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The water soluble GQDs were systematically characterized as 

a multiphoton fluorophore and cell imaging probes. When 

mouse primary hepatocytes were incubated with GQDs, no 

significant cytotoxicity was observed up to the treatment 

concentration of 100 µg/ml. Using these GQDs, mouse primary 

hepatocytes were successfully imaged by multiphoton 

fluorescence. 

Hepatocytes, the main tissue cells of the liver, are responsible for 

liver regeneration, detoxification, and the production of essential 

biochemicals.1 The diagnostic imaging of hepatocytes without 

toxicity was developed in one of the fundamental interdisciplinary 

studies.2 Recently, advances in the synthesis of nanomaterials have 

expanded biomedical imaging feasibility.3-5 Inorganic nanoparticles 

engineered as nanoplatforms for effective imaging and targeted drug 

delivery have good stability, long term circulation, multi-functionality 

for imaging and therapy, and a high capability for drug delivery.6-8 

However, inorganic nanoparticles still need further improvements in 

refining process for reproducible synthesis, and to remove the 

remaining organic/inorganic passivation. Recently, carbon based 

nanomaterials are being considered as potential alternatives for use as 

bioimaging probes because of their fascinating optical properties and 

multi-functionality for imaging and drug delivery.4, 9, 10 For example, 

carbon quantum dots functionalized by PPEI-EI have shown a two 

photon fluorescence under excitation of 800 nm and applied for 

tumour cell imaging.11 Among allotropic forms of carbon based 

nanomaterials, graphene quantum dots (GQDs) have attracted 

considerable attention recently as a promising approach for biological 

labelling due to their chemical inertness, biocompatibility, low 

toxicity and high surface area.5, 9, 12, 13 In recent studies, multiphoton 

induced fluorescence characteristics of GQDs have been reported and 

applied for imaging tumour cells, cellular and deep-tissue imaging, 

and cell viability 13-15 However, due to defects and edge functional 

groups13, 16, which can act as bio-reactive sites and create clinical 

problems, a new synthetic process to develop GQDs is required.  

Up to now, the application of water soluble GQDs for hepatocytes 

imaging, together with discussion of their cytotoxicity, has not been 

reported yet. Because primary hepatocyte has a physiological system 

generating basal metabolism like cells in living organisms, which is 

the difference from the tumour cell, if the GQDs could be used for 

positive control of tracking materials or gene delivery, the more 

precise studies for metabolism, drug-drug interaction, hepatoxicity, 

transporter activity, and cell viability will be possible. 

 

Figure 1 a. TEM image of GQDs. Inset. Before (left) and after (right) 

UV illuminated GQDs in water. b. 2D plot of PL spectra: Emission 

(Em.) wavelength vs. Excitation (Ex.) wavelength. Inset. UV-Vis 

absorbance (Abs.) and normalized PLE intensity of GQDs. 

Here, we demonstrate the successful imaging of mouse primary 

hepatocytes using multiphoton luminescent GQDs, produced by the 
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water soluble synthesis of modified graphite intercalation compounds 

(GICs). For the cell imaging, their photoluminescence (PL) properties 

were measured by femtosecond pulse laser. We explored the 

cytotoxicity of the GQDs and applied them for the fluorescence 

imaging of mouse primary hepatocytes. 

To control the defects and edge functional groups on GQDs, we 

have previously developed various methods, such as using a metal 

salts intercalated graphite compounds method17, 18, diblock copolymer 

patterned method19, and hydrate salt intercalation system20. In this 

experiment, we adopted the method of modified graphite intercalation 

compounds (GICs) with hydrate salt to synthesize the GQDs.20 In Fig. 

1a, a transmission electron microscopy (TEM) image is shown which 

illustrates that most of the GQDs synthesized by the modified GICs 

with hydrate salt method have a size less than 10 nm. Moreover, the 

homogeneous blue luminescence shown in the inset of Fig. 1a 

suggests that the GQDs are not only well dispersed in water, but are 

also a blue fluorescent nanomaterial. The topological and chemical 

structures of GQDs were investigated by high resolution TEM, AFM, 

and FT-IR (Fig. S1). The results provide that GQDs have the high 

crystalline structure, ~1.0 nm layer thickness, and low epoxide 

functional groups, and are consistent with previous result20. 

 Figure 1b shows the luminescence characteristics of the GQDs. As 

the excitation wavelength (λex) of the GQDs is changed from 250 nm 

to 490 nm, the PL peak becomes red-shifted. However, the strongest 

PL intensity was observed at the emission wavelength (λem) of ~400 

nm (λex ~310 nm) (Fig. S2a). The redshift of the PL peak can be 

attributed to variations of size, and to the defect or edge functionalized 

groups inducing emissive sites on the GQDs.16, 20-23 In the PL 

excitation (PLE) measurement (Inset Fig. 1b), the PLE spectrum 

recorded at 400 nm shows two sharp peaks at ~266 nm and ~311 nm, 

which are most likely due to the π-π* transition of the aromatic sp2 

domains or the transition between bands induced mainly by the size 

effect, or the oxygen and defect states.16, 20, 22 Figure S2b shows the 

PL decay profile fitted by double exponential with lifetimes of ~2.10 

ns and ~7.88 ns. The faster decay was analysed to be the decay in the 

 

Figure 2. a. Normalized multiphoton PL spectra(λex= 680 nm - 880 

nm). b. Integrated upconversion PL intensities of GQDs with same 

excitation power. c. Upconversion PL spectra at various powers. Inset. 

PL intensity (I) vs. excitation power (Pα). d. Slope values of PL 

intensity vs. excitation power. 

intrinsic bandgap whereas the slow decay comes from extrinsic 

properties of the GQDs.20 The quantum yield of GQDs excited by 310 

nm at room temperature was about 4.0% (Fig. S1c). 

Recently, Gan et. al. and Ha et. al. proposed that the shorter 

wavelength of PL in the GQDs is not caused by the upconversion via 

intermediate states but by  multiphoton excitation via virtual 

intermediate states and it can be probed by pulsed-laser excitation.24, 

25 Accordingly, in this study we investigated the multiphoton induced 

PL of GQDs by using a home-built optical setup. A femtosecond 

Ti:sapphire pulse laser (80 MHz repetition rate, 140 fs pulse width) is 

used for multiphoton excitation.26 In Fig. 2a, as the λex increases from 

680 nm to 880 nm, the upconversion PL peak red-shifted from 440 

nm to 520 nm. However, intriguingly, under the same excitation 

power, the integrated PL intensity gradually decreases (Fig. 2b). 

These results are similar to the varying trend of single photon excited 

PL peak position and PL intensity (Fig. 1b and S2a). For further 

understanding of the multiphoton excitation of PL, the correlation of 

upconversion PL intensity with the excitation power was 

systematically investigated.27, 28 The multiphoton excitation PL 

intensity measured at λex =710 nm linearly increased as the excitation 

power increased without significant change of spectrum shape (Fig. 

2c). The integrated PL intensities showed that the multiphoton 

excitation PL intensity seemed to have quadratic proportional to the 

excitation power (slope ~ 1.94) (Inset Fig. 2c). In a series of 

investigations of the correlation between multiphoton excitation PL 

intensity and excitation power (Fig. S3), the integrated PL intensities 

for λex in the range from 700 nm to 900 nm showed linear relations to 

the excitation power. The slope values dependence on the excitation 

power varied between 1.8 and 2.7 with Gaussian distribution (Fig. 2d). 

This suggests that synthesized GQDs have different multiphoton 

excitation properties under various excitation wavelengths. The 

GQDs show PL spectra excited by two or three photon when excited 

by the wavelength between 700 nm and 900 nm. This can be explained 

by two kind of the optical excitation levels of GQDs: One is intrinsic 

π-π* transition of the aromatic sp2 domains and the other is the 

extrinsic transition between bands induced by mainly the size effect 

or the oxygen and defect states.20 Consequently, the PL intensity of 

GQDs at near infrared frequency (from 700 nm to 900 nm) changes 

according to the dominant excitation level between intrinsic and 

extrinsic transitions. However, the energy difference between 

excitation and emission wavelengths was less than 1.2 eV which does 

not correspond to the variation of slop values. Therefore, although the 

PL of GQDs mainly occurs through the multiphoton excitation in the 

near infrared frequency, their radiative decay could occur in a band 

structure similar to single photon fluorescent materials.13, 29  

Although carbon based nanomaterials can be used for 

biological applications, the cytotoxicity of GQDs has only been 

verified for limited cell lines.5, 9, 23 Here, we evaluated the 

cytotoxicity of the GQDs with primary hepatocytes from the 

mouse using LDH detecting assay. Remarkably, the GQDs 

didn’t impose a considerable toxicity to the hepatocyte cells up 

to 100 μg/mL as compared to the controls (untreated, CCl4, and 

EtOH) during 24 h incubation (Fig. 3a and S4). The experimental 

method for the LDH detecting assay is described in the 

Supporting Information. When we imaged the hepatocytes with 

an excitation wavelength of 790 nm under different 

concentrations of GQDs varying from 20 µg/ml to 100 µg/ml 

(Fig. 3b), the multiphoton excitation PL intensity increased as 

the concentration increased. Figures 3c and S5 illustrate the 

highly concentrated GQDs around the nucleus, that is, GQDs 

seems to mainly stain the cell body rather than the nucleus of the 

hepatocytes. The decrement of PL intensity during repeated 
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imaging by multiphoton excitation (Fig. S6) was in the error 

range (Fig. 3d), suggesting that the photo-bleaching of GQDs by 

multiphoton excitation can be ignorable. Moreover, the GQDs 

show stability in the hepatocytes for two weeks (Fig. 3e and S7). 

This indicates that GQDs are a potential candidate probe for long 

duration high contrast bio-imaging. 

Figure 3. a. Cytotoxicity for mouse primary hepatocytes. b. 

Multiphoton images depending on GQDs’ concentration. c. Mouse 

primary hepatocytes images with GQDs after 24 hours. Phase contrast 

image (top left), nucleus stained by DAPI (top right), green 

fluorescent GQDs (bottom left), and overlay image of DAPI and green 

GQDs (bottom right).  d. Photo-bleaching test of GQDs by multiple 

(6 times) imaging. e. Imaging after 24 hrs (top) and after two weeks 

(down). 

Conclusions 

We have demonstrated that the water soluble GQDs have 

multiphoton excited fluorescent properties and they can be used for 

imaging hepatocytes in the near infrared wavelengths. During the 

incubation and imaging of hepatocytes, the GQDs showed low 

cytotoxicity, low photo-bleaching and stability in the cells. Although 

further studies are indeed needed, our result suggests that the GQDs 

we have synthesized using modified GICs with hydrate salt have 

potential application as a bioimaging probe, and following edge 

functionalization, we expect them to be used for drug delivery to the 

liver. 
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