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Sonography offers many advantages over standard methods of diagnostic imaging due to its 

non-invasiveness, substantial tissue penetration depth, and low cost. The benefits of ultrasound 

imaging call for the development of ultrasound-trackable drug delivery vehicles that can address 

a variety of therapeutic targets. One disadvantage of the technique is the lack of high-precision 

imaging, which can be circumvented by complementing ultrasound contrast agents with visible 

and, especially, near-infrared (NIR) fluorophores. In this work, we, for the first time, develop 

a variety of lightly metal-doped (iron oxide, silver, thulium, neodymium, cerium oxide, cerium 

chloride, and molybdenum disulfide) nitrogen-containing graphene quantum dots (NGQDs) that 

demonstrate high-contrast properties in the ultrasound brightness mode and exhibit visible and/or 

near-infrared fluorescence imaging capabilities. NGQDs synthesized from glucosamine precursors 

with only a few percent metal doping do not introduce additional toxicity in vitro, yielding 

over 80% cell viability up to 2 mg/mL doses. Their small (<50 nm) sizes warrant effective cell 

internalization, while oxygen-containing surface functional groups decorating their surfaces render 

NGQDs water soluble and allow for the attachment of therapeutics and targeting agents. Utilizing 

visible and/or NIR fluorescence, we demonstrate that metal-doped NGQDs experience maximum 

accumulation within the HEK-293 cells 6–12 h after treatment. The successful 10-fold ultrasound 

signal enhancement is observed at 0.5–1.6 mg/mL for most metal-doped NGQDs in the vascular 

phantom, agarose gel, and animal tissue. A combination of non-invasive ultrasound imaging with 

capabilities of high-precision fluorescence tracking makes these metal-doped NGQDs a viable 

agent for a variety of theragnostic applications.

Graphical abstract

Keywords

graphene quantum dots; metal doping; ultrasound contrast agent; visible fluorescence; near-
infrared fluorescence; ultrasound imaging; confocal imaging

1. INTRODUCTION

Non-invasive diagnostic methods are rapidly evolving to become promising tools in disease 

prevention.1,2 Simplicity and painlessness of health checkups positively affect patients’ 
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experience in early diagnostics, while readable clinical reported utcomes improve patient 

understanding of underlying diseases.3 In remote areas of low-income regions/countries, 

disease prevention and early diagnostics are often insufficient, and in some instances, 

completely lacking.4 For this reason, there is an apodictic need to develop simplistic, 

affordable methods of diagnostic imaging. Sonography can be considered affordable while 

possessing substantial global availability, portability, and versatility. Moreover, ultrasound 

systems have already been used as the means of point-of-care tests since they became 

more advanced, widespread, and user-friendly within the past few decades.5,6 This is 

why ultrasound has gained recognition as a valuable diagnostic tool by the World Health 

Organization (WHO).7 Besides being portable and low cost, sonography offers deep tissue 

penetration up to 22 cm at low-frequency settings8 and, in certain specific cases, can achieve 

substantial spatial (0.1 mm at 15 MHz) and temporal resolutions, providing real-time 

feedback.9

Typical diagnostic sonographic scanners operate in the frequency range of 2–18 MHz, orders 

of magnitude above the limit of human hearing, ensuring comfort and usability for patients. 

Medical ultrasound is based on the ability to differentiate between the internal organs and 

their compartments from surrounding tissue due to their different acoustic impedance.10 

However, when diagnostic targets cannot be distinguished from the surrounding tissue, 

contrast-enhanced ultrasound (CEUS) may enable more specific detection. CEUS is an 

established technique in cardiac imaging,11 as well as in the visualization of liver lesions12 

and renal carcinoma diagnostics.13 The present-day ultrasound contrast agents (UCAs) have 

to satisfy the following requirements: (1) be biocompatible and biodegradable, (2) have 

high stability in blood, and (3) have good echogenicity (ability to reflect an ultrasound 

signal). Currently, there are three FDA-approved UCAs: Lumason (Bracco, Milan, Italy), 

Definity (Lantheus, North Billerica, MA, USA), and Optison (GE Healthcare, Oslo, 

Norway) that generally satisfy the aforementioned conditions. These contrast agents consist 

of inner gaseous cores surrounded by lipid or albumin micrometer-sized shells. The distinct 

advantage of such microbubble contrast agents over their CT and MRI counterparts is 

their high biocompatibility. For instance, while patients with preexisting renal conditions 

are known to develop adverse reactions to CT and MRI contrast agents including kidney 

dysfunction,14–16 UCAs show little to no toxicity.17 Along with all the benefits of using 

microbubbles as UCAs, there are some disadvantages: microbubbles do not last very long 

in circulation and, similarly to liposomes, can be taken up by Kupffer cells or dissociated 

in the blood stream.18 They can collapse at low ultrasound frequencies and higher powers 

(>1.3 mechanical indices19), leading to local microvascular ruptures.20 Ultrasound imaging 

is also limited in its resolution and is not highly applicable for high-precision targets.21,22 

Finally, these agents only enable a single diagnostic application. Given the appeal of 

modern therapeutics toward multimodal approaches, there is a high expectation of making 

ultrasound contrast agents capable of more than one function. Some of these critical issues 

can be addressed via advances in modern nano-biotechnology.

The main advantage of applying nanotechnology in medicine is the versatility of 

nanomaterials that may offer drug delivery, targeting, and detection capabilities.23–27 

Carbon-based nanomaterials often appear at the forefront of these applications.28,29 The 

recent focus of carbon nanotechnology is geared toward graphene quantum dots (GQDs), 
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composed of several layers of graphitic carbon with lateral sizes ∼10 nm. GQDs have 

attracted a significant interest in various biomedical applications due to their small size, 

structure, high biocompatibility, and optical properties.30,31 For instance, modification of 

GQDs with ligands binding to specific receptors of interest can allow GQDs to accumulate 

selectively in the areas of interest.32–34 GQDs may also serve as effective fluorophores due 

to the tunability and photostability of their fluorescence, which is utilized in vitro and in 

vivo.35–37 Along with bioimaging, GQDs can provide therapeutic capabilities. For instance, 

folic acid-functionalized GQDs loaded with IR780 iodide can trigger HeLa cell death by 

photothermal effect.38 GQD intrinsic fluorescence has been beneficially combined with 

other bioimaging methods, such as MRI and photoacoustic imaging (PAI), giving rise to 

new dual-mode contrast agents. Su et al. developed GQDs attached to the Fe3O4@SiO2 

core/shell structure and demonstrated in vitro MRI and fluorescence imaging of living 

Hela cells.39 Dual-mode fluorescence/PAI was demonstrated using GQDs synthesized from 

citric acid. These GQDs successfully exhibit visible and near-infrared fluorescence and 

have the ability to also exhibit a photoacoustic response at the same time.40 Given these 

advances, there is a promise of utilizing GQDs and their fluorescence as a theragnostic tool 

in dual-mode bioimaging combined with a variety of techniques.

Highly biocompatible and biodegradable nitrogen-containing graphene quantum dots 

(NGQDs) developed in our previous work41–43 can serve as a basis for the new dual-mode 

contrast agent design. NGQDs exhibit fluorescence in the visible (VIS) and near-infrared 

(NIR) regions. They possess a substantial surface area for functionalization, where ligands 

can be attached non-covalently to a graphene platform or covalently to a variety of oxygen-

containing functional groups.34 These groups are protonated/deprotonated depending on the 

pH of the biological environment, causing a change in NGQDs’ fluorescence, which is 

utilized in biosensing of lower pH cancerous environments.43,44 Other sensing capabilities 

of these nanomaterials include miRNA and ssDNA detection, which could be utilized for 

cancer diagnosis.45,46 Finally, our previous studies warrant that NGQDs can be utilized 

not only as imaging agents but also as successful drug delivery vehicles. For instance, the 

covalent attachment of ferrocene to NGQDs facilitates its enhanced delivery inside the cells 

and improves its redox-based cancer therapeutic effect in HeLa cells.34

Due to the lack of ultrasound scattering centers, NGQDs are not expected to exhibit 

substantial echogenicity; however, in several reports, larger carbon nanotubes and graphene 

oxide show enhancement of ultrasound contrast.47,48 Functionalized multiwall carbon 

nanotubes (MWCNTs) used as UCAs enable increased ultrasound signals comparable to 

commercial UCAs and exhibit high echogenic properties in animal tissue.48 Inorganic 

and metal nanoparticles can demonstrate even more substantial enhancement of ultrasound 

contrast at relatively smaller sizes.49 For example, silica nanoparticles have been shown to 

be successfully exploited as ultrasound contrast agents in B-mode based on the structure and 

amount of scattering/reflection interfaces.50–54 To further improve the ultrasound response, 

silicon nano/microparticles are filled with perfluoropentane55 or air.56 In another example, 

inorganic manganese dioxide encapsulated into indocyanine green nanoparticles is able to 

improve ultrasound scattering due to the reaction with hydrogen peroxide and the generation 

of oxygen.57 Gold nanoparticles with a density different from the biological tissue can 

also serve as ultrasound scattering centers and, thus, perform well as contrast agents.58 
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Introduced on their own, metal nanoparticles may encounter substantial biocompatibility 

barriers. In order to employ advantageous properties of biocompatible NGQDs and render 

them suitable as UCAs, we developed a variety of lightly metal-doped NGQD structures: 

iron oxide nanoparticles, silver nanoparticles, thulium, neodymium, cerium oxide, cerium 

chloride, and molybdenum disulfide-doped NGQDs. Intrinsic fluorescence properties of 

NGQDs can also enhance the imaging capabilities of these UCAs. While the ultrasound 

resolution is limited, fluorescence allows substantially higher precision imaging, enabling 

tracing therapeutic delivery and detection in microscopic tissue compartments.42,59,60 This 

could enable utilizing the proposed UCAs as drug delivery vehicles and microscopic 

environmental sensors. Their general location could be assessed by deeper tissue ultrasound 

imaging, while microscopic internalization dynamics and characteristics of the environment 

such as pH43 or the presence of free radicals could be evaluated via their fluorescence 

emission and spectral signatures. Fluorescence in the visible region has limited tissue 

penetration depth due to high scattering, absorption, and autofluorescence, confining these 

applications to in vitro and ex vivo studies mostly. However, NIR fluorophores in the first 

and second biological windows partially escape those limitations.60,61 In fact, a number 

of near-infrared fluorophores have been used for animal imaging to date including single-

walled carbon nanotubes,62 indocyanine green,60 and gold nanoparticles.63 Fluorescence 

emission from Tm- and Nd-doped NGQDs was previously observed from the organs of a 

live mouse42 allowing for medium-depth fluorescence imaging. Combined high precision 

and sensitivity of such fluorescence imaging with deep tissue capabilities of the ultrasound 

could turn metal-doped NGQDs into a versatile theragnostic tool. The goal of this work 

is to test the ultrasound contrast and fluorescence imaging properties of a variety of 

metal-doped NGQD nanostructures in cells and tissues to assess their advantages over the 

existing agents and explore their multifunctionality. Development and utilization of such 

multimodal ultrasound contrast and fluorescence imaging agents can synergistically enhance 

detection capabilities in cells and tissues, allow for tracing therapeutic delivery, and enable 

establishing the early diagnosis in a cost-effective approach.

2. MATERIALS AND METHODS

2.1. Synthesis.

NGQDs: 4 g of glucosamine hydrochloride (Sigma-Aldrich batch #104K0082) was 

dispersed in 250 mL of deionized (DI) water and processed in the microwave oven 

(Hamilton Beach, model: HB-P90D23AP-ST) for 50–70 min at a 1350 W power level to 

produce non-doped NGQDs.

CeCl3-NGQDs and CeO2-NGQDs: in a standard procedure, 4 g of glucosamine 

hydrochloride (Sigma-Aldrich batch #104K0082) and either 0.3 g of CeCl3 (429406, Sigma-

Aldrich) or 0.35 g of CeO2 (202975, Sigma-Aldrich) were dispersed in 250 mL of deionized 

(DI) water and processed in the microwave oven for 50–70 min at a 1350 W power level to 

produce CeCl2-NGQDs or CeO2-NGQDs.

Nd-NGQDs and Tm-NGQDs were synthesized following the procedure in our previous 

work.42
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Silver nanoparticle-NGQDs (silver NP-GQDs): 10 ml of silver NPs and 4 g of glucosamine 

hydrochloride (Sigma-Aldrich batch #104K0082) were added to 250 mL of DI water and 

processed in the microwave oven for 50–70 min at a 1350 W power level to produce silver 

NP-NGQDs. The weight ratio of C/Ag is 208.

Iron oxide nanoparticle-GQDs (iron oxide NP-NGQDs): 1 mL of iron oxide nanoparticle 

water dispersion (15 wt % in water, Fe2O3 Alpha, 99.9%, 5 nm; US Research 

Nanomaterials, Inc) was added to 14 mL of DI water. The mixture was directly probe-

sonicated (Qsonica Q55 Sonicator Ultrasonic Homogenizer with Probe 55 W, 30% 

amplitude) for 1 min, added to 4 g of glucosamine hydrochloride (Sigma-Aldrich batch 

#104K0082), and dispersed in 225 mL of DI water. The suspension was further processed 

in the microwave oven for 50–70 min at a 1350 W power level to produce iron oxide 

NP-NGQDs.

MoS2-NGQDs: 7 mg of MoS2 (69860, Sigma-Aldrich) dispersed in 10 mL of DI water and 

7 mg of SDS (151-21-3, Alfa Aesar) dispersed in the other 10 mL of DI water were mixed 

and vortexed together for 30 s and processed using an ultrasonic tip sonicator (Qsonica 

Q55 Sonicator Ultrasonic Homogenizer with Probe 55 W, 30% amplitude) for 30 min. The 

suspension was left overnight, and the suspended supernatant was used as a stock. 0.625 g 

of glucosamine hydrochloride (Sigma-Aldrich batch #104K0082) and 20 mL of stock MoS2 

were added to 150 mL of DI water. The mixture was vortexed for 1 min and processed in the 

microwave oven for 50–70 min at a 1350 W power level to produce MoS2-NGQDs.

During the microwave treatment, temperatures reached the boiling point of the suspension; 

however, the product remained dissolved in water throughout the process. After the 

synthesis, samples are transferred to a 10 kDa molecular weight cutoff (MWCO) bag to 

remove the unreacted precursors via dialysis for 24 h against DI water. The water was 

changed every 30 min for the first 3 h, after which it was changed every 7 h. Purified 

materials were further filtered through the 0.22 μm syringe filter in order to remove any 

aggregates that occurred in the prior dialysis procedure and sterilize the product. The 

dialyzed and filtered product remained and was further used in the suspension form.

2.2. Structural/Optical Characterization (FTIR, Absorbance, Fluorescence, Raman, 
HRTEM/TEM, and EDS).

To assess the functional groups of metal-doped NGQDs, the samples were freeze-dried in 

the Labconco FreeZone 4.5 freeze-dryer and analyzed via the ATR mode of the Thermo 

Nicolet Nexus 670 FTIR. The absorbance of metal-doped NGQDs was measured within 

the range of 200–1000 nm using the Agilent Technologies (Cary 60 UV–vis) absorption 

spectrometer. The fluorescence and PLE maps in the visible region were recorded using 

Horiba Scientific’s SPEX NanoLog fluorescence spectrofluorometer. In PLE experiments, 

the excitation wavelength was scanned from 375 to 465 nm at 4 nm intervals. The 

fluorescence in the NIR region was measured using an 808 nm excitation laser and the 

AvaSpec-HS TEC SensLine spectrometer from Avantes Inc. Fluorescence microscopy was 

performed using an Olympus IX73 fluorescence microscope with a 60× (IR-corrected 

Olympus Plan Apo) water immersion objective. The microscope is coupled to the NIR 

InGaAs Photon etc. (ZephIR 1.7) detector thermoelectrically cooled to −80 °C through the 
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hyperspectral fluorescence imager (Photon etc.), enabling spectrally resolved imaging in the 

near-infrared region (850–1600 nm). The morphological characterization of the metal-doped 

NGQDs was performed by HRTEM (high-resolution transmission electron microscopy, 

JEOL JEM-2100) with energy dispersive X-ray analysis (EDS, JEOL, Peabody, MA, USA). 

For the TEM measurements, the samples were freeze-dried (Labconco, FreeZone 4.5 freeze-

dryer) on the carbon-coated 200-mesh copper grid.

2.3. Cell Culture.

In vitro studies were performed using human embryonic kidney 293 (HEK-293) cells. The 

cells were cultured in Dulbecco’s modified Eagle medium (D6046, Sigma-Aldrich), 10% 

fetal bovine serum (16140–063, Gibco), L-glutamine (G7513, Sigma-Aldrich), minimum 

essential medium non-essential amino acid solution (M7145, Sigma-Aldrich), and 1% 

penicillin/streptomycin (P4333, Sigma-Aldrich). The cell culture was placed in a Midi 40 

CO2 incubator (3403, Thermo Scientific) at 37 °C with 5% CO2 and further utilized for the 

cell viability assay as well as the cell internalization study.

2.4. MTT Assays.

Standard MTT cell viability assays were employed to evaluate the cytotoxicity of metal-

doped NGQDs. HeLa cells were plated in a 96-well plate at a density of 5000 cells per 

well (100 μL per well) and kept in an incubator overnight at 37.1 °C while maintaining 5% 

CO2. After 24 h of incubation, the samples were added into each well in serial dilutions. 

After the next 24 h (24 h and 48 h for non-doped NGQDs) of incubation, the medium 

was replaced by 100 μL of 1 mg/mL of thiazolyl blue tetrazolium bromide. After 4 h 

of further incubation, MTT (3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

was replaced with 100 μL of dimethyl sulfoxide (DMSO) to solubilize a highly absorbing 

byproduct known as formazan. The metabolic activity of living cells was further assessed 

with absorbance measurements. The absorbance of formazan proportional to cell viability 

was measured in each well at 580 nm using a FLUOstar Omega microplate reader.

2.5. Cell Internalization Study.

The cell internalization study was performed with 1 mg/mL of metal-doped NGQDs’ 

concentrations. A total of 10,000 cells have been seeded onto coverslips placed in a 

six-well plate. The coverslips have been sterilized and coated with rat tail collagen I 

(ALX-522-435-0020, Enzo) for the attachment of HEK-293 cells. After the cells showed 

adherence to the coverslips, metal-doped NGQD samples were introduced in cell growth 

medium and incubated for 1, 6, 12, 24, and 48 h. Coverslips with cells were then washed 

with 1X phosphate-buffered saline (PBS) to remove NGQDs that had not been internalized. 

Cells were further fixed with 4% formaldehyde solution (28908, Thermo Scientific) and 

1× Fluoromount-GTM mounting medium (00-4958-02, Invitrogen) to be later sealed onto 

microscope slides. At each time point, ∼200 cells were imaged and the mean fluorescence 

intensity per unit area was calculated for each cell.
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2.6. Ultrasound Imaging.

All ultrasound imaging was performed with the GE Logiq e ultrasound system. The 

instrument was set in the B-mode and CHI mode, with a depth of 4–5 cm, mechanical 

index of 0.5–0.6, and gain of 44–66. The transducer was coated with Aquasonic 100 

ultrasound transmission gel. Water dispersions of metal-doped NGQDs in the concentrations 

range of 0.5 to 1.6 mg/mL are injected with a 10 mL syringe and imaged in a vascular 

phantom (Ultrasound Guided IV Trainer, Your Design Medical), 2% agarose gel block, 

and chicken breast tissue. Experiments were performed using a 10–13 MHz linear probe 

placed perpendicularly to the observed object. The ultrasound signals on the bar plots are 

reported in 8-bit gray scale intensity from 0 to 255 shades of gray. Ultrasound images were 

further analyzed using ImageJ to assess the signal intensity arising from NGQDs. Statistical 

analysis on three samples was performed using one-way ANOVA analysis.

3. RESULTS AND DISCUSSION

CeCl3-NGQDs, CeO2-NGQDs, Nd-NGQDs, Tm-NGQDs, silver NP-NGQDs, iron oxide 

NP-NGQDs, and MoS2-NGQDs are prepared in this work using a microwave-assisted 

hydrothermal synthetic approach41 with glucosamine as the carbon precursor. Upon 

microwave treatment, glucosamine molecules undergo dehydration reaction that leads to 

their polymerization. Such structures serve as nucleation centers for the formation of 

NGQDs. At the same time, metal salts or oxides serve as dopant donors, introducing metal 

atoms into nucleating NGQDs. Several characterization methods are utilized to confirm and 

assess the physical as well as optical properties of the synthesized nanomaterials. After 

purification and sterilization, all metal-doped NGQDs are imaged by TEM to confirm their 

graphitic structure and assess their size distribution (Figure S1). With distribution means 

varying from 1.6 ± 0.7 nm for silver NP-NGQDs to 23.2 ± 9.3 nm for CeO2-NGQDs, the 

sizes of synthesized NGQDs do not exceed 50 nm, allowing their cellular internalization 

via clathrin-mediated endocytosis.64 Additionally, HRTEM images (Figure 1) demonstrate 

characteristic lattice fringes of the graphitic structure of NGQDs, and the fast Fourier 

transform (FFT) of the HRTEM images allows us to ensure the crystallinity of individual 

metal-doped NGQDs on the nanoscale. The interplanar distance measurements for all seven 

NGQD types range between 0.22 and 0.28 nm, likely corresponding to the (100) plane of 

graphene. The presence of the sp2 graphitic lattice suggests a potential application of this 

material for drug and oligonucleotide delivery via their non-covalent π–π stacking onto 

the NGQD graphitic surface.65,66 Due to the layered structure of MoS2, TEM images of 

MoS2-NGQDs (Figure 1) also show fringes with an interplanar distance of 1.04 ± 0.08 nm, 

corresponding to the interlayer expanded MoS2.67 As evident from EDX analysis, MoS2 

and NGQDs form a joint structure (Figure S2), meaning their crystal structures are rather 

embedded than spatially separated.

The EDX analysis demonstrates the presence of expected metal dopants in each sample 

(Table 1, Figure S2). A purification filtration step ensures that dopants are bound within the 

NGQD structure as all the water-soluble metal salts are dialyzed out. Doping with metals 

and metal oxides in this reaction generally does not exceed 1%, suggesting that it may 

not affect the biocompatibility of the synthesized material. Although the amount of cerium 
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in CeCl3-NGQDs is greater (∼5%), these NGQDs are still not expected to possess high 

toxicity due to cerium being reportedly highly biocompatible.68,69 Besides the metals, all 

samples mostly contain carbon and small amounts of nitrogen and oxygen similar to those 

in non-doped NGQDs. The presence of these elements suggests that NGQDs possess a 

carbon-based structure with functional groups on their surface that render NGQDs water 

soluble. FTIR analysis (Figure S3) performed on all samples shows identical spectral 

features, corresponding to hydroxyl, carboxyl, and, likely, amino groups arising from a 

common glucosamine precursor.41

Absorbance and fluorescence spectroscopies are utilized to assess the optical properties of 

the synthesized metal-doped NGQDs and evaluate their potential for fluorescence imaging 

in the visible and near-infrared regions. All NGQDs exhibit similar general absorption 

features (Figure S4a) including n–π* electronic transitions of C═O at ∼283 nm70 and a 

shoulder from π–π* transitions ascribed to C═N groups at ∼317 nm.71 These features also 

verify the presence of the corresponding functional groups on the NGQDs’ surface. The 

absorption peak at 230 nm is attributed to the π–π* transition of aromatic C═C bonds 

in NGQD graphitic regions.70 Other dopant-specific features indicate successful doping 

with several metals. MoS2-NGQDs display a peak at 250 nm that can be related to the 

excitonic features of nanolayered MoS2.72 Tm-NGQDs and Nd-NGQDs have absorption 

peaks in the NIR range (Figure S4b), corresponding to the 4I9/2 → 4F5/2 transition for 

Nd-NGQDs and the 3H6 → 3H4 transition for Tm-NGQDs.42 These transitions enable 

fluorescence excitation in the NIR region, allowing excitation light to penetrate deeper into 

biological tissue,73 thus, providing potential fordeeper tissue imaging. In our previous work, 

we showed that Nd- and Tm-NGQDs indeed exhibit NIR fluorescence in vitro/in vivo/ex 

vivo with 808 nm laser excitation. These capabilities warranted by the NIR excitation and 

emission at both 1060 nm and ∼950 nm (Figure S5) make them promising candidates for 

fluorescence diagnostic imaging in vivo.

All NGQD samples exhibit fluorescence in the visible range (Figure 2a), which is generally 

comparable to the emission of their non-doped counterparts,74 indicating that the doping 

did not affect their optical properties in the visible region. This behavior is expected 

as the optical properties of graphene derivatives have less dependence on the type of 

functionalization and are mostly manifested by the size of the graphitic island75,76 entrapped 

by functional groups. Only the iron oxide NP-NGQDs demonstrate a fluorescence shift and 

more pronounced excitation dependence (Figure 2b), potentially due to charge transfer from 

iron oxide nanoparticles.77 Similar shifts are observed for graphene oxide doped with iron 

oxide nanoparticles.78 PLE maps (Figures 2b–d and S6) of metal-doped NGQDs help assess 

the optimal wavelengths of excitation/emission to use for fluorescence microscopy imaging 

with these nanomaterials in the visible region.

Following the confirmation of doped NGQDs’ optical properties, they are utilized for 

in vitro studies to assess their capabilities as fluorescence imaging agents. First, the 

biocompatibility of those metal-doped NGQDs is evaluated to determine the concentration 

that does not prohibit NGQDs from biological applications. Cell viability MTT assays 

performed in non-cancerous HEK-293 cells (Figure 3) demonstrate that over 80% cell 

viability is achieved at high concentrations of up to 2 mg/ml for most NGQDs. Such high 

Valimukhametova et al. Page 9

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biocompatibility comparable to that of non-doped NGQDs43 (Figure S7) suggests that light 

metal doping did not substantially affect their biological properties. Cell viability appears 

to be high and stable after 24 and 48 h of treatment by non-doped NGQDs (Figure S7). 

Based on this result, we expect metal-doped NGQDs to yield similar cell viability after 48 

h treatment. MoS2-NGQDs demonstrate substantial toxicity at low concentrations and thus 

show 80% cell viability only at 0.05 mg/mL. This toxicity is expected since MoS2 sheets 

composing part of MoS2-NGQDs are known to be somewhat more toxic.79 Cell viability 

over 100% at smaller concentrations for a number of NGQD structures can arise from the 

degradation of NGQDs and digestion of the organic glucose-based structures by the cells as 

observed in previous work.34,43 In light of this demonstrated biocompatibility at such high 

concentrations, synthesized metal-doped NGQDs justify their potential for applications for 

bioimaging and therapeutic delivery.

One of the main hypotheses of this work is the application of metal-doped NGQDs for 

fluorescence imaging. Previously, we have reported the stability of NGQDs, demonstrating 

that the fluorescence of NGQDs did not decline for several hours with prolonged 

irradiation.41,43 The stability of the ferrocene-NGQDs–hyaluronic acid complex in multiple 

media, including cell medium and mouse blood serum, lasts within 48 h based on their 

fluorescence.34 In order to track metal-doped NGQDs inside the cells and assess the optimal 

timeline for imaging, a fluorescence-based internalization/excretion study is performed 

via in vitro fluorescence microscopy. Based on the NGQD optical properties, visible 

fluorescence emission within the cells is recorded with 460 nm filtered lamp excitation and 

540 nm filtered emission. All samples are introduced into the HEK-293 cells and incubated 

for 1, 6, 12, 24, and 48 h. The fluorescence intensity per cell area is used as a measure 

of internalization/excretion dynamics of the nanomaterial in the HEK-293 cells over time 

(Figure 4). Such imaging accounts only for the NGQDs that internalize, since the ones 

remaining in the intracellular space are removed by a washing step during slide preparation. 

Examples of overlay bright-field/fluorescence images of all samples at different time points 

(Table S1) show successful internalization of all the NGQDs within 12 h timeframe. In 

order to quantify the internalization, the NGQD emission from over 200 cells is analyzed 

at each time point for each NGQD type, and the average intensity per unit cell area is then 

used as a measure of the intercellular NGQD concentration. This analysis (Figure 4a,b) 

demonstrates that silver NP-NGQDs, Nd-NGQDs, Tm-NGQDs, CeCl3-NGQDs, iron oxide 

NP-NGQDs, CeO2-NGQDs, and MoS2-NGQDs experience maximum accumulation 6–12 h 

after treatment. The decrease in the fluorescence signal from cells after these time points 

suggests the excretion of NGQDs.

Confocal fluorescence microscopy of the median plane of cells allows observing metal-

doped NGQDs that have been internalized inside the cell, disregarding the NGQDs only 

attached to the membrane (Figure 5a). Bright-field/VIS fluorescence confocal cell image 

overlays (Figure 5a) verify the successful internalization and stable fluorescence of all 

metal-doped NGQDs inside the cells at 6 or 12 h of the optimal imaging time point. 

Visible fluorescence inside the cells demonstrates that metal-doped NGQDs can serve as an 

intracellular therapeutic tracking agent. Additionally, Tm-NGQDs and Nd-NGQDs exhibit 

fluorescence in the NIR (Figure 5b), confirming their potential for in vivo imaging. Their 

spectral signatures collected from the emissive regions within the cell via hyperspectral 
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microscopy correspond to the emission spectra of Nd- and Tm-NGQDs measured in 

aqueous suspension (Figure S5). This verifies the presence of these metal-doped NGQDs 

within the cells.

In order to assess the capabilities of all fluorescent NGQDs to enhance ultrasound imaging, 

NGQD samples at biocompatible concentrations ranging from 0.5 to 1.6 mg/mL are tested in 

three biological tissue-simulating environments. First, aqueous suspensions of metal-doped 

NGQDs are introduced inside the vascular phantom in gel casing (Figure 6), with non-doped 

NGQDs and DI water used as controls. While both controls (Figures 6 and S8) injected 

in the vascular phantom channels show nearly no signal in the ultrasound, metal-doped 

NGQDs exhibit substantial scattering and, thus, provide ultrasound contrast as they move 

through the channels (Figure 6). Ultrasound intensity from the metal-doped NGQDs in 

the vascular phantom is comparable to hollow silicon nanoparticles at 1 mg/mL54 and 

oxidized single-wall carbon nanotubes at 1 mg/mL48 tested in vitro. Image analyses of 

metal-doped and non-doped NGQDs yield statistically significant difference (P < 0.05), 

indicating that all metal-doped and non-doped NGQDs are echogenic as compared to the 

control water, although metal-doped NGQDs demonstrate around 10 times higher intensity. 

To investigate their ultrasound contrast capability in different density materials simulating 

different types of human tissue, metal-doped NGQDs are injected and imaged in chicken 

breast (1.15 g/cm3) (Figure 6) and 2% agarose gel (1.008 g/cm3) (Figure S9). Long thick 

and short thin white lines in Figure 6 correspond to the epimysium and perimysium of a 

muscle, respectively. An epimysium is the sheath of tissue surrounding a muscle, while 

a perimysium is the sheath of tissue surrounding a bundle of muscle fibers. Due to their 

thicker structures, they are both echogenic and appear in a normal ultrasound image of the 

tissue.80 White lines and dots in Figure S9 represent artifacts of agarose gel, corresponding 

to the inhomogeneous structure and air bubbles trapped during gel solidification. As a 

result, a majority of samples demonstrate a high ultrasound response in the place of 

injection, indicating their ultrasound contrast capabilities. Water controls again show no 

substantial contrast enhancement. Silver NP-NGQDs, iron oxide NP-NGQDs, Nd-NGQDs, 

Tm-NGQDs, CeO2-NGQDs, and MoS2-NGQDs injected into the chicken breast exhibit 

higher ultrasound contrast than the oxidized MWCNT at 1 mg/mL tested in the pig’s liver 

and heart.48 It is also apparent that CeCl3-NGQDs show lower contrast at a biocompatible 

concentration after injection into the chicken breast and only exhibit substantial ultrasound 

enhancement at higher doses (Figure S8). Silver NP-NGQDs, iron oxide NP-NGQDs, Nd-

NGQDs, Tm-NGQDs, CeO2-NGQDs, and MoS2-NGQDs can therefore carry a promising 

potential for vascular imaging and tissue imaging. The lack of ultrasound enhancement 

from the NGQDs without any dopants (NGQDs) suggests that even a small metal doping 

percentage results in substantial scattering. All metal-doped NGQDs were tested using a 

10–13 MHz linear probe, making them beneficial for bioimaging comparable to commercial 

microbubbles that tend to rupture at these frequencies.81 Currently, there are no papers 

known to the authors that discuss the ultrasound contrast properties of GQDs. Due 

to the higher acoustic impedance of graphene82 as compared to biological soft tissue, 

graphene derivatives such as NGQDs or multiwalled nanotubes are expected to exhibit some 

echogenicity. In our work, metal doping further enhances that effect without substantial 

detriment to NGQD biocompatibility. It is likely that the features observed in vascular 
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phantom sonograms (Figure 6) are not a result of individual QD scattering but can rather 

be attributed to loose aggregates or groups of NGQDs injected into the channel. It is also 

unexpected that CeCl3-NGQDs, having the most metal doping, demonstrate only weak 

echogenic properties in tissue. This may suggest that the mechanism of contrast formation 

is more complex than just acoustic scattering, with a potential dependence on metal 

distribution throughout the NGQDs or microscopic air bubble trapping at the dopant/defect 

sites.83–85 This provides grounds for investigation in future work involving varying doping 

percentages. Following the major hypothesis of this work, metal-doped NGQDs successfully 

show both ultrasound contrast and fluorescence imaging capabilities and, therefore, can 

be considered promising novel candidates for complementary dual-mode ultrasound and 

fluorescence imaging.

4. CONCLUSIONS

In this work, lightly metal-doped nitrogen-containing GQDs including silver NP-NGQDs, 

Nd-NGQDs, Tm-NGQDs, CeCl3-NGQDs, iron oxide NP-NGQDs, CeO2-NGQDs, and 

MoS2-NGQDs are assessed for dual-mode fluorescence and ultrasound imaging capabilities 

in vitro and in tissue phantoms. These NGQDs are synthesized via a cost-effective and 

scalable hydrothermal microwave-assisted method with a single glucosamine precursor 

and the addition of the corresponding metal salts/oxides. Having a small size (<50 nm), 

all NGQDs successfully internalize into HEK-293 cells with maximum accumulation 

times of 6 to 12 h. Within the cells, all seven metal-doped NGQD types exhibit visible 

(while Tm and Nd-NGQDs also show near-infrared) fluorescence, allowing for extra- 

and intra-cellular tracking. Near-infrared fluorescence possesses the additional advantage 

of a higher penetration depth for fluorescence imaging in biological organs and tissues. 

Due to only light metal doping (<5%), silver NP-NGQDs, Nd-NGQDs, Tm-NGQDs, 

CeCl3-NGQDs, iron oxide NP-NGQDs, and CeO2-NGQDs demonstrate biocompatibility 

at high concentrations of up to 2 mg/mL, making those NGQDs prospective candidates for 

biological applications. Their ultrasound contrast imaging modality is verified by acoustic 

sonography experiments in vascular phantoms and biological tissue phantoms similar in 

density and/or structure to soft tissue. Silver NP-NGQDs, Nd-GQDs, Tm-GQDs, iron oxide 

NP-NGQDs, CeO2-NGQDs, and MoS2-NGQDs show 10-fold higher ultrasound contrast 

within the vascular phantom, agarose gel, and chicken breast tissue in the ultrasound 

brightness mode compared to non-doped NGQDs and DI water. That suggests that metal 

dopants play an essential role in ultrasound contrast generation even though density-based 

ultrasound scattering may not be the only mechanism driving such a response. Overall, 

lightly metal-doped NGQDs demonstrate high potential as both ultrasound contrast and 

visible and/or near-infrared fluorescence imaging agents. Having two imaging modalities 

complementing each other in high penetration depth (ultrasound) and specificity/precision 

(fluorescence) makes NGQDs a powerful theragnostic platform for imaging, sensing, or 

drug delivery.
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Figure 1. 
HRTEM images of metal-doped NGQDs with the corresponding interplanar distances. Inset: 

FFT image of metal-doped NGQDs.
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Figure 2. 
(a) Fluorescence spectra of samples with 460 nm excitation: CeCl3-NGQDs (green), iron 

oxide NP-NGQDs (red), CeO2-NGQDs (yellow), Nd-NGQDs (blue), silver NP-NGQDs 

(black), Tm-NGQDs (magenta), and MoS2-NGQDs (violet). Photoluminescence excitation–

emission maps of (b) iron oxide NP-NGQDs, (c) Nd-NGQDs, and (d) CeO2-NGQDs.
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Figure 3. 
MTT cell viability data for metal-doped NGQDs: (a) silver NP-NGQDs (black) and iron 

oxide NP-NGQDs (red); (b) Nd-NGQDs (blue) and Tm-NGQDs (magenta); (c) CeCl3-

NGQDs (green), CeO2-NGQDs (yellow), and MoS2-NGQDs (violet).
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Figure 4. 
Cellular internalization/excretion dynamics of all doped NGQD samples over 1, 6, 12, 

24, and 48 h based on the fluorescence intensity of NGQDs within the HEK-293 cells 

(Table S1). (a) Silver NP-NGQDs (black), Nd-NGQDs (blue), Tm-NGQDs (magenta), 

and CeCl3-NGQDs (green); (b) iron oxide NP-NGQDs (red), CeO2-NGQDs (yellow), and 

MoS2-NGQDs (violet).
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Figure 5. 
(a) Bright-field/VIS fluorescence confocal overlay images of HEK-293 cells treated with 

metal-doped NGQD samples at their optimal internalization time point of 6 (iron oxide 

NP-NGQDs, CeO2-NGQDs, and MoS2-NGQDs) or 12 (silver NP-NGQDs, Nd-NGQDs, 

Tm-NGQDs, and CeCl3-NGQDs) hours. (b) Bright-field/NIR fluorescence confocal overlay 

images of HEK-293 cells treated with Nd-NGQD and Tm-NGQD samples for 12 h. Inset: 

spectra recovered from bright Nd and Tm emission spots within the Nd-NGQDs and Tm-

NGQDs-treated samples after background subtraction. Concentration of all NGQDs is 1 

mg/mL.
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Figure 6. 
Ultrasound images of metal-doped NGQDs in the vascular phantom and chicken breast after 

injection. Bar plots represent the ultrasound signal per unit area in the red-outlined vascular 

phantom and chicken breast tissue regions, respectively.
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