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A B S T R A C T   

Nanotechnology-based drug delivery platforms have emerged as one of the promising approaches for the 
diagnosis and treatment of cancers. Furthermore, significant advancements have been achieved in the devel
opment of nanoparticle-antibody conjugates for applications in tumor imaging and immunoassays. Without a 
doubt, the diagnostic insight garnered from these nanoprobes will prove invaluable in determining rational 
therapeutic strategies. In the current experiment, we developed a breast cancer imaging probe utilizing graphene 
quantum dots, these quantum dots were conjugated with pembrolizumab (GQDs–pembrolizumab), a human 
monoclonal antibody (mAb) targeting the immune checkpoint programmed death receptor (PD-1) and its pro
grammed death ligand-1 (PD-L1). Various techniques were employed for characterization, encompassing 
transmission electron microscopy (TEM), element mapping, atomic force microscopy (AFM), Fourier-transform 
infrared spectroscopy, and circular dichroism (CD) spectroscopy. The toxicity of nanoconjugate was evaluated 
using the MTT assay on HEK-293 and 4T1 cell lines. Subsequently, the synthesized nanoconjugate was radio
labeled with Technetium-99m (99mTc) to produce 99mTc-GQDs–pembrolizumab. Biodistribution and SPECT 
imaging were conducted to assess the pharmacokinetics and targeting efficacy of the 99mTc-GQDs–pem
brolizumab in a BALB/c mouse model bearing with 4T1 tumors. The high Radiochemical purity (RCP > 95 %) 
and satisfactory in vitro stability demonstrate the significant potential of GQDs–pembrolizumab to form com
plexes with Technetium-99m. The findings from imaging and biodistribution studies demonstrated the high 
activity of 99mTc-GQDs–pembrolizumab at the tumor site (8.4 %ID/g), attributed to the presence of the PD-1 
receptor. Furthermore, the increased radiotracer uptake was evident in the liver and spleen, both being 
lymphoid tissues. The suitable properties and behavior of 99mTc-GQDs–pembrolizumab suggest that it holds 
promise as a novel probe for the development of radiopharmaceutical-based immune checkpoint monoclonal 
antibodies. Additionally, it has the potential to facilitate immunotherapy for treating a wide range of cancers.   

1. Introduction 

Among women, breast cancer (BC) stands as one of the most 

frequently diagnosed cancer globally. In the year 2023, it is projected 
that there will be nearly 300,590 new cases of BC in the United States, 
which translates to approximately 825 cases each day. Moreover, the 
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projected number of BC-related deaths is anticipated to reach 43,700 
(Siegel et al., 2023). By the year 2040, it is predicted that the rate of 
newly diagnosed cases of BC and the rate of deaths resulting from BC 
will experience an increase of over 40 % and 50 %, respectively, 
compared to the statistical data of 2020 (Arnold et al., 2022). Hence, the 
significance of improving imaging modalities or combining two (or 
more) imaging techniques (e.g., single-photon emission computed to
mography/computed tomography (SPECT/CT) and positron emission 
tomography/computed tomography (PET/CT)) increases the evaluation 
and early detection of BC (Simanek and Koranda, 2016). 

Immunotherapy, as a promising therapeutic strategy, has experi
enced substantial advancements over the past decade (Ehlerding et al., 
2016, Passiglia et al., 2016, Marhelava et al., 2019). Novel therapeutics 
that target immune checkpoints have the potential to landscape of 
cancer therapy, resulting in sustained responses for conditions such as 
non-small cell lung cancer, melanoma, breast cancer, renal cell cancer, 
and gastric cancer (Wang et al., 2017, Lee et al., 2017, Lee et al., 2016, 
Hsueh and Gorantla, 2015, Brahmer et al., 2015). A pivotal focus of 
immunotherapy is centered on the axis involving the immune check
point programmed death receptor (PD-1) and its programmed death 
ligand-1 (PD-L1). This axis serves to regulate autoimmunity within 
healthy tissues and evade detection by the immune system. However, 
this factor facilitates an immune escape mechanism for malignant cells 
within the tumor microenvironment (Boussiotis, 2016). PD-1 is a cell 
surface protein that plays a pivotal role in the suppression of the immune 
response by actively inhibiting T cells. PD-1 has two ligands, primarily 
PD-L1, the most widely expresses ligand, and PD-L2. PD-L1 is mainly 
expressed on tumor cells and immune cells but PD-1 is expressed on 
activated T-cells, B-cells, and macrophages (Hamid and Carvajal, 2013). 
The Food and Drug Administration (FDA) has approved antibodies- 
based inhibitors of PD-1/PD-L1, which include Pembrolizumab 
(Merck), Nivolumab (Bristol-Myers Squibb), Atezolizumab (Roche), and 
Durvalumab (AstraZeneca), for numerous types of malignancies (Sar
esella et al., 2012; Carbognin et al., 2015). Pembrolizumab is a fully 
humanized IgG4 kappa monoclonal antibody that effectively obstructs 
the PD-1 receptor, resulting in anti-tumor activity (Inokuchi and Eto, 
2019, Kwok et al., 2016). Recent investigations involving 89Zr and 64Cu- 
radiolabeled pembrolizumab have indicated the specific targeting of PD- 
1 receptor in mice and rats. These studies revealed a substantial accu
mulation of radiotracer in the liver and spleen (England et al., 2017, 
Natarajan et al., 2018). In this context, Van der Veen et al. examined the 
in vivo biodistribution of 89Zr-pembrolizumab using both humanized 
(huNOG) and non-humanized NOG mice that were engrafted with 
human A375M melanoma cells. PET imaging and the findings from 
biodistribution studies exhibited substantial radiopharmaceutical 
accumulation in both the lymphoid system and tumor cells. These results 
validate the presence of PD-1 and suggest a comprehensive assessment 
of the radiotracer’s whole-body biodistribution in cancer patients with 
cancers before initiating treatment with PD-1 antibodies (van der Veen 
et al., 2020). Immune-SPECT/PET imaging not only assessed the disease 
progression and treatment response in various cancer types but also 
circumvented the need for initial and repetitive biopsies (Broos et al., 
2018). 

The potential application of nanoparticles as carriers for delivering 
therapeutic and diagnostic agents has generated substantial interest 
(Mura et al., 2013, Xu et al., 2016, Najdian et al., 2022, Chinen et al., 
2015, Ghoreishi et al., 2020). Molecular imaging agents constructed 
from targeted functional nanoparticles enable the visualization of 
distinct tissues and pathological lesions by enhancing the signal-to-noise 
ratio. Consequently, they have the potential to enhance cancer di
agnostics and treatment management (Lee et al., 2012, Cassette et al., 
2013). Graphene quantum dots (GQDs), an emerging luminescent 
carbon-based nanomaterial, have garnered increasing attention in 
recent years due to their numerous exceptional physical and chemical 
properties. The two-dimensional hexagonal lattice structure of these 
nano-sized single sheets of graphene fragments results in the 

manifestation of quantum confinement (Pan et al., 2010, Li et al., 2013, 
Zhou et al., 2012). Several superior properties of GQDs are including: i) 
strong chemical inertness; ii) luminescence emission, iii) photostability, 
iv) excellent biocompatibility, v) tunable low cytotoxicity, vi) high 
solubility, vii) photothermal properties, and viii) high surface area 
(Zheng et al., 2015, Kumar et al., 2020). In 2019, Wang et al. published a 
report detailing the synthesis and utilization of functionalized and 
radiolabeled GQDs for in vivo imaging of mice with tumor-bearing 
conditions (Wang and Wei, 2019). The SPECT images and bio
distribution study data of iodine-131 (131I)-labeled polyethylene glycol 
and folic acid co-functionalized GQDs revealed substantial accumula
tion at the tumor site, with the renal system identified as the primary 
route of excretion. However, the liver played a significant role in the 
clearance of the radiotracer. Moreover, nanosized GQDs doped with 
both nitrogen and boron (5 nm) were prepared for near-infrared (NIR II) 
fluorescence imaging and photothermal therapy in nude mice. These 
GQDs exhibited favorable characteristics, including prolonged blood- 
circulation half-life, minimal toxicity and rapid excretion (Wang et al., 
2019). 

Radionuclides employed in the SPECT modality emit gamma rays 
within the energy range of approximately 75 to 360 keV. Until now, in 
the field of diagnostic nuclear medicine, Technetium-99m (99mTc) 
stands as the most widely utilized radionuclide due to its optimal 
physical properties (T ½= 6 h, Eγ = 140 keV). This radionuclide allows 
for effective SPECT imaging while also ensuring patient safety (Psima
das et al., 2013, Banerjee et al., 2001). In addition, 99mTc offers ad
vantageous attributes such as widespread availability, favorable 
coordination chemistry, and rapid and convenient labeling of various 
chemical compounds (Liu and Edwards, 1999). 

Nanoparticles-antibody conjugates have emerged as promising sys
tem that enhance sensitivity and precision in in vitro diagnostics such as 
immunoassays. Meanwhile, in vivo applications have harnessed the 
targeting capability of nanoparticle-antibody conjugates, as well as their 
adaptable payload and customized biodistribution. In other words, 
nanoparticle-antibody conjugates have been depicted as a feasible 
method to enhance targeting capability of nanoparticles and their 
retention within the desired tissue (Lin et al., 2021). In this regard, 
antibody-conjugated gold nanoparticles (GNPs) have been employed to 
improve the quality of imaging and offer anatomical insights into pre
clinical tumor tissues. Both enhanced signal attenuation and improved 
tissue retention are the result of in vivo functionality and tissue speci
ficity of GNPs and their conjugates with antibodies, enhancing them to 
outperform typical CT contrast agents (Popovtzer et al., 2008, Lijowski 
et al., 2009). For an example, Kao et al. conducted a study in which they 
developed 111In-PEGylated GNPs conjugated with Cetuximab-an anti
body targeting the epidermal growth factor receptor (Kao et al., 2014). 
This study demonstrated high uptake in A549 cells, a cell line with high 
EGFR expression. This uptake was significantly augmented, exhibiting 
an average increase of 14.8-fold when compared to non-conjugated 
GNPs. Furthermore, this study emphasizes the role of nanoparticle- 
antibody conjugates in facilitating interactions between NPs and cell, 
promoting the internalization of NPs by host cells. This process con
tributes to enhanced imaging contrast through increased retention of 
NPs within tissues. Moreover, dendrimers encapsulated gold nano
particles, incorporated gadolinium, and conjugated to an anti-human 
HER-2 antibody were developed for magnetic resonance imaging 
(MRI) and computed tomography (CT). This dual-modal imaging agent 
demonstrated a significant increase in MRI signal intensity by approxi
mately 20 % and a two-fold improvement in CT resolution and contrast 
after intravenous administration in mice with HER-2-positive tumors. 
Flow cytometry and confocal microscopy analyses provide validation of 
the specific targeting and internalization of this nanoparticle-antibody 
conjugate in human HER-2 positive cells (Chen et al., 2020). 

In this paper, we formulated a biocompatible nanoparticle-antibody 
conjugate radiolabeled with 99mTc, serving as a SPECT imaging 
nanoprobe. This radiolabeled nanoconjugate, incorporating GQDs and 
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pembrolizumab, was designed for targeted imaging of breast cancer. 
Biodistribution studies and SPECT scans were carried out on both 
normal and 4T1 tumor-bearing BALB/c mice, offering valuable insight 
into the in vivo behavior and potential of the developed radiotracer for 
targeted imaging. 

2. Experimental 

2.1. Materials and methods 

In this experiment, citric acid and urea were purchased from Merck 
(Darmstadt, Germany). Other chemical reagents and solvents utilized in 
the study were purchased from Sigma Aldrich (MO, U.S.A.) in analytical 
grade and were employed without the need for additional purification. 
The human embryonic kidney 293 (HEK-293) cells and mice breast 
adenocarcinoma (4T1) cell lines were purchased from the Pastor Insti
tute (Tehran, Islamic Republic of Iran). N-terminal α-amino group 
modification of pembrolizumab was gifted from CinnaGen company 
(Alborz, Islamic Republic of Iran). 

For characterization, element mapping, transmission electron mi
croscopy (TEM), and scanning electron microscopy (SEM) was con
ducted using TESCAN and ZEISS instruments. Atomic Force Microscopy 
(AFM, CP-RESEARCH model, VEECO, USA) was also performed. An 
infrared spectrum was obtained on a Perkin Elmer Spectrum BX-II 
spectrometer. The determination of antibody conformation and the 
investigation of pembrolizumab’s interaction with GQDs were con
ducted using circular dichroism (CD) spectroscopy. CD experiments 
were performed using Aviv CD spectrometer within a wavelength range 
of 190 and 250 nm. A quartz cell with a path length of 0.1 cm was 
employed for these measurements. Sodium pertechnetate (Na99mTcO4) 
was readily generated from a commercial Molybdenum 99/Technetium- 
99m (99Mo/99mTc) generator (Radioisotope Division, AEOI) using 
isotonic sodium chloride solution (pH = 7.4). SPECT imaging was car
ried out using a Dual-head γ- camera (E.cam, Siemens, Germany). 
Moreover, quantitative gamma counting was performed on an ORTEC 
Model 4001 M c-system well counter. For biodistribution studies, female 
BALB/c mice weighing 23–27 g and aged six to seven weeks were uti
lized. These mice had been injected subcutaneously with 4T1 cells in the 
right flanks. Throughout the study, they were provided with unre
stricted access to water and standard laboratory food. All studied ex
periments conducted in this study were repeated three times. Animal 
research was conducted in accordance with the approved guidelines of 
the Animal Care and Use Committee of Tehran University of Medical 
Sciences (#IR. TUMS. MEDICINE.REC.1401.108). 

2.2. Synthesis of GQDs 

In this research, GQDs were synthesized using a one-pot hydrother
mal method, employing citric acid and urea as the precursor materials. 
In brief, citric acid (1 mmol) and urea (3 mmol) were dissolved in 5 mL 
of deionized water. Subsequently, the solution was transferred into an 
autoclave and subjected to heating at 160 ◦C for a duration of 4 h. The 
resulting product was allowed to cool down to room temperature. To 
eliminate impurities, centrifugation was carried out by adding ethanol, 
followed by a dialysis process using dialysis membrane with a molecular 
weight cut-off of 1000. 

2.3. Conjugation of synthesized GQDs to pembrolizumab 

First, 20 mg of GQDs were dissolved in a mixture of DMF and water 
(4 mL). Subsequently, 0.02 mmol of EDC and 0.01 mmol of NHS were 
introduced into the solution while stirring for a duration of 30 min at 
room temperature. In the next step, the pH of the reaction mixture was 
adjusted to 9. Afterward, 2 mg of pembrolizumab was added to the so
lution and allowed to reacted for 7 h while stirring at room temperature. 
The resulting nanoconjugate was purified to remove residual EDC and 

NHS, and unconjugated pembrolizumab. This was achieved by washing 
the solution with 25 mM HEPES buffer and utilizing centrifugation at 
20,000 rpm for 15 min. 

2.4. Calculation of chelator-antibody ratio (CAR) 

For the CAR calculation, deferoxamine preparation for the standard 
curve were adjusted to various concentrations (198–26 µM in 0.25 M 
NaOAc pH5.5), and the blank control sample was adjusted to 9 mg/mL 
(60 µM). A total of 225 µL of sample or standard was added to 96 wells in 
a plate, followed by addition of 25 µL of 50 mM Fe (II) to each well. After 
the plate was shaken at 700 rpm for 1 h at room temperature, the 
absorbance at 450 nm was measured and the concentration of DFO in 
sample was calculated (Kono et al., 2021). 

2.5. MTT assay 

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyl-tetrazolium bromide (MTT) assay. This procedure was 
conducted on both the HEK-293 and 4T1 cell lines, following the 
methods outlined in previously published articles (Rai et al., 2018, van 
Meerloo et al., 2011, Nikzad et al., 2013). In brief, cells were seeded into 
96-well plates at a density of 5000 cells per well and then incubated in a 
CO2 incubator at 37 ◦C for 24 h. Subsequently, the cells were treated 
with varying concentrations of the nanoconjugate (ranging from 5 to 
500 µg/mL) for 48 h. Afterward, 50 µL of the prepared MTT solution (5 
mg/mL in phosphate buffered saline) was added to each well treated 
with nanoconjugate, followed by incubation at 37 ◦C and 5 % CO2 for 3 
h. Subsequently, 150 µL dimethyl sulfoxide (DMSO) was used to dissolve 
purple formazan crystals. Then, the absorbance of each well was 
measured at a wavelength of OD = 570 nm. The resulting data were then 
compared to the absorbance obtained from the control group, which 
consisted of untreated cell cultures. 

2.6. 99mTc radiolabeling of GQDs–pembrolizumab conjugate 

In a typical procedure, a lyophilized kit containing the GQDs–pem
brolizumab conjugate was prepared. Initially, 20 mg of nanoconjugate 
was dissolved in 2 mL of distilled water. Afterward, 0.2 mL of a tin 
chloride solution (5 mg/1 mL) was added as a reducing agent, along 
with 0.5 mL of ascorbic acid (5 mg/ 1 mL) as an antioxidant agent. 
During this step, the pH of the solution was adjusted to 7.4 using sodium 
hydroxide solution. The resulting solution was then subjected to 
lyophilization. For the radiolabeling process, the prepared kit was 
incubated with 200 µL of Na99mTcO4 (370 MBq) that had been freshly 
eluted from the 99Mo/99mTc generator. This incubation was carried out 
for a duration of 25 min within an ultrasonic bath. 

2.7. Radiochemical purity 

To assess the radiochemical purities (RCPs) and ensure accurate 
radiolabeling of the 99mTc-nanoconjugate, thin-layer chromatography 
(TLC), a swift and straightforward method, was employed (Amin et al., 
1997, Decristoforo et al., 2007). This was carried out as follows: 

A piece of Whatman paper was used as the stationary phase, while 
methanol/acetone (1:1) and saline were utilized as the mobile phases. 
For the experiment, 5 µL of the radiolabeled samples were placed at the 
origin of two paper strips measuring 1.2 × 10 cm. These spots were 
allowed to dry before initiating the solvent development process. Sub
sequently, the strips were placed in the scintillation vials. Following the 
migration of solvent, the developed strips were divided into 10 equal 
segments and subjected to activity counting using a γ well-type counter. 
When saline was used as the mobile phase, both 99mTcO4

- and 99mTc- 
GQDs–pembrolizumab migrated on the TLC, while 99mTcO2 (Rf = 0) 
remained at the origin. Consequently, the percentage of 99mTcO2 was 
determined using this route. On the other hand, when an ethanol/ 
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acetone (1:1) mixture was employed as the mobile phase, only 99mTcO4
- 

migrated, and both 99mTc-GQDs–pembrolizumab and 99mTcO2 remained 
at the origin (Rf = 0). Therefore, the percentage of free pertechnetate 
was calculated. Ultimately, the RCP was determined using the following 
formula: 

RCP = 100 − (free pertechnetate+ 99mTcO2)

Moreover, the radiolabeling efficiency or RCP of 99mTc-GQDs–pem
brolizumab was assessed using a standard Radio-TLC with saline as the 
mobile phase. The radioactivity at various points of the TLC paper was 
evaluated using a radio-TLC scanner (AR-2000 radio-TLC Imaging 
Scanner). Any byproducts resulting from the radiochemical reaction and 
any free 99mTc, if present, were isolated using an ultrafiltration tube with 
a cutoff 10 kDa. The precipitate was then resuspended in 500 µL of 
saline. 

2.8. In vitro stability evaluation 

The labeling efficiency of the radiotracer was investigated at various 
time intervals (6, 12, 24, and 48 h) through an in vitro stability test. In 
this process, 400 µL of 99mTc-GQDs–pembrolizumab (20 MBq) was 
incubated in 1000 μL of human serum at 37 ◦C and in another 1000 μL of 
PBS at 4 ◦C. Following this, 100 μL of 10 % trichloroacetic acid was 
added to the mixture at specific time points. Subsequently, the serum 
proteins were separated through centrifugation at 4000 rpm at 37 ◦C for 
a duration of 4 min. The RCP of 99mTc-GQDs–pembrolizumab in the 
plasma was measured using chromatography. 

2.9. Scintigraphy 

The radiolabeled 99mTc-GQDs–pembrolizumab underwent in vivo 
whole-body scintigraphy studies. In this regard, female BALB/c mice 
(6–7 weeks old, weighing 23–27 g, n = 3) were utilized. These mice were 
injected subcutaneously in the right flanks with 4T1 cells (1 × 104). All 
the mice were anesthetized through an intraperitoneal injection of 
ketamine-xylazine solution. Afterward, 7.4 MBq of 99mTc-GQDs–pem
brolizumab was injected into the mice through the tail vein. The anes
thetized mice were then placed in a horizontal position under the 
SPECT/CT imaging system. Approximately, one hour after the radio
tracer injection, images were acquired using a matrix size of 256 × 256 
and an energy window set at 20 % with 140 keV. 

2.10. Biodistribution studies 

The biodistribution and excretory pathway of 99mTc-GQDs–pem
brolizumab were investigated in BALB/c mice bearing 4T1 tumors 
(weighing 23–27 g; n = 3). To this end, the mice were anesthetized prior 
to the radiotracer administration. Subsequently, 150 μL of 99mTc- 

GQDs–pembrolizumab (3.7 MBq) was intravenously injected via the tail 
vein. The mice were sacrificed 120 min after the radiotracer injection, 
and the organs of interest were extracted and washed with isotonic so
dium chloride solution. The activity counts of each respective organ 
were then determined using a calibrated gamma counter. The collected 
data were ultimately presented as a percentage of the administered ac
tivity per gram of tissue. 

2.11. Statistical analysis 

Statistical analysis in this study was performed using Box–Behnken 
and MATLAB software. A significance level of P < 0.05 was deemed 
statistically significant. Graphs were generated using GraphPad Prism 
software, version 9. 

3. Results 

3.1. Structural characterization of GQDs and GQDs–pembrolizumab 
conjugate 

The synthesis of GQDs and the conjugation procedure have been 
previously elaborated. A schematic representation of GQDs conjugated 
to pembrolizumab is depicted in Scheme 1. For the purpose of identi
fying nanoparticle structure and comprehending their morphology, size, 
and shape, TEM with high-resolution (better than 0.1 nm) could be 
applied. Therefore, TEM is recognized a prevalent method for charac
terizing of GQDs (Jia et al., 2011, Guo et al., 2020). Fig. 1 presents TEM 
image and the size distribution of the synthesized GQDs. The quasi- 
spherical shape of these nanoparticles displays a planar structure with 
an average diameter of 4.22 ± 1.5 nm. Following the conjugation of 
pembrolizumab with GQDs, the size and surface morphology of the 
resulting nanoconjugate were investigated using the AFM method. As 
shown in Fig. 2, both two-dimensional (2D) and 3D images of 
GQDs–pembrolizumab are provided. Based on the data analysis, the 
GQDs–pembrolizumab nanoconjugates exhibited an average diameter 
within the range of 21–25 nm. In addition, the energy dispersive spec
troscopy (EDS) map (depicted in Fig. 3) represented that the composi
tion of the interior of the nanoconjugates predominantly comprised 
carbon (C), oxygen (O), nitrogen (N), and sulfur (S) elements. FTIR 
spectroscopy is a valuable technique that can provide important insights 
into the functional groups participating in the interaction between 
nanoparticles and proteins (Mahmoudi et al., 2011). Fig. 4 displays the 
FTIR spectrum of GQDs showing peaks at 3420 cm− 1, 3240 cm− 1, and 
1722 cm− 1, which were attributed to the stretching vibrations of –OH, 
–NH, and C––N or C––O (the protonation state of the carboxylic group 
(COOH)) functional groups, respectively. Symmetric stretching mode of 
COO– indicated a peak at 1405 cm− 1. A peak observed in the 1150–1300 
cm− 1 can be assigned to C–O stretch of –COOH, indicating the 

Scheme 1. Mechanism of GQDs conjugation with pembrolizumab antibody.  
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Fig. 1. A) TEM image of GQDs (scale bar: 50 nm). B) Size distribution of the particles with an average diameter of approximately 4.22 ± 1.5 nm.  

Fig. 2. Atomic force microscopic analysis of GQDs–pembrolizumab conjugate (2D (Left) and 3D (Right) images).  
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presence of hydroxyl and carboxyl functional groups on the surface of 
GQDs (Gu et al., 2020). Notably, the peak corresponding to the C––O 
stretching vibration adsorption in the nanoconjugate’s spectrum was 

observed at a lower wavenumber, indicating successful conjugation. 
Additionally, the presence of amide bonding was confirmed by the peak 
at 1654 cm− 1. Moreover, a characteristic peak at 2928 cm− 1 signifies 
C–H stretching vibrations. A faint peak at 2589 cm− 1 indicates the 
presence of thiol groups within the structure. The analysis of FTIR 
spectra revealed the presence of surface oxygen and nitrogen functional 
groups in the products, attached to edge or basal plane of GQDs. In 
addition, the obtained results were comparable to those of the previ
ously synthesized GQDs (Hassanpouraghdam et al., 2022, Ryu et al., 
2014). An essential issue consideration during the conjugation of 
nanoparticles with proteins is ensuring the preservation of the protein’s 
structure and function. The study employed CD spectroscopy to assess 
the secondary structure of pembrolizumab within the GQDs–pem
brolizumab conjugate. Fig. 5 presents the spectra of free pembrolizumab 
(depicted by the blue line) and GQDs–pembrolizumab (illustrated by the 
green line). The results showed minimal alteration in the structure of 
pembrolizumab. Both CD spectra exhibited negative absorbance around 
220 nm, indicative of a β-sheet-rich structure. Importantly, the sec
ondary structure of pembrolizumab remained unchanged even after 

Fig. 3. EDS-mapping pictures of GQDs–pembrolizumab. (a) EDS diffraction 
pattern of nanoconjugate, (b) abundance image of C element, abundance image 
of N element, abundance image of O element, and abundance image of 
S element. 

Fig. 4. FTIR spectra of GQDs and GQDs–pembrolizumab.  

Fig. 5. Far ultraviolent region circular dichroism spectra of free antibody 
(blue), GQDs–pembrolizumab conjugates (green). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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conjugation with GQDs, a critical aspect for the application of these 
materials in biomedicine. 

3.2. MTT assay 

The MTT assay was conducted on both the HEK-293 and 4T1 cell 
lines to evaluate the cytotoxicity of pembrolizumab and GQDs–pem
brolizumab conjugates. The concentrations studied for the HEK-293 cell 
line were 0, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, and 500 µg/mL for. For 
the 4T1 cell line, the concentrations studied were 1.25, 2.5, 5, 10, 15, 25, 
50, 75, and 100 µg/mL. The resulting viability values plotted against 
concentrations are depicted in Fig. 6. Upon exposure of the HEK-293 cell 
line to the specified concentrations of pembrolizumab and the nano
conjugate, up to 500 µg/mL for 48 h, no significant toxicity was 
observed compared to the control group. However, treatment of the 4T1 
cells with higher concentrations of pembrolizumab and the nano
conjugate after 48 h led to considerable reduction in cell viability, 
attributed to the heightened sensitivity of these cells. The MTT assay was 
conducted in triplicated. 

3.3. Radiolabeling and quality control of 99mTc-GQDs–pembrolizumab 

The radiolabeling protocol was developed by our research team 
(Ghoreishi et al., 2020). In brief, various parameters affecting the la
beling process were taken into consideration, including the quantity of 
reducing agent, amount of GQDs–pembrolizumab, and the reaction 
time. Details of these parameters are provided in Tables 1 and 2. The 
Box–Behnken software was then employed for statistical analysis, and 
the results of variance analysis are presented in Table 3 (P value < 0.05). 

Plus and minus signs indicated the potential direct and indirect effects of 
the studied parameters, respectively. The results of two-term in
teractions on the average mean of the third term are illustrated in Fig. 7. 
Changes in the intensity of the green color reflected variations in the 
response. The optimal levels of the studied variables were determined 
and are documented in Table 4. Ultimately, the ideal conditions for 
achieving a high radiolabeling yield were found to be 5 mg of reducing 
agent, 20 mg of nanoconjugate, and an incubation time of 25 min. 
Ensuring the preparation of a lyophilized kit prior to radiolabeling was 
crucial in order to minimize the impact of oxygen on the technetium-99 
m solution. This step helped maintain the stability and reliability of the 
radiolabeling process. To determine the RCP using TLC, the activities of 
the labeled samples on the strips were measured using a γ well-type 
counter. This analytical technique allowed for the separation and 
identification of different components in a mixture based on their 
migration rates of a thin layer of adsorbent materials. The γ well-type 
counter was used to measure the radioactivity of the separated com
ponents, providing valuable information about the success of the radi
olabeling process and the purity of the final product. Moreover, the 
radiolabeling efficiency the 99mTc-GQDs–pembrolizumab was evaluated 
using radio thin-layer chromatography (radio-TLC), as shown in Fig. 8a. 

3.4. Stability studies 

In the conducted in vitro stability tests, (Najdian et al., 2022) the 
radiotracer was exposed to two different conditions: PBS at 4 ◦C and 
human serum at 37 ◦C, both over a 48-hour period. The results, as shown 
in Fig. 8b, indicated that there was minimal transchelation (about 4–5 
%) in PBS and less than 20 % in human serum. This demonstrated that 

Fig. 6. MTT assay results for GQDs–pembrolizumab conjugates (a) and pembrolizumab (b) on the HEK-293 cell line, as well as the MTT assay results for 
GQDs–pembrolizumab conjugates (c) and pembrolizumab (d) on the 4 T1 cell line, with a significance level indicated by “P value < 0.05”. 
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the radiolabeled nanoconjugate exhibited significant stability under 
these studied conditions. The low levels of transchelation in both envi
ronments suggested that the radiotracer maintained its integrity and 
remained suitable for potential use in further experiments and 
applications. 

3.5. Scintigraphy and biodistribution studies 

To assess the accumulation of 99mTc-GQDs–pembrolizumab in tumor 
tissues, SPECT scans were conducted on mice bearing 4T1 tumors, one 
hour following the intravenous injection of 7.4 MBq of the radiotracer 

Fig. 6. (continued). 

Table 1 
The effective Parameters on radiolabeling yield.  

Factor Units − 1 0 1 

Reduced Agent mg 3 5 7 
GQDs–pembrolizumab mg 10 15 20 
Time min 15 20 25  

Table 2 
Data of radiolabeling design.  

StdOrder RunOrder PtType Blocks A B C Resp 

1 1 2 1 − 1 − 1 0  78.04 
13 2 0 1 1 − 1 0  81.1 
2 3 2 1 − 1 1 0  86.62 
8 4 2 1 1 1 0  87.05 
15 5 0 1 − 1 0 − 1  77.24 
6 6 2 1 1 0 − 1  83.25 
9 7 2 1 − 1 0 1  80.73 
14 8 0 1 1 0 1  81.53 
10 9 2 1 0 − 1 − 1  84.61 
3 10 2 1 0 1 − 1  87.95 
7 11 2 1 0 − 1 1  89.9 
4 12 2 1 0 1 1  92.15 
5 13 2 1 0 0 0  85.91 
11 14 2 1 0 0 0  85.69 
12 15 2 1 0 0 0  85.29  
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(as shown in Fig. 9). The SPECT images clearly demonstrated a high 
level of uptake of 99mTc-GQDs–pembrolizumab (8.4 %ID/g) in the 
tumor area. In addition, SPECT scans were also performed on normal 
mice injected with 99mTc-GQDs–pembrolizumab, revealing significant 
accumulation of the radiotracer in the liver. The biodistribution profile 
of 99mTc-GQDs–pembrolizumab, acquired two hours post-injection into 
the tail vein of 4T1 tumor-bearing mice, was presented in Fig. 10. These 
results provided valuable insight into the distribution and accumulation 
of the radiotracer in various tissue and organs, emphasizing the poten
tial of the developed nanoparticle-antibody conjugate for targeted im
aging applications. 

4. Discussion 

The introduction of a relatively novel approach involving the 
conjugation of antibodies with nanoparticles has opened up significant 
opportunities across various domains, with particular emphasis on the 
advancement of tumor imaging platforms (Lin et al., 2021, Sha
nehsazzadeh et al., 2015, Chen et al., 2020). These platforms offer a 
range of attractive properties, such as enhanced therapeutic effects 
within targeted tissues, improved cellular uptake, reduced side effects, 
and heightened specificity and sensitivity in diagnostic assessments 
(Juan et al., 2020). Numerous studies have been conducted to validate 
the potential of nanoparticles decorated with antibodies as effective 

agents for nuclear imaging (Wong et al., 2020, Wu et al., 2019). This 
innovative approach holds promise for advancing both therapeutic and 
diagnostic applications in the field of oncology and beyond. Certainly, 
the study conducted by Chen et al. presented a noteworthy example of 
utilizing ultrasmall silica nanoparticles that were conjugated with anti- 
human epidermal growth factor receptor 2 (HER2) single-chain variable 
fragments. These nanoparticles were further radiolabeled with 89Zr to 
facilitate in vivo HER2-targeted PET imaging. The results of their 
investigation indicated promisingly high uptake levels in xenograft 
breast cancer models exhibiting HER2 +. Moreover, the study high
lighted the nanoparticles’ efficient renal clearance, which is a desirable 
characteristic for potential clinical applications (Chen et al., 2020). The 
combined approach of nanoparticle conjugation and radiolabeling with 
a targeting ligand holds significant potential for enhancing the accuracy 
and specificity of cancer imaging techniques, particularly in cases where 
specific biomarkers like HER2 are involved. The Recent development of 
N-doped graphene quantum dot (GQDs) and their subsequent radio
labeling with 99mTc represented a significant advancement in the field of 
molecular imaging. The optimization of the radiolabeling process to 
achieve a high radiochemical purity (RCP) of over 95 % underscores the 
importance of fine-tuning various parameters to ensure the successful 
preparation of the radiotracer. In this context, investigating parameters 
that affect the radiolabeling process, such as the concentrations of the 
nanoprobe (N-doped GQDs), reducing agent, ascorbic acid (antioxidant 
agent), pH, and temperature during the radiolabeling reaction, is crit
ical. These factors can influence the efficiency of the radiolabeling 
process, the stability of the resulting radiotracer, and its targeting 
specificity. The use of N-doped GQDs as a platform for radiolabeling 
offers several advantages, including their tunable surface chemistry, 
biocompatibility, and potential for active targeting. The optimization of 

Table 3 
Results of variance analysis.  

Term Coef SE Coef T-Value P-Value 

Constant  85.63  1.13  76.05  0.000 
A  1.287  0.689  1.87  0.121 
B  2.515  0.689  3.65  0.015 
C  1.408  0.689  2.04  0.097 
A*A  − 5.20  1.01  − 5.12  0.004 
B*B  2.77  1.01  2.73  0.041 
C*C  0.25  1.01  0.25  0.813 
A*B  − 0.657  0.975  − 0.67  0.530 
A*C  − 1.303  0.975  − 1.34  0.239 
B*C  − 0.273  0.975  − 0.28  0.791  

Fig. 7. Three sets of 2D images showing the interaction between the reducing agent and nanoconjugate (above-left), the interaction between the reducing agent and 
the time it takes (above-Right), and the interaction between time and the nanoconjugate (bottom). 

Table 4 
Calculated number of variables for optimal radiolabeling.  

Time 
(min) 

Reduced agent (mg) GQDs–pembrolizumab 
(mg) 

Respmax 

25 5 20  95.37  
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the radiolabeling process ensure that the radiotracer can be synthesized 
reproducibly and reliably, meeting the quality and safety standards 
required for preclinical and clinical imaging studies. The imaging and 
biodistribution studies conducted on healthy Wistar rats have provided 
valuable insights into the behavior of the radiolabeled N-doped GQDs 
(99mTc-N-GQDs) in vivo (Gharepapagh et al., 2021). 

Pembrolizumab, a humanized IgG4 monoclonal antibody, has shown 
remarkable antitumor activity and a favorable safety profile in various 
clinical settings. One of its key mechanisms of action is its ability to 
inhibit the interaction between PD-1 and its ligands, PD-L1 and PD-L2. 
Recently, this approved anti-PD-1 antibody has been successfully radi
olabeled with 89Zr to investigate in vivo biological behavior and phar
macokinetics. Whole-body PET imaging and distribution studies in 
humanized mice demonstrated a high uptake of 89Zr-pembrolizumab in 

the lymph nodes, spleen and, bone marrow, indicating affinity for 
lymphoid tissues.20 In 2022, two papers were published that involved 
the radiolabeling of pembrolizumab with (89Zr) and evaluated its clin
ical response through PD-1/PD-L1 blocking PET imaging. Twelve 
patients with non-small cell lung cancer (NSCLC) were chosen for PET/ 
CT scans following injection of 89Zr-pembrolizumab. The obtained re
sults indicated a safe profile, and the radiotracer exhibited high uptake 
in the tumor lesions, liver, spleen, and the blood pool (Niemeijer et al., 
2022). In another study, a cohort of 11 melanoma patients and 7 NSCLC 
patients underwent whole-body PET imaging to evaluate PD-1 expres
sion and pembrolizumab biodistribution (Kok et al., 2022). The radio
tracer exhibited notable accumulation in lymphoid tissues and sites of 
inflammation. 

This study marks a pioneering achievement as it encompasses the 

Fig. 8. A) radio-chromatogram of free99mTc and 99mTc-GQDs–pembrolizumab. b) In vitro stability of 99mTc-GQDs–pembrolizumab in PBS at 4 ◦C (blue) and in 
human serum at 37 ◦C (red) at various time intervals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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synthesis of GQDs, their successful conjugation with pembrolizumab, 
and the subsequent radiolabeling with 99mTc for the purpose of SPECT 
imaging in 4T1 tumor-bearing BALB/c mice. GQDs were synthesized in 
an aqueous solution utilizing a one-pot hydrothermal process involving 
urea and citric acid. Subsequently, successful conjugation of these 
nanoparticles with pembrolizumab was achieved. To comprehensively 
characterize both GQDs and GQDs–pembrolizumab conjugate, a range 
of analytical techniques were employed. These included TEM, AFM, 
Element Mapping, FT-IR, and CD spectroscopy. The GQDs exhibited 
favorable morphological and topographical characteristics. According 
to the TEM analysis, the particle size was determined to have an average 
diameter of 4.22 ± 1.5 nm. The FT-IR and CD spectra provided confir
matory evidence of successful conjugation between the nanoparticles 
and antibodies. These observations collectively underscored the effec
tive integration of GQDs with pembrolizumab. The presence of the peak 
at 1654 cm− 1 indicated the occurrence of amide bonding within the 
structure of the nanoconjugate. CD spectroscopy is a valuable technique 
for probing protein interactions with other molecules. Thus, the sec
ondary structure of both pembrolizumab and the nanoconjugate was 
assessed using the far ultraviolent region (190–250 nm). The CD spectra 
of pembrolizumab and the nanoconjugate exhibited comparable pat
terns, signifying that the nanoconjugate maintained its proper folding. 
Furthermore, 2D and 3D AFM images of the GQDs-pembrolizumab 
conjugate revealed the morphological changes accompanied by an in
crease in size. The elemental mapping data obtained from scanning 
electron microscopy supported the presence of nitrogen, carbon, oxy
gen, and sulfur as the primary constituents of the nanoconjugate. 
Furthermore, the chelator-to-antibody ratio was computed and found to 
be 1.48 for the conjugation process. 

Based on the statistical analysis of the data obtained from the MTT 
assay, both pembrolizumab and the synthesized GQDs-pembrolizumab 
conjugate exhibited no significant toxicity on the HEK-293 cells, 
which served as normal cells, at any concentration after 48 h of expo
sure. However, the anticancer activity of pembrolizumab and the 
nanoconjugate against the 4T1 murine breast cancer cell line had 
significantly reduced the cell viability percentage at the studied con
centrations. The nanoconjugate demonstrated a substantial anticancer 
effect on the 4T1 cells than pembrolizumab lonely. Since the 4T1 cell 
line expressed the PD-1 receptor on its surface, in contrast to the HEK- 
293 cell line, these results might be associated with this difference. 

Moreover, real-time binding analysis was conducted at 25 ◦C utiliz
ing an SPR biosensor, specifically the Biacore 8 K system (GE Health
care). The dissociation constant (KD) was determined to be 
approximately 0. 75 nM. 

For radiolabeling of nanoparticles, a chelator-free procedure offers a 
convenient alternative to chelator-mediated methods. This approach 
eliminates the need for a multi-step chelator conjugation process, while 
preserving the inherent properties of the nanoparticles such as surface 
charge, size, and in vivo biodistribution and pharmacokinetics. More
over, the direct labeling of nanoparticles with radiometals through 
simple, time-saving, and cost-effective surface interactions facilitates 
the translation of preclinical studies into clinical applications (Shi et al., 
2017, Karpov et al., 2022, Tang et al., 2019). In this context, it is worth 
mentioning a recently developed biofriendly pentamodal imaging agent 
with synergistic dual-targeting abilities (both passive and active). This 
agent was based on fluoromagnetic NaGdF4:Yb,Er upconverting nano
particles (UCNPs). Apart from nano-enabled passive targeting, the 
conjugation with apo-human serum transferrin protein (Tf) actively 
targeted the transferrin receptors (TfR) overexpressed on various cancer 
cells. The noteworthy aspect of this agent was its chelator-free radio
labeling with 99mTc, indicating a radiolabeling efficiency approximately 
more than 95 % and stability of around 100 % for 24 h. Furthermore, it’s 
in vitro stability exceeding 90 % over 24 h under various conditions was 
considered ideal for in vivo applications (Akhtar et al., 2022). 

Therefore, in the study, we achieved favorable radiolabeling prop
erties for 99mTc-GQDs–pembrolizumab through the use of a chelator- 
based approach eliminating the complications associated with the 
usual chelator conjugation process. These properties included high RCP 
(>95 %) and good in vitro stability in both PBS at 4 ◦C and human serum 
at 37 ◦C. The COOH groups on the surface of GQDs, as well as within the 
structure of pembrolizumab, act as hosts for the chelation of 99mTc. In 
Fig. 8a, the radio-chromatogram of the mobile free 99mTc moved 
approximately 85 mm compared to the 99mTc-GQDs–pembrolizumab, 
which stayed at the bottom around the 13 mm position on the TLC 
paper. The radiolabeling efficiency of 99mTc-GQDs–pembrolizumab was 
determined to be >95 %, demonstrating a comparable RCP to previously 
reported cases where pembrolizumab was conjugated with the 
tetrafluorphenol-N-succinyldesferal-Fe(III) ester (TFP-N-sucDf) as a 
chelator and radiolabeled with 89Zr (van der Veen et al., 2020). 

SPECT/CT whole-body imaging studies were conducted on both 
normal and 4T1 tumor-bearing BALB/c mice after intravenous admin
istration of 99mTc-GQDs–pembrolizumab. The imaging results revealed 
notable accumulation of the radiotracer in tumor cells, as well as in 
healthy tissues such as the liver and spleen. Similarly, in the normal 
mice, there was significant uptake of 99mTc-GQDs–pembrolizumab 
observed in the liver and spleen. The PD-1 cell surface protein is pri
marily expressed on activated T and B lymphocytes (T and B cells), 
which are present at low levels in the 4T1 tumor-bearing mice. The 
principal organs that play a central role in the immune system response 
include the spleen, lymph nodes, and bone marrow. Based on the bio
distribution results, increased radiotracer activity was observed in the 
liver, spleen, and tumor of BALB/c mice. Additionally, the bio
distribution profiles of 99mTc-GQDs–pembrolizumab in both normal 
mice and 4T1 tumor-bearing BALB/c mice exhibited similarity. This 
study effectively demonstrated the strategic distribution of 99mTc- 

Fig. 9. SPECT imaging performed one hour after the injection of 7.4 MBq of 
99mTc-GQDs–pembrolizumab into the tail vein of BALB/c mice bearing 4 T1 
tumors (A) and normal mice (B). 
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GQDs–pembrolizumab to lymphoid organs with a high expression of PD- 
1 receptors. High uptake (8.4 %ID/g) of the radiotracer in tumor cells 
could potentially correlate with immunotherapy response, while uptake 
in lymphoid organs might relate to potential toxic effects. The activity 
detected in the kidney and bladder reflected the relative excretion of 
99mTc-GQDs–pembrolizumab through the renal clearance system. 
Moreover, the tumor-to-muscle (T/M) ratios for 99mTc-GQDs–pem
brolizumab was 0.73 ± 0.21 (P > 0.05). 

Furthermore, to show the important role of GQDs, the ex vivo bio
distribution data of 99mTc-GQDs–pembrolizumab and 99mTc- pem
brolizumab two hours after injection (dose per gram of tissue) were 
conducted and are exhibited in Fig. 10. According to these data, uptake 
of 99mTc-GQDs–pembrolizumab and 99mTc-pembrolizumab in the tumor 
were 8.4 %ID/g and 6.1 %ID/g, respectively. In addition, uptake of 

99mTc-GQDs–pembrolizumab and 99mTc- pembrolizumab in the kidney 
were 5.4 %ID/g and 3.2 %ID/g, respectively. Accumulation in the liver 
and spleen were 12.1 %ID/g and 7.3 %ID/g for 99mTc-GQDs–pem
brolizumab and 13.6 %ID/g and 8.9 %ID/g for 99mTc-pembrolizumab. 
In fact, using GQDs led to higher uptake of the radiotracer in the tumor 
and facilitated renal clearance to a greater extent. Our biodistribution 
assessment results demonstrated a significantly higher tumor uptake 
compared to the liver and spleen, in contrast to the results of 89Zr- 
pemprolizumab (van der Veen et al., 2020). It appears that our nano- 
construct enables more efficient renal clearance, making it more 
convenient for nuclear medicine applications. This capability holds the 
potential to markedly improve the signal-to-background ratio, facili
tating more precise diagnoses, and concurrently lowering the risk of 
toxicity, thereby enhancing the overall efficacy of treatments. 

Fig. 10. Ex vivo biodistribution profile of a) 99mTc-GQDs–pembrolizumab two hours after injection into tail vein of normal mice and mice bearing 4 T1 tumors (a), 
and b) 99mTc-GQDs–pembrolizumab and 99mT–pembrolizumab two hours after injection into tail vein of mice bearing 4 T1 tumors with the measurement given in 
“dose per gram of tissue.”, It also indicates that “P-value < 0.05” was observed, signifying significance among different tissues. 
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Additionally, we performed biodistribution studies utilizing human 
breast cancer (MDA-MB-231) cell line and xenografted nude mice, 
reporting the results and comparing them to the previous reported 
findings, which exhibited similarity. This indicates the effective func
tionality of the synthetic radiotracer in diagnosing tumors in both 
human and murine breast cancer cell line (Fig. 11). 

The promising attributes of 99mTc-GQDs-pembrolizumab encom
passed straightforward synthesis, safety, availability, and cost- 
effectiveness of 99mTc, high radiochemical purity through chelator- 
based labeling, suitable in vitro stability, robust imaging capabilities, 
and a favorable biodistribution profile. Nonetheless, further compre
hensive investigations are warranted to thoroughly delineate the com
plete spectrum of properties of this radiotracer for its near-future clinical 
application. 

5. Conclusion 

The present study introduces a novel class of imaging probes utilizing 
GQDs, which were conjugated to pembrolizumab and subsequently 
radiolabeled with 99mTc using a straightforward and efficient approach. 
The investigation included SPECT imaging and in vivo biodistribution 
studies conducted on mouse models. Accumulation of the radiotracer in 
the tumor and immune-related organs such as liver and spleen, attrib
uted to the presence of PD-1 receptor. A stable and biocompatible 
nanoformulation, 99mTc-GQDs-pembrolizumab, with active targeting, 
has been demonstrated. This radiotracer ensured much safer renal 
clearance, a crucial requirement for clinical applications. The develop
ment and synthesis of these contrast agents have the potential to 
advance our understanding of the in vivo behavior of immune check
point monoclonal antibodies, thereby providing valuable insights into 
the mechanisms and dynamics of immune checkpoint inhibition 
therapy. 
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