physicochemical characterization of the CDs-PEG-BT

The red-emitting carbon dot core (CDs) was obtained following a 
procedure reported elsewhere, with modifications [16]. In detail, CDs 
were synthesized by the solvothermal decomposition of citric acid and 
urea, serving as oxygen and nitrogen donors, respectively, in DMF at 160 
◦C under 8 atmospheres of pressure.

The pressure plateau was reached after 1 h, attributed to the release 
of decomposition gases such as CO, CO2, dimethylamine, and NH3. The 
reaction workup involved the removal of the reaction solvent under 
vacuum, the redispersion of the dark powder in ultrapure water, and the 
isolation of red-emitting CDs by size exclusion chromatography (SEC), 
The purification procedure was performed using a column packed with a 
combination of Sephadex® stationary phases with decreasing cutoff 
values (G-10 → G-15 → G-25), chosen on the basis of previous works, 
and water as eluant [19].

After freeze-drying, we obtained a reddish dark powder which con
sists of crystalline CDs of 1.6 ± 0.3 nm in diameter (Fig. 1a-a’), with 
narrow size distribution (Figure 1a’-b) and crystalline lattice fringes 
with a spacing of 2.252 Å (Fig. 1a), and endowed with a bright emission 
from the green (19 %) to the red region (QY 5.3 %) (Figure S1a). 
Although CDs with higher quantum yields (QY) in the red region (9 % - 
18 %) have been reported, the CDs synthesized in this work possess a QY 
suitable for in vivo bioimaging applications [30,31]. Additionally, they 
were produced on a gram scale (43 % yield—one of the highest re
ported), with high homogeneity, indicating that the proposed protocol is 
robust and suitable for real-world applications [19]. It is worth noting 
that CDs are typically synthesized with very low reaction yields, which 
often limits their potential applications [32–34]. As shown in Fig. 3a, the 
obtained CDs are characterized by the presence of several polar groups 
such as OH, CONH2 and COOH functions, amenable to further chemical 
functionalization. Indeed, the FTIR spectrum of bare CDs is character
ized by many diagnostic vibrations of such groups, such as, for instance, 
those relative to OH stretching (3420 cm–1), asymmetric (1711 cm–1) 
and symmetric (1398 cm–1) COOH stretching, and the amide I band 
(1620 cm–1).

These COOH surface groups were exploited for the surface engi
neering with biotinylated PEG chains so as to increase the average 
diameter beyond the renal cutoff (5.6 nm), thus preventing the eventual 
rapid excretion following their in vivo administration, and actively 
target high proliferating cells, such as NF1, which overexpress biotin 
membrane receptors [21–23]. It might be expected that PEGylation with 
discrete chains (Mw = 2 kDa) would improve the bioavailability 
avoiding protein corona adsorption and opsonization [35]. Hence, we 
conjugated biotinylated PEG2000 chains through a step-by-step surface 
conjugation procedure. First of all, CDs were functionalized with 
amino-PEG-alkyne (NH2-PEG-CC) chains obtained as previously 
described (Supplementary; Fig. S2–4) [21]. Briefly, NH2-PEG-CC was 
coupled to the CD’s carboxyl functions using EDC and NHS as coupling 
agents under slightly acidic conditions. Then, biotin pendants were 
conjugated at the alkyne end-chain on the CDs surface by the Cu 
(I)-catalyzed azide-alkyne Huisgen dipolar cycloaddition (Fig. 2), 
employed to quantitively convert the alkyne groups of PEG chains into 
1,3-triazole using azido-PEG3-biotin moieties. The catalyst was removed 
by means of the resin QuadraPure® before performing the final 
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purification step by SEC. The final surface engineering with PEG-BT 
chains was confirmed by combining complementary techniques such 
as FTIR and De Levie titration of surface carboxyl groups. From the 
analysis of the FTIR spectrum of the CDs-PEG-BT conjugate it is possible 
to highlight the presence of characteristic vibrations of the PEG pen
dants at 2870 cm-1 (ν C–H) and 1117 cm-1 (ν C–O), along with an 
increase in vibrations typically associated to amide function at 1620 
cm-1 (ν Н− N− C = O). Additionally, a sharp decrease is observed in the 
symmetric (1711 cm-1, ν C = O) and asymmetric (1389 cm-1, ν Ο− C = O) 
vibrations of the carboxyl groups. Overall, these results suggest the 
conversion of carboxyl groups into amide bonds through the coupling of 
PEG chains. This was further confirmed by the analysis of the potenti
ometric titration curves obtained for the CDs-PEG-BT conjugate 
compared with the bare CDs (Fig. 3b).

The model adopted for the calculation of the pKa values and equiv
alents of COOH surface groups is reported in Supporting information. It 
is self-evident that although the nature of the surface functions was 
preserved – the pKa values of COOH groups remain similar before and 
after conjugation - the amount of carboxyl functions in CDs-PEG-BT 
drastically decreases after the conjugation process (from 6.7 to 1.48 
meq g-1 for the bare CDs and the CDs-PEG-BT, respectively) (Fig. 3b) due 
to the coupling reaction between carboxylic acids on the CDs surface and 
amine end-chain of NH2-PEG-CC (Fig. 2). The amount of biotin linked to 
the CDs surface was finally measured spectrophotometrically by the 
HABA/avidin assay, yielding 0.248 μmol mg–1, equivalent to 15 biotin 
moieties per carbon dot.

From a chemical standpoint, using this method, surface engineering 
was achieved in a layer-by-layer orthogonal manner, effectively pre
venting dot-to-dot cross-linking by avoiding reactions with carboxylic 
acid groups on adjacent nanoparticles. This was demonstrated by the 
structural analysis of the CDs-PEG-BT conjugate through HRTEM mi
crographs (Fig. 3c-c’’’). The size distribution of the conjugate passed 
from 1.6 nm to 8.3 ± 0.6 nm (Fig. 3c), corroborating the above reported 

data which suggests the effective conjugation of CDs with PEG chains of 
roughly 3 nm in hydrodynamic diameter (Mw = 2.2 kDa). HRTEM 
showed that the crystalline nature of the CDs core is preserved in CDs- 
PEG-BT after the surface engineering procedure. Indeed, the lattice 
fringe reveals a graphitic carbonaceous structure with a D-spacing of 
2.258 Å (Fig. 3c’-c’’’). Overall, the data support the hypothesis that the 
surface engineering of CDs involved only the carboxyl groups on the 
surface and one end of the heterobifunctional PEG chains. This resulted 
in well-structured and homogeneous biotinylated nanoparticles with a 
size distribution exceeding the renal cutoff, making them potentially 
suitable for prolonged blood circulation [35,36]. The surface charge of 
the conjugate is an important parameter to establish biocompatibility 
and potential positive interactions with proteins, cells, and tissues in 
vivo. Thus, the Zeta-potential value of the CDs-PEG-BT conjugate was 
measured and compare with parent compounds. It is interesting to 
notice that, after surface conjugation exploiting COOH groups on the 
CDs surface, according to titration data reported in Fig. 3b, the 
Zeta-potential passed from − 31.4 ± 1.7 mV to − 15.4 ± 2.2 mV. This 
drastic reduction in the surface charge, apart from confirming the sur
face conjugation process observed with other techniques, implies a 
higher potential of the conjugate of favorably interacting with cell 
membranes during cell uptake processes usually occurred at the 
cell-nanoparticle interface.

3.2. Optical characterization of the CDs-PEG-BT and parent compounds

The CDs-PEG-BT conjugate exhibits the typical intricate optical ab
sorption spectrum of bare CDs, which predominate over the absorption 
bands of PEG chains at 240 nm (Fig. 4a). In particular, there are many 
discrete absorption bands within the UV–visible range (340, 400, and 
550 nm) which are responsible for three emission bands peaking in blue, 
green, and red (Fig. 4a and S1a-a’).

However, surface engineering of the CDs’ polar groups with PEG 

Fig. 1. High-resolution transmission electron microscope (HRTEM) micrograph of bare CDs (a), obtained by a JEOL JEMS-2100 operating at 200 kV electron energy: 
analysis of size distribution based on AFM data (a’). Atomic force microscopy (AFM) micrograph of bare CDs obtained on MICA using a Bruker FAST-SCAN mi
croscope equipped with a closed-loop scanner (X, Y, Z maximum scan regions: 35, 35, 3 μm, respectively).
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chains results in partial quenching of the blue and green emission bands 
(Figure S1a-a’, Fig. 4b) and an auxochromic shift of the red emission 
band. This further confirms the involvement of covalent conjugation 
with the CDs’ COOH groups and the importance of the emissive surface 
trap mechanism in the electronic transitions [37]. The red fluorescence 
stability of the CDs-PEG-BT conjugate under physiological conditions 
and continuous stimulation was assessed in DMEM at 37 ◦C after 10 min 
of irradiation (Fig. 4c). Unlike other optically active nanoplatforms or 
organic probes that undergo photobleaching upon laser excitation for 
bioimaging [27], CDs exhibited no reduction in fluorescence intensity 
even after 10 min of continuous excitation, indicating stable fluores
cence over time. The importance of surface engineering of CDs is not 

limited to optical stability benefits, but also provides extremely high 
colloidal stability in DMEM. As shown in Fig. 4d, the absorption of the 
CDs-PEG-BT sample was stable in DMEM up to 24 h of incubation under 
physiological conditions, indicating that the conjugate displays high 
colloidal stability also in the presence of proteins and salts. It might be 
noticed that fluorescence stability of CDs-PEG-BT is also preserved after 
24 h of incubation in DMEM under physiological conditions (Fig. 4e-e’). 
A similar behavior was observed after drug loading via surface adsorp
tion on the CDs-PEG-BT@Sir surface. No differences were detected in 
terms of photobleaching, physicochemical stability, or optical stability 
following incubation of CDs-PEG-BT@Sir in DMEM. This suggests that 
the PEG shell not only ensures efficient drug loading, but also separates 

Fig. 2. Scheme of the reaction pathway adopted for the synthesis of the CDs-PEG-BT conjugate.
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the adsorbed drug molecules from the surface electrons of the CDs which 
are responsible for the fluorescence mechanisms of the CDs’ core. This 
findings highlights that PEGylation is a powerful and simple strategy 
offering a dual advantage for CDs surface engineering in theranostics.

The CDs-PEG-BT conjugate has interesting photothermal conversion 
under excitation with an 810 nm diode laser, allowing a temperature 
increment up to 20 ◦C at a concentration of 0.1 mg mL-1 and at low 
power density (2 W cm-2) (Fig. 5a). While, ultrapure water undergoes a 
slight temperature increase (2 ◦C) under the same conditions. The NIR 
photothermal conversion exhibited by CDs-PEG-BT is likely derived 
from the long-wavelength tail of their absorption profile (Fig. 3a) and 
scattering phenomena, and was calculated to be roughly 21 % [16]. It 
was comparable to that observed for other carbon-based structures, such 
as mesoporous carbon nanospheres (35 %) and graphene-based nano
systems (39 %) [38,39], or optical active polymers such as polydop
amine (32 %) [39]. The slightly lower photothermal conversion in 
emitting CDs, although suitable for PTT, arises from the inherent 
competition between radiative emission, which releases energy as light, 
and non-radiative thermal phenomena, which dissipate energy as heat.

Notably, the conjugate exhibits tunablity dependent on exposure 
time. This behavior allows achieving the minimum temperature of 42 ◦C 

required for tumor eradication though hyperthermia, positioning them 
as promising candidates as nanoheaters in image-guided photothermal 
therapy (IG-PTT) for cancer [40,41]. This remarkable photothermal 
behavior was maintained also after the drug loading process in the 
CDs-PEG-BT@Sir sample, reaching only an inflection of 3 ◦C after the 
same exposure conditions (Fig. 5a). Importantly, CDs are able to main
tain their chemical characteristics up to 180 C◦, thus implying a high 
thermal stability under NIR photothermal conversion [42].

3.3. Preparation and characterization of the sirolimus-loaded CDs-PEG- 
BT (CDs-PEG-BT@Sir)

Sirolimus is a mTOR inhibitor with IC50 of approximately 0.1 nM in 
HEK293 cell lines that, being a macrolide compound with hydrophobic 
features, exhibit poor solubility in water (2.6 μg mL-1) [43]. Besides, 
sirolimus has a carboxylic lactone-lactam function and many unsatura
tion which make it unstable under physiological conditions and, thus, 
requires targeted delivery to successfully exert its action in tumors. 
Here, we entrapped sirolimus within the polymeric shell of the CDs, as 
its solubility in PEG exceeded 30 mg mL-1. It is also expected that siro
limus could interact with residual polar groups on the CDs’ surface 

Fig. 3. Chemical and structural characterization of the CDs-PEG-BT conjugate and parent compounds. a) FTIR spectra of bare CDs compared to the conjugate 
performed on dried KBr pellets at a sample concentration of 1 %. b) pKa values and meq COOH surface groups of CDs and CDs-PEG-BT calculated by the De Levie 
titration method (See Supplementary). c-c’) Transmission electron microscopy (TEM) and size distribution (Figure insert) of CDs-PEG-BT; Fourier transform (FFT) 
(C’-C’’’) and D-spacing distribution of the CDs-PEG-BT crystalline core (Figure insert).
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through hydroxyl functionalities. This was achieved by the thin-film 
method in chloroform and filtration of the rehydrated colloidal disper
sion through a 5 μm syringe filter. The obtained sirolimus-loaded con
jugate, herewith named CDs-PEG-BT@Sir, contains 4.77 % of the drug 
(32 % encapsulation efficiency). The drug loading reached is suitable for 
pharmaceutical applications in cancer therapy, as sirolimus, due to its 
extremely high potency, exerts pharmacological effects at nM concen
trations [43,44].

Although these values are lower compared with hydrophobic 
polyester-based nanoparticles (~5 % vs ~13 %) [44], in principle, the 
higher dispersibility in aqueous media might ensure optimized thera
peutic conditions in terms of dosage and bioavailability.

The drug release ability of the CDs-PEG-BT@Sir conjugate was 

studied in phosphate-buffered saline (PBS) at pH 7.4, both with and 
without exposure to an 810 nm laser diode, and compared to the 
dissolution profile of the free drug in the same medium. The laser 
exposure was used as a stimulus to induce pulsed, on-demand drug 
release. As shown in Fig. 5b, sirolimus was released in a controlled 
manner without alteration, mainly due to the protection by Brij58 mi
celles formed in the release medium, and without hinting at a burst ef
fect. In particular, the conjugate released only 8 % of sirolimus after 2 h, 
reaching approximately 40 % release over 10 h, and plateauing at 
around 44 % after 22 h of incubation. Then, the release slowly proceeds 
during the last 26h. A similar release profile was achieved under NIR 
laser irradiation for 300 s, but with a 20 % increase in drug release over 
48 h (Fig. 5b). Notably, the CDs-PEG-BT@Sir sample released 40 % of its 

Fig. 4. Optical characterization of the CDs-PEG-BT conjugate (0.1 mg mL-1): absorption (a) and 3D emission (b) spectra in water. Physicochemical and optical 
stability of the CDs-PEG-BT conjugate (0.1 mg mL-1) in DMEM (c-e’): emission intensity quenching study under continuous red-light excitation for 10 mins (c); 
UV–vis spectra kinetics up to 24 h of incubation at 37 ◦C (d); 3D emission spectra up to after 24 h of incubation at 37 ◦C (e-e’). Physicochemical and optical stability 
of the CDs-PEG-BT@Sir sample (0.1 mg mL-1) in DMEM (f-h): emission intensity quenching study under continuous red-light excitation for 10 mins (f); UV–vis 
spectra kinetics up to 24 h of incubation at 37 ◦C (g); 3D emission spectra after 24 h of incubation at 37 ◦C (h).
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payload within 3 h following NIR light exposure, demonstrating the 
feasibility of light-triggered spatiotemporal pulsed drug release. The 
ultrasmall size of the conjugate (d < 10 nm), along with its consequent 
high diffusion coefficient across the complex and dense tumor micro
environment, combined with its unique fluoresce and on-demand drug 
release profile, supports the potential of the developed conjugate as a 
candidate for selectively delivering sirolimus within tumors via image- 
guided photothermal therapy (IG-PTT) [20,45–48].

3.4. Biological characterization of the CDs-PEG-BT@Sir and parent 
compounds

Schwann cells are critical components of the peripheral nervous 
system. Plexiform neurofibromas arise from aberrant Schwann cell 
proliferation, with the latter being a hallmark of plexiform neurofi
bromas (PNs) [49]. These cells recapitulate key molecular and cellular 
features of plexiform neurofibromas, including the expression of rele
vant markers, growth patterns, and interactions with the tumor micro
environment. As such, Schwann cells from PNs (NF1) provide a reliable 
and biologically relevant model to study the pathogenesis of plexiform 
neurofibromas and to test potential therapeutic strategies [50]. There
fore, in the present study, the effectiveness of potential treatments using 
CDs-PEG-BT@Sir was studied in both 2D and 3D NF1 culture models so 
as to capture not only cellular responses but also the complex spatial and 
structural interactions present in the tumor microenvironment. These 
complementary approaches provide a more comprehensive evaluation 
of pharmacological efficacy and the potential translation into clinical 
practice [49,51].

3.4.1. Cytotoxicity study and cell uptake of the CDs-PEG-BT@Sir conjugate 
on 2-D plexiform neurofibroma (NF1) and Human Swan Cells (HSC) lines

To prove the ability of CDs-PEG-BT of acting as multifunctional 
nanotools for fluorescence imaging, IG-PTT, and targeted drug delivery 
system towards plexiform neurofibroma, we carried out preliminary 
experiments on 2D cell cultures. In the first step, the cytocompatibility of 
the CDs-PEG-BT conjugate was established on both normal (HSC) and 
cancer (NF1) Schwann cell lines, showing complete cytocompatibility 
(cell viability > 98 %) in both cases at concentrations up to 2 mg mL-1 

(data not shown). Thus, the toxicity profile of the sirolimus-loaded 
conjugate, namely CDs-PEG-BT@Sir, was attained on the same 2D cul
tures at drug concentration ranging from 10 to 150 μg mL-1, corre
sponding to 0.2 to 3 mg mL-1 in CDs-PEG-BT@Sir, respectively. Fig. 6a 
shows that the CDs-PEG-BT@Sir sample is cytocompatible in normal 
HSC cells within the entire concentration range tested, while free siro
limus provides complete cell death at concentration higher than 50 μg 

mL-1.
Conversely, CDs-PEG-BT@Sir give rise to significant cytotoxicity 

phenomena (cell viability < 70 %) at concentrations higher than 50 μg 
mL-1 in cancer cells (Fig. 6b), suggesting a selective anticancer effect 
toward the NF1 cell line. This is corroborated by the analysis of the half 
minimal inhibitory concentration (IC50) values obtained for HSC and 
NF1 cells after 24 h incubation (Fig. 6a-b). The IC50 value obtained for 
the free drug on HSC cells is comparable to that established for NF1 
cancer cells, even though lower for the NF1 cells (23 vs 38 μg mL-1). 
While, the IC50 calculated for the CDs-PEG-BT@Sir on NF1 cancer cells is 
at least three times lower with respect with normal Schwann cells (56 vs 
<150 μg mL-1). It is interesting to notice that CDs-PEG-BT@Sir show 
selective cytotoxicity in cancer cells which is plausibly due to the tar
geted delivery at cellular level.

With the aim of assessing preferential cell uptake in NF1 cells, the 
CDs-PEG-BT conjugate was incubated with either NF1 or HSC cell lines 
at a concentration of 100 μg mL-1 for 6 h, and the ability of entering cells 
was assessed by fluorescence microscopy measuring the self-red fluo
rescence of the conjugate (Figure S5). As expected, CDs-PEG-BT was able 
of entering both healthy HSC and cancer NF1 cells, with a significantly 
higher fluorescence observed for the NF1 cell line.

3.4.2. Evaluation of the anticancer potential of the CDs-PEG-BT@Sir 
conjugate on 3-D plexiform-on-a-dish models

While 2D culture systems have significantly advanced our under
standing of cellular molecular mechanisms, they fail to capture the full 
complexity of the tumor microenvironment, including multiple cell- 
cell/cell-matrix interactions found in human tissues. As a result, there 
is a growing recognition that 3D models, such as “plexiform neurofi
broma-in-a-dish" systems, offer a more accurate pathomimetic repre
sentation of tumor biology, providing superior insights into disease 
mechanisms and potential therapeutic responses [52–54]. Here, we 
developed and studied 3D NF1- in-a-dish spheroids of 1–1.8 mm in 
diameter so as to establish the potential of CDs-PEG-BT@Sir as photo
thermal agents for targeted non-invasive treatment of plexiform 
neurofibroma. We treated NF1 spheroids embedded in a complex 
collagen matrix with either CDs-PEG-BT@Sir (with and without an 810 
nm diode laser exposure) or the free drug at the IC50 and monitored the 
growth kinetics by measuring spheroid volume over time, up to 7 days of 
incubation. The volume progression kinetics measured by optical im
aging are reported in Fig. 6c, and show that the untreated spheroids 
increased their volume over time, passing from 1.5 to 1.8 mm3 after 7 
days of culturing. While, NF1 spheroids treated with CDs-PEG-BT@Sir 
or an equivalent amount of free drug decreased their volume in a 
time-dependent fashion passing from 1.55 to 1.25 mm3 in 7 days of 

Fig. 5. Photothermal kinetics (a) and light-triggered drug release profile (b) of the CDs-PEG-BT@Sir conjugate and parent compounds.
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Fig. 6. MTS assay on human Schwann (HSC) (a) and plexiform neurofibroma (NF1) cell lines (b) obtained after 24 h incubation with increasing concentrations of 
CDs-PEG-BT@Sir or equivalent amount of free sirolimus. Progression of NF1 spheroid volume after 7 days of incubation with either the CDs-PEG-BT@Sir conjugate 
or free drug (c), also coupled with an 810 nm diode laser exposure at 7 W cm-2 for 300 ss (d). Cell viability by MTS assay of NF1 spheroids treated with an 810 nm 
diode laser exposure at 7 W cm-2 for 300 ss (e). Live&Dead analysis of NIR treated NF1 spheroids (day 3) by fluorescence microscopy (f I-VII): green (live), red (dead) 
cells. Cell uptake on NF1 spheroids obtained by fluorescence microscopy: red fluorescence (CDs-PEG-BT@Sir), brightfield, and merge (g I-III). Magnification 5x, 
scalebar 0.2 mm.
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incubation.
The same experiments were conducted by applying a NIR light laser 

exposure (7 W cm-2) for 300 s in order to assess the effects of combined 
chemo-photothermal treatment on complex 3-D NF1 models (Fig. 6D-e). 
In particular, photothermal stress was applied after 3 days of incubation, 
thus inducing pulsed and massive sirolimus delivery as well as local 
hyperthermia (Fig. 5a-b). Spheroid volume and viability were then 
assessed by combining optical imaging (Fig. 6d) and the MTS assay 
(Fig. 6e). As shown in Fig. 4d, the NIR light exposure alone did not 
significantly affect spheroid growth over time, with spheroid volume 
doubling after 7 days of incubation. This means that the power density 
adopted was definitely biocompatible. Spheroids incubated with free 
sirolimus and NIR light followed the same trend of the free drug alone, 
passing from 1.3 to 1.0 mm3, thus implying that NIR laser exposure did 
not impinge on the sirolimus pharmacological effects. Conversely, 
spheroids treated with CDs-PEG-BT@Sir exhibited a significant reduc
tion in volume following NIR light exposure (from 1.16 to 0.7 mm3), 
indicating that the combined chemo-photothermal treatment can syn
ergistically induce cell death, even in complex 3D models. This was 
further corroborated by the cell viability assay shown in Fig. 6e, where 
similar trends were observed. However, it is noteworthy that the re
sidual cell viability of spheroids treated with CDs-PEG-BT@Sir and NIR 
light dropped to <15 % compared to the initial viability conditions. This 
was further studied by the live&dead assay after the chemo- 
photothermal insult (3 days) both for spheroids incubated with free 
sirolimus and the CDs-PEG-BT@Sir conjugate. The live&dead assay was 
performed by fluorescence imaging subtracting the self-fluorescence of 
the conjugate in the green/red region (Fig. 6f). It is worth noting that the 
red fluorescence (indicating dead cells) in NF1 spheroids treated with 
the free drug was lower compared to spheroids treated with the conju
gate under light exposure, while the green fluorescence, corresponding 
to live cells, was higher. This confirms the crucial role of the conjugate in 
inducing cell death by converting NIR light into heat and selectively 
releasing sirolimus in situ. Unfortunately, the lack of control experi
ments with HSC spheroids, due to the absence of conditions that produce 
homogeneous, reproducible, and well-structured 3D cultures, does not 
provide valuable insights into the selectivity of the PTT in vitro. This 
would require further investigations, allowing a more comprehensive 
evaluation of its behavior in physiologically relevant 3D 
microenvironments.

Finally, the ability of the CDs-PEG-BT@Sir conjugate of acting as a 
contrast agent in fluorescence imaging was investigated on 3-D NF1 
spheroids using fluorescence imaging (Fig. 6g). Fluorescence micro
graphs obtained after 24 h of incubation revealed that the conjugate 
efficiently penetrated the spheroids, also inside the highly dense core, 
enabling monitoring within the biological transparency window of 
620–750 nm. The efficient diffusion observed can be explained by the 
extremely low diameter of the CDs-PEG-BT@Sir conjugate (~ 8 nm) 
which allows for rapid diffusion throughout the well-structured NF1 
mass. Typically, nanomedicines with larger dimensions (20–100 nm) 
can extravasate from the bloodstream to reach the tumor stroma. 
However, their diffusion within the tumor parenchyma is often 
restricted due to the low permeability of the highly dense collagen 
matrix in the tumor microenvironment [55–57]. Overall, the ultrasmall 
size distribution of the CDs-PEG-BT@Sir conjugate, combined with 
bright fluorescence imaging contrast, light-responsive hyperthermia, 
and on-demand drug release, represents an ideal combination for 
effective image-guided chemo-photothermal eradication of plexiform 
neurofibromas.

4. Conclusions

Here, we developed homogeneous red-emitting carbon nanodots 
functionalized with discrete PEG chains exposing biotin groups at the 
surface (CDs-PEG-BT), exploited as potential active targeting agent to
wards plexiform neurofibroma type 1 (PN). The surface engineering 

approach enhanced optical and colloidal stability under physiological 
conditions, enabled efficient photothermal conversion of near-infrared 
light, and provided stable red emission, suitable for image-guided 
photothermal applications. The PEG shell also facilitated the adsorp
tion of the poorly water-soluble mTOR inhibitor named sirolimus (5 %), 
which was demonstrated to be released on demand in a localized light- 
triggered manner. The CDs-PEG-BT@Sir conjugate showed in vitro se
lective cytotoxicity toward PN cell lines instead of normal human 
Schwann cells (HSC) mainly do to the controlled release of sirolimus and 
the ability of penetrating cancer NF1 cells. The CDs-PEG-BT@Sir 
demonstrated the ability to accumulate within complex 3D PN-in-a- 
dish spheroids, leading to enhanced chemo-photothermal eradication 
of the tumor mass at biocompatible power density (7 W cm-2) under the 
guidance of fluorescence imaging.

In summary, the CDs-PEG-BT@Sir conjugate exhibits a unique 
combination of properties that position it well for the treatment of PN 
lesions. Its small size potentially facilitates enhanced extravasation and 
tissue distribution, while its bright fluorescence enables real-time im
aging. The integration of light-responsive hyperthermia with on- 
demand drug release offers a powerful approach for precise and effec
tive therapy, supporting its potential for clinical application. Some 
limitations remain, particularly in enabling fluorescence quantum yield 
and absorption within the NIR-I/II window to enhance imaging and 
therapeutic depth. Nevertheless, our findings provide a strong founda
tion for advancing surface-engineered nanoplatforms and addressing the 
unmet needs of rare diseases like NF1-associated PNs through innova
tive theranostic strategies.
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