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Chapter 10
Functionalized Carbon Nanodots for Biomedical 
Applications

Yun Kyung Jung, Yuri Choi and Byeong-Su Kim

10.1  Introduction

The use of biological labels has greatly assisted the study of complex biochemical 
interactions and the monitoring of their localization during disease diagnosis and 
therapy. Fluorescent labeling using organic fluorophores, genetically encoded fluo-
rescent proteins, and semiconducting quantum dots (QDs) has been demonstrated 
as an indispensable tool for both in vivo and in vitro cellular imaging [1–5]. In con-
trast to the conventional organic dyes and the fluorescent proteins showing several 
deficiencies like broad-spectrum profiles, very short excited-state lifetimes, and 
their sensitivity to photobleaching, QDs have been intensively studied as a promis-
ing luminescent probe due to high resistance to photobleaching, large stokes shift, 
narrow size-dependent emission spectra, broad excitation spectra, and long fluo-
rescence lifetime [1–5]. In addition, they have been engineered to carry therapeutic 
agents for simultaneous diagnosis and therapy (theranostics). Despite these notable 
advantages, the implementation of QDs to a broader clinical setting is still limited 
because of their intrinsic toxicity and the potential environmental concerns associ-
ated with the heavy metals present in the QDs.

In an attempt to develop benign alternatives, new kinds of nanoparticles with 
combined properties of carbon-based materials and QDs, such as graphene QDs 
(GQDs)[6–12] and carbon nanodots (also known as C-dots, carbon dots (CDs)) 
[12–25], have emerged. The GQDs, which are small graphene fragments with diam-
eters below 30 nm, are fabricated by fragmentation or cutting from graphene oxide, 
and they have been used to deliver drugs to cells. However, because their fluores-
cence intensity is weak, and their emission wavelength often overlaps with cellular 
autofluorescence [8], the GQDs have limited application for biolabels.

Another carbon nanoparticle, the CD has emerged as a promising class of bio-
labels by virtue of their biocompatibility, low toxicity, tunable photoluminescence, 
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high chemical/photostability, and mass production by a simple preparation method, 
while retaining the advantageous photophysical features of QDs (Fig. 10.1) [12–
16]. The fluorescence emission spectra of CDs exhibited an excitation-dependent 
feature, which is quite different from that of QDs and organic dyes, enabling mul-
ticolor fluorescence detection for in vitro optical imaging [17–19]. Furthermore, 
the CDs are generally composed of a mixed phase of sp2- and sp3-hybridized car-
bon nanostructures in the form of conjugated carbon clusters functionalized with 
oxygen-bearing functional groups [17]. Aside the strong fluorescence of CDs, their 
unique chemical structure allows the integration of active therapeutic molecules 
into the sp2 carbon frame via strong π–π interactions, and their surface functional 
groups enable further conjugation with other molecules such as biological affinity 
ligands. These unique characteristics make CDs ideal drug carriers, which lead to 
advances in personalized medicine [20–25]. Therefore, in this chapter, the applica-
tion of the CDs for photodynamic therapy (PDT) and chemotherapy is discussed, 
and enhanced therapeutic efficacy of drugs by CD-aided delivery is evaluated in 
vitro and in vivo.

10.2  CD-Based Photodynamic Therapy for Cancer In 
Vitro and In Vivo

Due to high fluorescence and photostability, CDs have gained attention as biola-
beling materials [16]. Also, with sp2 carbon structure and the abundant functional 
groups, CDs can be easily functionalized with biological affinity ligands and act as 
drug carriers in aqueous solution [17].

Recently, as photosensitizer (PS) carrier for PDT, highly biocompatible and fluo-
rescent CDs were developed (Fig. 10.2) [21]. With oxygen functional groups, the 

Fig. 10.1  Advantages of carbon dots (CDs) for optical imaging and drug delivery
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surface of the CD was subsequently passivated with poly(ethylene glycol) diamine 
(PEG) and folic acid (FA) to enhance its fluorescence as well as increase the affinity 
for cancerous cells [21, 26]. As a second-generation PS, zinc phthalocyanine (ZnPc) 
possesses good cytotoxic efficiency. This carbon nanomaterial (CD–PEG–FA) has 
dual ability, which is simultaneous biological imaging and targeted PDT in vitro 
and in vivo.

In fluorescence spectrum, the fluorescence emission maxima of CD–PEG–FA 
were located at 450 nm and excited at 360 nm (Fig. 10.3a). Also, 10.9 % of quantum 
yield and 5.52 ns of the exciton lifetime were calculated. The broad UV/vis absorp-
tion represented the successful functionalization of FA onto the CD surface from 
the peak at 283 nm, and CD–PEG–FA displayed bright blue emission under UV 
irradiation (Fig. 10.3b). Furthermore, Fourier-transform infrared (FT-IR) spectros-
copy revealed changes in the chemical functional groups on the CDs upon surface 
passivation. After passivation with PEG and FA, CD–PEG–FA exhibited character-
istic peaks at the peak 1102 cm− 1 from C–O groups of PEG and 1481, 1605, and 
1697 cm− 1 which corresponded to FA (Fig. 10.3c) [27]. The transmission electron 
microscopy (TEM) images showed a spherical morphology of the CDs with an av-
erage diameter of 4.5 ± 0.2 nm for CD–PEG–FA (Fig. 10.3d). The interlayer spacing 
of 0.34 nm, observed using high-resolution TEM, corresponded to that of graphitic 
carbon, representing the graphitic nature of the CDs. For photodynamic therapy, 
CD–PEG–FA/ZnPc composite was synthesized via π-π stacking interaction, which 
had 60 μg of ZnPc per milligram of CD–PEG–FA (Fig. 10.3e).

To confirm the efficacy of CD–PEG–FA and CD–PEG–FA/ZnPc in targeted bio-
imaging, the targeting of CDs was evaluated after incubation with the HeLa cells 
for 12 h, by monitoring the blue and red fluorescence of CD (λex/λem = 358/461 nm) 
and ZnPc (λex/λem = 647/665 nm), respectively (Fig. 10.4). As a result, the cells in-
cubated with CD–PEG–FA displayed intense CD fluorescence in the cytoplasm, 
and CD–PEG–FA/ZnPc showed prominent fluorescence signals of both the blue 
(CD) and red (ZnPc) channels, indicating the successful intracellular delivery of 
ZnPc by the CD carrier. To clarify the targeting role of FA, a competition assay was 
performed with free FA, which resulted to no cellular internalization. This result 
indicated that CD–PEG–FA successfully targeted to cancer cell.

Fig. 10.2  Schematic illustration of targeted PDT with folic-acid-functionalized carbon nanodots 
loaded with zinc phthalocyanine (CD–PEG–FA/ZnPc)
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PDT was performed on the HeLa cells with the CD derivatives. CD–PEG–FA/
ZnPc exhibited excellent PDT efficiency with significant cell death, whereas other 
samples treated with CD–PEG, CD–PEG–FA and FA-pretreated CD–PEG–FA/
ZnPc did not exhibit measurable photodynamic activity (Fig. 10.5a–d).

In addition, the generation of the active singlet oxygen species via photoinduced 
energy transfer from ZnPc was quantified by using the singlet oxygen sensor green 
(SOSG) reagent, which reacts with singlet oxygen generated from the PS [28, 
29]. Figure 10.6a showed the fluorescence intensity as a function of irradiation 
time; the intensity gradually increased upon irradiation with a light-emitting diode 
(LED; 30 mW/cm2). While the control ZnPc without SOSG did not exhibit any 
fluorescence changes, ZnPc and CD–PEG–FA/ZnPc mixed with SOSG showed an 
increase in the fluorescence intensity upon irradiation. Because of intermolecular 
energy transfer between ZnPc and CD, the CD–PEG–FA/ZnPc did not effectively 
generate singlet oxygen relative to free ZnPc with SOSG. However, singlet oxygen 
generation was considerably accelerated upon the addition of cell lysate (Fig. 10.6a, 
t = 25 min), indicating the release of ZnPc from CD via the competitive displace-
ment of ZnPc by interaction with the biomolecules in cell lysate, thus enhancing the 
therapeutic efficiency of PDT (Fig. 10.6b).

Encouraged by the high PDT efficacy in vitro, the PDT efficacy of the CD-medi-
ated PS delivery system in animal models was investigated. As shown in Fig. 10.7a, 
b, the mice treated with CD–PEG–FA/ZnPc showed strong fluorescence signals 

Fig. 10.4  (a–d) Bright-field and fluorescence images of HeLa cells treated with CD derivatives 
(50 μg/ml) for 12 h. a CD–PEG, b CD–PEG–FA, c CD–PEG–FA/ZnPc, and d CD–PEG–FA/
ZnPc pretreated with FA. Fluorescence signals of (blue) CDs and (red) ZnPc were observed at 461 
(λex = 358 nm) and 665 nm (λex = 647 nm), respectively. Scale bar is 20 µm

 



304 Y. K. Jung et al.

Fig. 10.5  (a–d; top panel) Bright-field and fluorescence images of HeLa cells treated with CD 
derivatives (50 µg/ml) for 12 h, followed by irradiation for 10 min with a 660-nm laser (30 mW/
cm2), and ( bottom panels) live and dead cells colored green and red, respectively, by live/dead 
assay. a CD–PEG, b CD–PEG–FA, c CD–PEG–FA/ZnPc, and d CD–PEG–FA/ZnPc with pretreat-
ment of excess free FA. Scale bar is 100 µm

 

Fig. 10.6  Quantitative evaluation of photodynamic effect. a Singlet oxygen detection test using 
an SOSG reagent. Time-dependent fluorescent intensity (λex/λem = 504/530 nm) with irradiation by 
using a 660-nm laser (30 mW/cm2). b Cell viability assay depending on the concentration of ZnPc-
loaded CD–PEG–FA and ZnPc with and without irradiation for 10 min
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corresponding to ZnPc in tumors, with gradual increase in the fluorescence inten-
sity over time, in contrast to the mice treated with CD–PEG/ZnPc or CD–PEG–FA. 
Fluorescence images of the major organs in Fig. 10.7c showed that the fluorescence 
corresponding ZnPc were intense in liver and spleen rather than tumor in case of 
the mouse injected with CD–PEG/ZnPc, suggesting that most of the CDs omit-
ting targeting ligand FA leaked out by circulation and prominently accumulated in 
reticuloendothelial system of the liver and spleen [30, 31]. These results showed 
that conjugation of FA to CD played an important role in greatly improving the 
active tumor-targeting capability of the ZnPc delivery vehicle to folate receptor-
overexpressing tumors.

Finally, to investigate the therapeutic efficacy in vivo, changes in tumor volumes 
were monitored for 10 days after CD–PEG–FA, CD–PEG/ZnPc, and CD–PEG–FA/
ZnPc (0.5 mg of ZnPc/kg of mouse) were intravenously injected to mice whose 
tumor volumes were ~70 mm3 (Fig. 10.8). After irradiation with a 660-nm laser 
(0.3 W/cm2, 20 min), the mice treated with CD–PEG–FA/ZnPc showed remarkable 
suppression of tumor growth as compared to the control mice for 8 days. However, 
the mice treated with CD–PEG/ZnPc and CD–PEG–FA, with or without laser ir-
radiation, showed no notable difference in tumor size compared to the controls. 
Collectively, the in vivo study suggested that the present tumor-targeted CD-based 
PDT therapeutic agent delivery system can effectively induce the accumulation of 
the PS-loaded CDs in tumors, thus leading to enhanced therapeutic efficacy with a 
relatively small quantity of ZnPc.

In conclusion, CD–PEG–FA successfully demonstrated the targeted delivery 
of a PS via FA-mediated endocytosis of biocompatible CD–PEG–FA/ZnPc and 

Fig. 10.7  a Fluorescence of ZnPc (excited at 660 nm) in tumor was imaged after a 12-h injec-
tion of CD–PEG–FA/ZnPc, CD–PEG/ZnPc, and CD–PEG–FA (0.5 mg of ZnPc/kg mouse). b 
CD–PEG–FA/ZnPc suspensions were injected into tail veins of tumor-bearing mice, and the fluo-
rescent signals were obtained at various time points (1, 2, 6, 12, 24, and 48 h). c Ex vivo fluores-
cence images of major organs of mice. The fluorescent signals corresponding to ZnPc (excited at 
660 nm) from major organs, tumor, and skin were obtained after 12 h of IV injection of CD–PEG–
FA/ZnPc and CD–PEG/ZnPc into tumor-bearing mice. FA-conjugated CD delivered and released 
ZnPc to tumor effectively, in contrast with the CD lacking FA
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therapeutic photodynamic efficacy by singlet oxygen generation from the internal-
ized ZnPc upon light irradiation in vitro and in vivo. We anticipate that the present 
CD-based targeted delivery of the PS would offer a convenient and effective plat-
form for enhanced PDT to treat cancers in the near future because of its excellent 
biocompatibility, bioimaging and targeting capability, and therapeutic efficacy.

10.3  Zwitterionic CD-Based Drug Delivery for 
Chemotherapy In Vitro and In Vivo

Nuclear-targeting drug-delivery systems (DDSs) have attracted significant atten-
tion in the biomedical applications, because they substantially increase the healing 
efficiency especially for tumor therapy [32–34]. Since many anticancer drugs are 
required to enter the cell nucleus where the drugs damage the genes to stop prolif-
eration of the cancer cell, the construction of the nuclear-targeting DDSs is crucial 
to treat the tumors. Typically, for nuclear targeting, carriers need to be functional-
ized with the proper ligands such as nuclear localization signaling (NLS) peptides 
(nuclear membrane-penetrating peptides) on the surface [32–34]. Moreover, since 
the carriers cannot be acted as a fluorescent imaging probe, it should be conjugated 
with an organic fluorescent dye for tracking the individual drug-delivery event.

The highly luminescent CDs have emerged as a prospective class of biolabels 
by virtue of their tunable photoluminescence, biocompatibility, low toxicity, and 
mass production by a simple preparation method [12–25]. Furthermore, the CDs 
contain an sp2- and sp3-hybridized carbon structure that can load aromatic drugs via 
strong π–π interactions, making them a promising drug carrier for disease treatment. 
However, most CDs reported to date are localized to the cell cytoplasm, including 
the lysosomes, mitochondria, Golgi apparatus, and endoplasmic reticulum [12–25]. 
Therefore, it is evident that the next step in the evolution of CD is enabling it to 
reach the cell nucleus without being trapped in the cell cytoplasm.

Fig. 10.8  Relative tumor 
volumes measured over time 
after the tumor-bearing mice 
were treated with various CD 
derivatives
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Cytoplasmic and nuclear uptake of nanoparticle cargo in live cells can be deter-
mined by the size [35] and surface charge [36–39]. In addition, positively charged 
nanoparticles are preferentially internalized by cells and negatively charged ones 
interact with nuclei whose pH is consistently 0.3–0.5 units above that of the cyto-
sol [36–39]. Based on this observation, it is expected that the preparation of zwit-
terionic CDs, with both positively and negatively charged functional groups, can 
facilitate cytoplasmic uptake and subsequent nuclear translocation of theranostic 
drug–vehicle conjugates [40–45].

Multifunctional zwitterionic CDs have been fabricated via a simple one-pot 
synthesis using citric acid (CA) as a carbon source and an amino acid derivative, 
β-alanine (β-Ala), as a zwitterionic passivating agent, thus avoiding complexity and 
safety concerns. In vitro study has shown that the synthesized CDs were delivered 
into cell nuclei by their multicolor fluorescence. Furthermore, the CD-based DDS 
constructed by the non-covalent grafting of anticancer drug doxorubicin (Dox) not 
only efficiently accelerated nuclear and tumor accumulation of Dox but also mark-
edly enhanced the cytotoxicity in cancer both in vitro and in vivo, which is superior 
to many other nanoparticle-based Dox delivery systems (Fig. 10.9).

Zwitterionic CDs with 21.9 % of quantum yield showed two characteristic 
absorption peaks at 248 and 335 nm, which is suggestive of an sp2 carbon net-
work[19, 21] and the n–π* transition of the carbonyl group [19, 24], respectively 
(Fig. 10.10a). A bright blue fluorescence under UV light with a maximum emission 
wavelength at 418 nm was observed upon excitation at 335 nm. Bulk production by 
a simple manufacturing process is another advantage of CDs over other QDs and 
GQDs, yielding over a gram-scale powder in a highly efficient manner (average 
isolated yield over 30 %, inset in Fig. 10.10a). The CDs exhibited superior stability 
in aqueous solution, with a nearly neutral ς-potential (− 5.09 ± 6.47 mV) at pH 7, 
due to the presence of the zwitterionic β-Ala, which has both negatively charged 
carboxylic acid and positively charged amine moieties. The surface charge of the 
CDs gradually increased from − 44.1 ± 1.63 to 7.73 ± 1.43 mV with a decrease in pH 
from 11 to 3 (Fig. 10.10b).

FT-IR spectroscopy exhibited that the as-prepared CDs showed peaks at 1174 
(C–O stretching), 1772 (C = O stretching), 2947 (C–H stretching), 1708, and 

 

Fig. 10.9  Schematic illustration of the fabrication of doxorubicin-loaded carbon dot ( Dox/CD), 
and simultaneous cell imaging and efficient Dox delivery to the nucleus by the zwitterionic CD 
vehicle
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1616 (the asymmetric and symmetric stretching vibrations of the carboxylate 
groups (COO−)), and a broad peak around 3317 cm− 1 (O–H and N–H stretching; 
Fig. 10.11a). The successful passivation of β-Ala was confirmed by the presence 
of amide bond bands at 3095 (N–H stretching) and 1409 cm− 1 (C–N stretching). 
High-resolution X-ray photoelectron spectroscopy (XPS) spectra of the CDs further 
confirmed the successful surface passivation which indicates C–C (285.0 eV), C–N 
(285.7 eV), C–O (286.6 eV), C = O (287.2 eV), and O–C = O (289.0 eV) groups 
within CDs (Fig. 10.11b).

Figure 10.12a shows a high-resolution TEM (HRTEM) image of the CDs, reveal-
ing that the CDs had spherical shape with an average diameter of 3.09 ± 0.51 nm. 
In addition, aberration-corrected HRTEM allows to observe the hexagonal unit 
cells and a crystalline structure with an interlayer spacing of 0.24 nm (Fig. 10.12b), 
which corresponds to (111) lattice spacing of the graphite hexagons as confirmed 
by the fast Fourier transform (FFT) profile of a single CD (inset of Fig. 10.12b) [6, 
10, 11].

Fig. 10.10  a UV–vis absorbance, fluorescence excitation (λem = 435 nm) and emission 
(λex = 340 nm) spectra of the CDs. Inset shows photographs of the CD powder ( left), suspension 
under white light ( middle), and suspension under UV light at 365 nm ( right). b ς-potential of CDs 
with respect to pH

 

Fig. 10.11  a FT-IR spectrum and b deconvoluted high-resolution XPS C1s spectra of CD
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The fluorescence emission spectra of CDs exhibited an excitation-dependent 
feature, which is quite different from that of QDs and organic dyes, enabling multi-
color fluorescence detection. To evaluate the intracellular uptake and nuclear trans-
port of the CD vehicles, the time-dependent localization of the CDs was studied 
after incubation with the human cervical cancer cell line, HeLa, for varying lengths 
of time by monitoring the blue, green, and red multicolor fluorescence signals of 
CD itself as well as by quantitatively measuring the fluorescence intensity within 
the cells (Fig. 10.13). The fluorescence of CDs began to appear in the cytoplasm 
after a 2-h treatment, suggesting that the CDs permeated the cell membrane. After 
a 6-h incubation, the CDs proceeded to move into the nucleus, a partially delocal-
ized fluorescent signal was observed at the perinuclear region, and similar levels of 
fluorescence were monitored on both sides. Noticeably, significantly strong fluo-
rescence of the cells after longer incubation periods (24 and 48 h) originates mainly 
from the nuclei.

The Bio-TEM images further demonstrated the clear nuclear localization of the 
CDs, in agreement with the strong fluorescence signals appeared in the nucleus 
after a 24-h incubation (Fig. 10.14). It should be noted that, although the CDs were 
not modified with any nuclear-targeted signals or chemicals, the CDs were suc-
cessfully internalized into the cells as well as the nucleus which is attributed to the 
zwitterionic surface state and small size of CDs.

To use the CDs as a potential drug-delivery vehicle, the cytotoxicity of the CDs 
was evaluated in normal human WI-38 cells and cancer HeLa cells by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The CDs were 
incubated for 24 h in a dose-dependent manner (10–1000 μg/mL) in triplicate. The 
CDs displayed remarkably low cytotoxicity (Fig. 10.15), with greater than 95 % cell 
viability at concentrations up to 500 μg/mL in both cell lines. These results indicate 
that the CDs are safe as a potential carrier for drug delivery.

Fig. 10.12  a. TEM image of CDs with a corresponding size distribution histogram. b High-res-
olution TEM image showing the arrangement of carbon atoms in CDs with a lattice spacing of 
0.24 nm. Inset is the corresponding FFT profile of a CD
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Fig. 10.13  Confocal fluorescence microscopy images showing the cytoplasmic and nuclear trans-
port of CDs in HeLa cells. After treatment with 500 μg/mL CDs for varying amount of time, the 
blue, green, and red fluorescence signals of the CDs were observed under ultraviolet (405 nm), 
blue (473 nm), and green (559 nm) laser excitations, respectively. The fluorescence intensity in 
the nucleus and cytoplasm is measured separately and plotted in a time-dependent manner for each 
channel
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The well-known anticancer chemotherapeutic drug Doxorubicin (Dox) has been 
widely used to treat a range of cancers, including cervical, gastric, and lung cancer, 
because it can directly intercalate with DNA to kill cancer cells [46]. However, 
when Dox is administered directly without a carrier, it displays low antitumor activ-
ity, due to lack of efficiency in reaching the nucleus. The CD-based drug-delivery 
vehicle was constructed by the non-covalent grafting of the anticancer drug Dox 
via strong π–π staking interactions between the sp2-carbon network of CDs and the 
aromatic structure of Dox [12, 22–24]. The successful loading of Dox onto the CD 
was evident from the peaks at 339 and 474 nm, arising from respective CD and Dox, 
resulting in a loading of 14 wt % Dox in the CDs (Fig. 10.16a). Importantly, the 
ς-potential of the Dox/CD complex remained around zero (− 5.92 ± 1.20 mV) at pH 
7.0, indicating that the zwitterionic properties were preserved. The anticancer effi-
cacy of Dox was evaluated by treating the HeLa cells with varying Dox or Dox/CD 
concentrations for 24 h. The HeLa cell viability clearly demonstrated that Dox/CD 

Fig. 10.14  Bio-TEM image 
of HeLa cells shows nuclear 
localization of CD. Inset is a 
zoom-in image of the red box 
in the main image

 

Fig. 10.15  Cell viability of 
WI-38 and HeLa cells treated 
with various CD concentra-
tions for 24 h
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considerably improved the therapeutic efficacy through CD-aided delivery, as com-
pared to free Dox (Fig. 10.16b).

Enhanced Dox uptake by the CD carrier was confirmed by monitoring promi-
nent red Dox fluorescence in the nucleus (λex/em = 480/520–640 nm) under a fluores-
cence microscope (Fig. 10.17). However, the cells treated with Dox alone showed 
weak fluorescence in the red channel. Therefore, the Dox/CD complex delivered 
Dox to the nucleus more efficiently than Dox alone, thereby suppressing cancer cell 
proliferation and acting as a fluorescent label for intracellular monitoring.

The nanoparticles with zwitterionic surfaces have shown higher colloidal stabil-
ity over a wide pH range and reduced nonspecific interactions with serum com-
ponents, thereby prolonging blood circulation for enhanced tumor accumulation 

Fig. 10.16  a UV–vis absorbance spectra of CDs, Dox, and Dox-loaded CDs (Dox/CD). b Cell 
viability of the HeLa cancer cells exposed to different concentrations of Dox alone and Dox/CD 
(µg/mL) for 24 h

 

Fig. 10.17  Bright-field and confocal fluorescence images of HeLa cells treated with Dox and 
Dox/CD (2 μg/mL) for 24 h. Dox/CD delivers Dox to the nucleus more efficiently than Dox alone

 


