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A B S T R A C T

This work discusses the potential use of bottom-up synthesized graphene nanoribbons (GNRs) as nano-carriers 
for drug delivery systems (DDSs). GNRs have a high loading capacity for anticancer drugs due to their high 
specific surface area and non-covalent adsorption with hydrophobic anticancer drug molecules. Herein, we 
synthesized GNRs using a bottom-up approach, modified with PEG2000 (GNR-PEG) and PEG2000 carrying folic 
acid chains (GNR-PEG-FA), and then loaded with camptothecin (CPT). The targeting ability mediated by folic 
acid of the GNR derivative was evaluated using cellular assays, and the cytotoxicity of GNR systems loaded with 
CPT was assessed by in vitro studies. They suggest that the functionalization of GNR derivatives with folic acid 
significantly affects their interaction with cells expressing different levels of folic acid receptors. The authors also 
explore the possibility to employ GNRs in photothermal therapy (PTT). GNR-PEG and GNR-PEG-FA display 
minor or no toxicity in standard cell cultures, but they show remarkable thermal response upon NIR irradiation, 
causing complete loss of cell viability within a few hours of treatment. This work highlights the potential of GNRs 
as DDSs and emphasizes the importance of further research on their biocompatibility and as a platform for PTT.   

1. Introduction

Cancer is an abnormal growth of cells in the body that led to nearly
10 million human deaths in 2022. Globally, cancer is the second leading 
cause of death (about 1 in 6 deaths) [1]. And it is predicted that 13 
million people will die of cancer in 2030 [2]. Nowadays, cancer is often 
treated in clinic with some combination of surgery, radiation therapy, 
and chemotherapy [3–5]. Among them, chemotherapy is a dominant 
category of cancer treatment, which includes one or more anti-cancer 
drugs. Furthermore, the pharmaceutical industry has been spending 
significant effort to improve the target specificity of anti-cancer drugs 
and reduce the undesired effects of systemic treatment [6]. However, 

various drugs used in clinic treatment are hydrophobic molecules (many 
of them are aromatic), have poor physiological stability, and present 
non-specific targeting/low drug efficacy, which lead to the intrinsic 
limitations for the applications of anti-cancer [7,8]. Therefore, alter-
native strategies able to achieve the above goals are highly desirable. 

Graphene-based materials (GBMs) [9–11] have aroused great inter-
est as potential drug delivery systems (DDSs) with high loading capacity 
for anticancer drugs due to extremely high specific surface area, 
non-covalent adsorption with hydrophobic anti-cancer drug molecules 
[10,12–14]. Different GBMs, such as graphene oxide (GO), reduced GO, 
hydrated GO, and graphene quantum dots, were used for the preparation 
of therapeutic systems [15]. 
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One member of the GBM family that is gaining attention is called 
graphene nanoribbon (GNR). GNR can be synthesized using various 
methods such as the top-down [16–18] and bottom-up strategies [19, 
20]. Among the top-down methods, oxidized GNRs (O-GNRs) obtained 
by oxidizing multi-walled carbon nanotubes (MWCNTs) with the lon-
gitudinal unzipping method are a popular choice for DDSs. For example, 
a PEG-DSPE-coated O-GNR system loaded with lucanthone, enhance 
drug uptake by the glioblastoma cell line U251 [21]. O-GNRs can also be 
used as delivery platforms able to improve the cellular penetration of 
highly hydrophobic ceramides [22]. However, there are not much 
research is available on using GNRs that are created through a 
bottom-up approach for DDSs. The precise control of GNRs’ structures 
enables fine-tuning of dimensions and properties [23], resulting in 
optimized DDS features such as enhanced drug loading capacity and 
controlled release kinetics [24]. The ability to modify GNRs’ structure 
facilitates efficient bioactive through pi-pi interactions [25], while 
precise modification of the graphene structure can potentially accom-
modate structurally relevant substituents [26]. In addition, their 
inherent stability can ensure sustained drug release and minimizes 
degradation [27]. Overall, these distinctive advantages position 
bottom-up synthesized GNRs as a promising and reliable platform for 
the future development of effective DDSs [28]. 

In the development of DDSs, folic acid (FA) is a well-known cancer- 
targeting molecule due to its high affinity for tumor cells, in which FA 
receptors are overexpressed. For example, FA combined with GBMs is 
able to induce a selective internalization of the material [29–31]. 

Although GNRs have shown great potential for biomedical applica-
tions, their biocompatibility and cytotoxicity remain an important 
concern [32]. Recent studies have suggested that the shape, and surface 
functionalization of GNRs play a crucial role in determining their 
toxicity [33,34]. While some studies have shown that GNRs exhibited 
good biocompatibility with human cell lines [21,35,36], others have 
revealed toxic effects, including cytotoxicity and genotoxicity [37,38]. 
Overall, more research is needed to fully understand the biocompati-
bility and cytotoxicity of GNRs, and to develop safe and effective ap-
plications for these materials in biomedicine. 

Herein, we report bottom-up synthesized GNRs that were modified 
with PEG2000 (GNR-PEG) and PEG2000-FA (GNR-PEG-FA), as nano- 
carriers for DDSs. Previous works have demonstrated that aromatic 
molecules can be loaded on GNRs via the pi-pi interaction [25]. Thus, 
the cytotoxic quinoline alkaloid camptothecin (CPT), which is a 
topoisomerase-I inhibitor that causes DNA damage and apoptosis [39, 
40], was selected as an aromatic drug model. Then the targeting ability 
mediated by FA of the GNRs derivatives was evaluated using cellular 
assays. Subsequently, the cytotoxicity of GNR systems loaded with CTP 
(CPT@GNR-PEG and CPT@GNR-PEG-FA) was assessed by in vitro 
studies. Finally, since GBMs were previously reported to produce heat-
ing upon light irradiation, we explore the possibility of employing our 
material in photothermal therapy (PTT). 

2. Experimental section

2.1. Synthesis of graphene nanoribbon (GNR) 

The synthesis of GNR is according to the previous report [41]. 

2.2. Functionalization of GNR with FA− PEG or PEG 

GNR (50 mg) was added to THF (60 mL) and sonicated for 4 h. Then 
EDC and NHS were added into the GNR dispersion and sonicated for 3 h. 
Finally, NH2-PEG2000 or NH2-PEG2000-FA was put into the solution and 
stirred for 3 days at room temperature. Afterward, the mixture was 
dialyzed with a membrane of 10 kDa molecular weight cut-off against 
pure water by renewing the external water for more than 20 times over 
for 3 days to remove most of the unreacted FA− PEG or PEG. 

2.3. CPT loading on GNR-FA− PEG and GNR-PEG 

A CPT solution (5 mg, 14.3 mM) in DMSO (1 mL) was dropwise 
added to deionized water (10 mL) dispersions of GNR-FA− PEG or GNR- 
PEG. The resulting mixture was sonicated for 15 min and then stirred for 
24 h at room temperature in dark. The non-bonded CPT was separated 
by filtration (filter from Omnipore Membrane, PTFE, filter type 0.45 μm) 
and washed three times with a mixture of water and MeOH (1:1/v:v, 10 
mL), and deionized water (10 mL). Then the resulting materials were 
dispersed in deionized water (10 mL). 

The capability of GNR-PEG-FA or GNR-PEG to carry CPT was eval-
uated in terms of LC% and LE% (details in supplementary data). 

2.4. Cell viability assays 

96 well-plates were seeded overnight with a defined number of cells 
(4000 of A549 and 5000 of MCF-7 per well in respective 100 μL of 
media). Cells were treated with triplicates of at least six different con-
centrations of each compound (GNR-PEG, GNR-PEG-FA, CTP@GNR- 
PEG, CTP@GNR-PEG-FA in respective media), typically from 0.05 up to 
50 μM (referred to the concentration of CPT) and left in incubator (37 ◦C, 
5% CO2, 95% air). After the selected incubation time (24, 48, and 72 h 
were tested) cells were washed with PBS (4x) and treated with 100 mL of 
3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) in 
medium (final concentration 0.5 mg/mL) for 3 h. Medium was carefully 
removed from each well, the purple crystals of formazan dissolved in 
200 μL DMSO and absorbance at 550 nm was measured using a micro-
plate reader (GENios Pro, Tecan). Cell viability curves and statistic data 
(using two-way ANOVA) were generated with GraphPad 9.1 employing 
measurements from at least two independent repeats of triplicated ex-
periments. A control experiment with material only (no cells) was per-
formed in the same conditions to ensure that the eventual precipitated 
material was not affecting the colorimetric measurement. 

2.5. Cell microscopy studies 

24 well plates suitable for confocal microscopy (Cellvis, #1.5 high- 
performance cover glass) were seeded overnight with A549 (20,000 
cells in 500 mL RPMI) or MCF-7 (30,000 in 500 mL DMEM). Both cell 
lines were treated with GNR or GNR-FA for 24 h (5, 10, and 20 mg/mL 
concentrations were tested, at 37 ◦C, 5% CO2, 95% air) followed by 
washing with PBS (4x). Cells were left in medium for live cell imaging or 
treated with formalin followed by washing with PBS (3x) for fixed cell 
studies. All images were collected with an LSM 510 META laser scanning 
microscope (Zeiss) using a 20x or 40x air objective and processed with 
ImageJ. 

2.6. In vitro photothermal assay 

A549 (6000 cells in 100 mL RPMI, upon overnight seeding in black 
wall 96 well plates) were treated with 100 μg/mL of compound (GNR, 
GNR@CPT, or CPT, concentrations referring to GNR materials) for 10 h. 
Cells were exposed to NIR light using a fiber-coupled 808 nm diode laser 
(Lumics, LU808T040, power, 1.0 W; laser spot diameter, 6 mm) and the 
heat produced was monitored with a thermal camera (FLIR A35). All 
conditions (concentration of GNR material and power of irradiation) 
were optimized to increase the temperature of the sample to 41–42 ◦C 
during NIR irradiation, in a short time (typically 1 min). Each sample 
was irradiated for 6 min, noticing that temperature raised from rt to 
41 ◦C during the first minute. In a second set of experiments, a second 
and a third irradiation were repeated after 2 h and 4 h, respectively. At 
the end of the NIR treatment cell viability was tested by MTT assay after 
1 h from the last irradiation. Between treatments, cells were kept in 
incubator (37 ◦C, 5% CO2, 95% air). Each time, an equal experiment was 
prepared in parallel, but the samples were kept in incubator, with the 
following MTT assay, to compare the effect of irradiation vs no 
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irradiation. Having 1, 2, or 3 NIR irradiation treatments did not produce 
any difference compared to the results shown in Fig. 4 (data not shown). 
Cell viability data were generated with GraphPad 9.1 employing mea-
surements from at least three independent repeats of duplicate 
experiments. 

3. Results and discussion

The GNR-PEG with an armchair edge structure was synthesized ac-
cording to a reported protocol [41,42]. In summary, the GNR backbone 
was synthesized by Yamamoto polymerization of a dichloro-substituted 
oligophenylene monomer decorated with –C10H20COOCH3 chains, fol-
lowed by cyclodehydrogenation of the resultant polyphenylene and the 
hydrolysis of the ester groups to provide GNR-COOH. Then, GNR-COOH 
functional groups were functionalized with NH2-PEG2000 or 
NH2-PEG2000-FA by EDC/NHS activation to afford the amide-linked 
functional nano-carriers GNR-PEG and GNR-PEG-FA, respectively 
(Scheme 1). It should be emphasized that the incorporation of PEGylated 
chains is crucial, as they enable remarkable solubility in both typical 
organic solvents and aqueous solutions [26,41]. This characteristic is 
absent in non-functionalized or functionalized GNRs that possess shorter 
alkyl chains. 

The amidation of GNR-COOH was successfully confirmed by ther-
mogravimetric analysis (TGA) and Fourier-transform infrared spectros-
copy (FTIR). The FTIR characterization indicates the successful 
PEGylation of GNR-PEG and GNR-PEG-FA by the amide bond (Fig. S1). 
Besides the band at around 1730 cm− 1 attributed to C=O stretching (in 
pristine GNR), new bands appear regarding C–N and C=O stretching of 
amide bond between PEG moiety and GNR at about 1280 and 1640 
cm− 1, respectively. In addition, C–O–C stretching of PEG substituent 
appeared at 1110 cm− 1 in the FTIR spectra of GNR-PEG and GNR-PEG- 
FA [41,42]. GNR-PEG and GNR-PEG-FA also exhibited an increased 
intensity of bands in 2800–3000 cm− 1 derived from the C–H stretching 
vibration of PEG chains. 

The TGA results for GNR-PEG and GNR-PEG-FA show significant 
differences with respect to those of GNR-COOH (Fig. S2). In particular, 
the weight loss of GNR-COOH is 31.8%, while for GNR-PEG and GNR- 
PEG-FA corresponds to 89.3%, and 81.9% (Table 1), respectively. 
These weight loss differences are attributed to the thermal decomposi-
tion of PEG chains. Thus, considering the residue percentages between 
100 and 500 ◦C, the number of PEG moieties can be calculated in terms 
of the grafting percentages (GPs). The GNR-PEG and GNR-PEG-FA lead 
to GPs of 89.4% and 71.7%, respectively (details in the supplementary 
data). In addition, we could confirm the purification of GNR-PEG and 
GNR-PEG-FA after thorough dialysis by TGA, analyzing the standard 
deviation of the weight loss for diverse replicates (Fig. S2, Table 1, de-
tails in supplementary data). 

After characterizing the PEGylated GNR systems, GNR-PEG and 
GNR-PEG-FA were non-covalently modified with CPT and then assessed 

as potential DDs in terms of loading capacity (LC%) and loading effi-
ciency (LE%, Eq. S5, and S6, respectively). The LC% and LE% of the two 
PEGylated GNR derivatives were evaluated by UV–vis absorption (see 
supplementary data). CPT@GNR-PEG displayed a lower LC% and LE% 
than CPT@GNR-PEG-FA (Table 1). This difference can be attributed to 
the higher GP of PEG chains for CPT@GNR-PEG-FA, as it increases the 
hydrophilicity and hinders part of the GNR surface. Thus, we obtain 
weaker hydrophobicity and lower π-π interactions between GNR and 
CPT. Notably, the LC% and LE% of these GNR-PEG systems are superior 
to those of other nanocarriers, such as graphene oxide (GO),26 liposomes 
[43,44] and solid lipid nanoparticles [45,46], indicating their potential 
as DDSs. 

The cell anchoring effect of the GNR systems mediated by the FA 
receptor was evaluated in vitro. In particular, A549 (human epithelial, 
lung, carcinoma) and MCF-7 (human epithelial, breast, adenocarci-
noma) were selected because of their low and high level of expression of 
FA, respectively. We confirmed by flow cytometry immunoassay that 
our MCF-7 cultures are indeed expressing higher levels of FA receptor, 
compared to our A549 cultures (Fig. S3). We treated both cell lines with 
GNR-PEG and GNR-PEG-FA for 24 h, followed by extensive washing and 
collected bright-field images. In all cases, we observed the presence of 
material as dark aggregates during the incubation. However, GNR-PEG 
was totally removed upon extensive washing procedures, whilst aggre-
gates of GNR-PEG-FA were still visibly present, edging both A549 and 
MCF-7 (Fig. 1), indicating a cell-anchoring effect caused by the presence 
of FA conjugated to GNR. Then, quantitative analysis (over 650 cells for 
each line) was performed by selecting all aggregates with a size above 
0.4 mm2, to exclude artifacts related to cellular structures. MCF-7 cells 
presented the highest number of aggregates (2.5 folds) compared to 
A549 (0.34 and 0.14 aggregates/cell, respectively). Furthermore, 70% 
of the selected aggregates in MCF-7 present a size below 5 mm2 whilst 
only 37% of the aggregates observed in A549 fall in this size range 
(Fig. 2). In other words, GNR-PEG-FA accumulates in smaller but more 
dispersed aggregates over MCF-7, whilst it forms fewer but larger ag-
gregates over A549 (also qualitatively evident in Fig. 1). This is 
consistent with the higher expression of FA anchoring sites in MCF-7 and 
indicates that a folic acid-mediated targeting occurs. 

We carried out in vitro MTT assays to analyze the cytotoxicity of all 
the compounds (GNR-PEG, GNR-PEG-FA, and the corresponding hybrids 
loaded with CPT and CPT alone, Fig. 3). Both GNR-PEG and GNR-PEG- 
FA are not cytotoxic in A549 and MCF-7 (tested up to 250 mg/mL, 
referred to the material). This is an important feature when planning to 
use GNR as scaffold for drug delivery. In MCF-7, IC50 values of CPT 
alone, using three different incubation times, are consistently higher 
(2.5–3 folds) than IC50s of GNR-CPT hybrids, suggesting that the pres-
ence of GNR enhances the cytotoxicity of the drug in this cell line. 
However, CPT@GNR-PEG-FA and CPT@GNR-PEG display comparable 
activity over cell viability, indicating that the possibility of tagging folic 
acid receptors is not affecting the activity of the drug, in the experi-
mental conditions employed. Assays performed in A549 showed com-
parable cytotoxicity between the two CPT@GNR hybrids and CPT alone 
(Fig. S4). 

Finally, we performed preliminary experiments to evaluate the po-
tential of these new hybrids for application in PTT. PTT has emerged as 

Scheme 1. Structure of GNR derivatives.  

Table 1 
Quantification of the different functionalities introduced in the GNR systems. [a] 
obtained from TGA data at 500 ◦C. [b] This data was calculated by applying Eq. 
S1–S2 and Eq. S3–S4 for GNR-PEG and GNR-PEG-FA, respectively. [c] Obtained 
from UV–vis absorption spectroscopy data and by applying Eq. S5 and S6 for 
GNR-PEG and GNR-PEG-FA, respectively.  

Sample Weight loss/%a GP/%b LC/%c LE/%c 

GNR-COOH 31.8 ± 1.5 – – – 
GNR-PEG 89.3 ± 3.9 89.4 ± 4.2 60.4 ± 4.9 61.0 ± 4.3 
GNR-PEG-FA 81.9 ± 3.3 71.7 ± 5.8 71.2 ± 2.0 71.3 ± 2.0  
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an appealing light-based therapeutic approach for the treatment of 
diseases in recent years [47,48]. When compared to traditional thera-
pies, the use of light allows for a non-invasive strategy with high spec-
ificity. To date, several platforms for PTT have been developed and 
tested in a variety of disease models [49,50]. For potential use as PTT, 
graphene GNRs have demonstrated significant photothermal conversion 
efficiencies. However, in vivo applications require targeted biocompat-
ible platforms to limit off-target toxicities and improve therapeutic 
effects. 

First, the absorption spectra of GNR-PEG CPT@ GNR-PEG, GNR- 
PEG-FA, and CPT@GNR-PEG-FA were evaluated (Fig. S5), exhibiting 
absorbance across the ultraviolet to NIR range. Importantly, the intro-
duction of CPT loading had minimal impact on the optical properties of 
the synthesized GNRs within the NIR range. This suggests that these 
systems are well-suited for applications involving PTT [24,25]. Subse-
quently, the temperature profiles of materials based on GNRs were 
examined under an 808 nm laser (Fig. S6). The observed results 
demonstrated that PEGylated GNR derivatives exhibited rapid and 
efficient conversion of near-infrared (NIR) laser energy into heat. The 
maximum temperatures recorded were 51.6 ◦C, 43.0 ◦C, 38.6 ◦C, and 
37.2 ◦C for GNR-PEG, GNR-PEG-FA, CPT@GNR-PEG, and
CPT@GNR-PEG-FA, respectively. 

Then, in vitro studies were performed. We incubated (overnight) 
A549 cells with GNR-COOH, CPT@GNR-PEG, and CPT alone, followed 
by a cycle of three irradiation (every 2 h) with a fiber-coupled 808 nm 

diode laser. At each cycle, cells were exposed to NIR irradiation for 8 
min at a monitored temperature of 41 ◦C (reached during the first 
minute of irradiation). Cell viability was determined after 2 h from the 
last cycle of irradiation (Fig. 4). An equivalent set of treated cells was 
kept in incubator for 18 h, for a comparison with not irradiated cells. 
First, we could confirm that both GNR-PEG and CPT@GNR-PEG, in this 
cell culture, are able to heat the sample upon application of NIR light in 
only 1 min, whilst such heating effect was not observed in the absence of 
GNRs (cells in their medium only or treated with CPT only). Further-
more, the NIR treatments applied were able to completely affect cell 
viability, with significantly higher efficiency when compared to cells 
that were treated with the same compounds but not exposed to irradi-
ation. This result shows the potential of this system for PTT, since 
complete loss of cell viability was achieved in shorter times (12–18 h), 
compared to a standard MTT assay, using both the drug loaded and the 
free material. However, we could not observe relevant differences be-
tween the free GNR and any of the hybrids in our hands, at the experi-
mental conditions employed, which include the recommended laser 
power for this type of application. In other words, the different materials 
were all efficient for PTT, but not displaying functionalization- 
depending selectivity, despite different interactions between the mate-
rials and cells being clearly observed (Fig. 2). This aspect should be 
improved, and current studies focus on optimizing the hybrid compo-
sition (drug loading, type of functionalization) and the size of the GNR 
scaffold, to be able to achieve an improved PTT effect at lower 
concentrations. 

In addition, we conducted a dynamic light scattering (DLS) analysis 

Fig. 1. Bright field images of A549 (left) and MCF-7 (right) incubated with 
GNR-PEG-FA and GNR-PEG (20 mg/mL) for 24 h, followed by washing and 
fixation with formalin. Examples of observed GNR-FA aggregates are indicated 
with yellow (in A549) and magenta (in MCF-7) arrows. Similar aggregates were 
not observed upon the incubation with GNR (bottom images). (For interpre-
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 2. Quantitative analysis of selected aggregates observed in A549 and MCF- 
7 upon treatment with GNR-FA (representative examples Fig. 1). Top chart 
shows the number of aggregates with each measured size (area in mm2). The 
frequency distribution, in bottom chart, indicates the relative frequency (%) of 
each bin of aggregates (bin size 4). 
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for studying possible aggregation processes of GNRs in aqueous solution 
following laser irradiation (Fig. SX). The analysis revealed similar size 
distributions for GNR-PEG and CPT@GNR-PEG, with average hydro-
dynamic diameters (Dh) of 502 and 466 nm, respectively, at a concen-
tration of 0.25 mg/mL in water. Interestingly, a slight reduction in Dh 
was observed for both materials after irradiation, indicating the absence 
of aggregation following PTT process. 

4. Conclusions

In conclusion, we have synthesized and characterized PEGylated
GNR derivatives, GNR-PEG and GNR-PEG-FA, by covalently grafting 
PEG chains to bottom-up synthesized GNRs. Then, these GNR systems 
were loaded with CPT by non-covalent interaction to afford CPT@GNR- 
PEG and CPT@GNR-PEG-FA with excellent LE% and LC%. It is note-
worthy It is worth mentioning that while these GNR-based DDSs were 
specifically modified with the aromatic drug CPT, they possess the 
capability to accommodate a wide range of drugs, especially those that 
feature aromatic cores. 

The in vitro experiments of GNR-PEG and GNR-PEG-FA suggest that 
functionalization of GNR derivative with folic acid significantly affects 
their interaction with cells expressing different levels of FA receptor. 
Both GNR-PEG and GNR-PEG-FA are very much cell compatible, which 
is a key aspect for applications in drug delivery. Furthermore, these 
GNR-based materials display remarkable thermal response in standard 

Fig. 3. Cell viability by MTT assay of different concentrations of free CPT, GNR-PEG, GNR-PEG -FA, CPT@GNR-PEG, and CPT@GNR-PEG-FA, in MCF-7. 24, 48, and 
72 h were used as incubation times. The concentrations reported refer to CPT (in mM) and cell viability is reported as percentage of viable cells in respect to the 
control (untreated cells). The table (bottom right) reports IC50 values for each CPT-containing compound. Each graph was generated with GraphPad Prism 9.1.0 from 
the average (±SD) of triplicates from at least 2 independent experiments. The multiple comparisons were performed by a two-way ANOVA analysis followed by 
Tukey’s multiple comparison post-hoc test. Significance was graphically indicated as follows: *P *: P < 0.05, **: P < 0.01, ***: P < 0.001. 

Fig. 4. Cell viability by MTT assay of A549 cells treated with 100 mg/mL of 
CPT@GNR-PEG, GNR-PEG, and CPT (concentration referred to GNR), upon 
treatment with NIR (808 nm) and compared with same samples no treated with 
NIR. Cell viability is reported as percentage of viable cells in respect to the 
control (cells only, with no material and no NIR irradiation). Data were 
generated with GraphPad Prism 9.1.0 from the average (±SD) of duplicates 
from three independent experiments. 
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cell cultures upon NIR irradiation, causing complete loss of cell viability 
with few hours of treatment. Although this system shows potential for 
PTT applications, current efforts focus on achieving systems with 
improved selectivity. Therefore, we are working on GNR-PEG and GNR- 
PEG-FA hybrids with different sizes and dispersions, as photothermal 
responsive scaffolds for different drugs, considering lower levels of drug 
loading and different types of functionalization (i.e., comparing loading 
via π-π interaction with functionalization using covalent/cleavable 
linkers). This research provides new insight into the development of 
bottom-up synthesized GNRs as DDSs, particularly in conjunction with 
aromatic core drugs. In addition, it emphasizes the importance of further 
research on their biocompatibility and as a platform for PTT. 
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