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A facile two-step method was developed to fabricate green fluorescent carbon nanodots@zeolitic imidazolate framework-8 nanoparticles (C-dots@ZIF-8 NPs) with tunable size and fluorescence
intensity, which acted as platforms for simultaneous pH-responsive
drug delivery and fluorescence imaging of cancer cells.

Zeolitic imidazolate frameworks (ZIFs),1 known as a subclass of
metal–organic frameworks (MOFs),2 are crystalline tridimensional
networks consisting of metal ions or metal clusters bridged
tetrahedrally via the imidazolate type of linker. Their characteristic
microporosity together with the exceptional thermal and chemical
stabilities bring them to the forefront of crystalline porous
material research. Over the past few years, ZIF-8, as a protoypical
representative of ZIFs, has received great attention because of its
potential applications in gas uptake, separation and drug
delivery.3 To date, the hybrid nanocomposites based on ZIF-8 show
remarkable properties depending on the incorporated foreign NPs
with versatile shapes and functions. So far, several reports have
demonstrated how to construct the hybrid materials, which have
outstanding benefits that derive from both the incorporated NPs
(such as Au, Pt and Fe3O4 NPs) and ZIF-8 such as gas adsorption,
active catalytic properties and magnetic properties.4
Fluorescent carbon nanodots (C-dots), a novel class of nanocarbons, attract increasing interest as nascent quantum dots due
to their unique properties, such as physicochemical stability and
good biocompatibility.5 Compared with toxic metal-based quantum dots (QDs), not only do they display strong fluorescence intensity but they also cause no harm to the environment. Recently, the
low toxicity displayed in both animals and plants as well as their
environmental friendliness and luminescence make the C-dots

ideal candidates for applications in diagnostic analysis, bio-imaging, sensing, cancer therapy, fluorescent labeling and drug
delivery.6
However, to the best of our knowledge, no attempts have been
made on the construction of hybrid nanocomposites of C-dots
and ZIF-8. Herein, we report a simple and straightforward twostep method to synthesize green fluorescent C-dots@ZIF-8 NPs at
room temperature, where their fluorescence intensity and size can
be tuned by adjusting the amount of C-dots and the concentrations of initial Zn2+ ions and 2-methylimidazole (Hmim). The asprepared C-dots@ZIF-8 NPs possessing green fluorescence and
microporosity characteristics were employed as potential platforms for simultaneous pH-responsive anticancer drug delivery
and cell fluorescence imaging. The procedure is illustrated in
Scheme 1. In brief, the entire experimental process includes:
1) the synthesis of green fluorescent C-dots; 2) the incorporation of
the C-dots into ZIF-8 to form C-dots@ZIF-8 NPs; 3) the loading of
5-fluorouracil (5-FU) into C-dots@ZIF-8; and 4) the 5-FU loaded
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Scheme 1 Schematic representation of the synthetic route of the
C-dots@ZIF-8 for simultaneous anticancer drug delivery and
fluorescence imaging of cancer cells.

CrystEngComm, 2014, 16, 3259–3263 | 3259

View Article Online

Published on 28 January 2014. Downloaded by Northeast Normal University on 03/12/2015 02:13:04.

Communication

C-dots@ZIF-8 as anticancer drug delivery vehicles for simultaneous
cell fluorescence imaging and pH-responsive drug release.
The C-dots were obtained through a microwave-synthesis
method as established previously.7 Fig. 1a displays the highresolution electron transmission microscopy (HRTEM) image of
the as-synthesized water soluble C-dots with an average size of
2 nm. The close-up image of a single C-dot is provided in the inset
of Fig. 1a. The C-dots exhibit green light under irradiation with a
365 nm ultraviolet (UV) lamp (inset of Fig. 1d), which is consistent
with the emission peak at 497 nm in the photoluminescence (PL)
spectrum (Fig. 1d). In addition, a Fourier transform infrared
(FTIR) spectrum was obtained for C-dots. As shown in Fig. S1,†
two apparent bands at 3430 and 3062 cm−1 can be observed for
the N–H and the O–H stretching vibrations, respectively. An
absorption peak of the CO bond stretching at 1716 cm−1
appeared and the 1448 cm−1 band is ascribed to the –CH2
vibration.8 These data confirm the presence of carboxylic and
N-containing groups which results in the water soluble properties of
C-dots.
Subsequently, the C-dots@ZIF-8 was prepared by directly
mixing C-dots, Zn(NO3)2·6H2O and Hmim at room temperature
using methanol as solvent without stirring for 24 h. It is worth
noting that the position of the PL emission peak of C-dots does
not shift obviously upon mixing with Zn(NO3)2·6H2O or Hmim for
24 h (Fig. S2a and b†) indicating that the fluorescence properties
of C-dots were retained in spite of the introduction of the other
two components in isolation. Fig. 1b and c show the fieldemission scanning electron microscopy (FE-SEM) images of the
as-prepared C-dots@ZIF-8 and pure ZIF-8, respectively, which
revealed the uniform sodalite zeolite-type structure with an
average size of 110 nm. In addition, the size distributions and zeta
potentials of C-dots@ZIF-8 and ZIF-8 were further measured by
dynamic light scattering (DLS), as shown in Fig. S3a and b.†
The result confirms that C-dots@ZIF-8 and ZIF-8 have
positively charged surfaces with zeta potentials of 10.9 and 11.2
mV, respectively. Their corresponding TEM images are shown in
the insets of Fig. 1b and c, where they exhibit a hexagonal shape.
The consistency in size and shape between the C-dots@ZIF-8 and

Fig. 1 HRTEM image of (a) C-dots (inset: an HRTEM image of a single
C-dot). SEM images of (b) C-dots@ZIF-8 and (c) ZIF-8 (insets: the
corresponding TEM images). PL spectra of (d) bare C-dots,
(e) C-dots@ZIF-8 and (f) pure ZIF-8 with an excitation wavelength at 420
nm (insets: photographs of the corresponding samples suspended in
methanol solution illuminated under ambient light (left) and under UV
light (365 nm; right)).
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pure ZIF-8 proves that the incorporation of C-dots does not affect
the morphology of ZIF-8. We consider that the formation of
C-dots@ZIF-8 may result from the coordination interactions
between Zn2+ ions and the terminal carboxylic or N-containing
groups on the C-dot surface during the growth of ZIF-8. To further
prove the successful growth of C-dots@ZIF-8, powder X-ray diffraction (PXRD) measurements were taken. Both the C-dots@ZIF-8
and pure ZIF-8 show the reflection at 2θ = 7.3° attributed to a
110 peak (Fig. S4†), which is consistent with the fact that the nanocrystals of ZIF-8 with rhombic dodecahedron are made up of 12
{110} facets. These data gave strong evidence for the same crystalline form of the C-dots@ZIF-8 and pure ZIF-8.9 Furthermore, it
was found that the optical properties of the C-dots were retained
after the formation of C-dots@ZIF-8 by comparing the PL spectra
of bare C-dots, C-dots@ZIF-8 and pure ZIF-8 (Fig. 1d–f). It can be
seen that the peak at 497 nm of the C-dots@ZIF-8 is observed in
the PL spectrum (Fig. 1e), in agreement with that of the pure
C-dots (Fig. 1d). For pure ZIF-8, however, no obvious peak at 497 nm
appeared (Fig. 1f). The results demonstrate that the green fluorescence of C-dots@ZIF-8 originates from the C-dots rather than from
ZIF-8, which is further confirmed by the photographs of the corresponding samples excited using a UV lamp at 365 nm. Under the
same conditions, the C-dots and C-dots@ZIF-8 emit bright green
light (insets of Fig. 1d and e) but no luminescence can be observed
in the case of the pure ZIF-8 (inset of Fig. 1f).
Moreover,
during
the
preparation
process,
the
fluorescence intensity of C-dots@ZIF-8 NPs was controlled by the
percentage of C-dots in the product within a certain range. In
order to further check the correlation between the volume ratio
of the precursors and the fluorescence intensity,a series of
C-dots@ZIF-8 NPs with different amounts of C-dots (C-dots@ZIF-8-1,
C-dots@ZIF-8-2, C-dots@ZIF-8-3, C-dots@ZIF-8-4, C-dots@ZIF8-5, C-dots@ZIF-8-6 and C-dots@ZIF-8-7 corresponding to the
C-dot to Zn2+ ion volume ratios of 0.75 : 100, 1.75 : 100, 2.50 : 100,
5.00 : 100, 7.50 : 100, 10.0 : 100, and 12.5 : 100, respectively) were
synthesized by optimization of the encapsulation procedure.
Then they were all harvested and washed with methanol several
times until the supernatant exhibited no green fluorescence
under UV light (365 nm), which proved that the free C-dots have
been removed. Just as expected, the more C-dots were added, the
stronger the fluorescence intensity of C-dots@ZIF-8 NPs became,
which can be observed by comparing the PL spectra in Fig. S5.†
The solution of the corresponding samples also emitted much
stronger green luminescence under 365 nm UV light with the
increase in C-dot to Zn2+ ion volume ratios (inset of Fig. S5,† bottom row). At the same time, the effect on the size of C-dots@ZIF-8
by varying the C-dot to Zn2+ ion volume ratios was surveyed. As
shown in Fig. S6,† all of the obtained C-dots@ZIF-8 NPs did not
show obvious changes in size and morphology. To obtain the
different sizes of C-dots@ZIF-8 NPs, the concentration of Zn2+
ions was adjusted from 0.03 to 0.06 and 0.18 M and kept the
molar ratio of Hmim to Zn2+ ions at 25 : 6 (the molar ratio used
in the synthesis process of C-dots@ZIF-8-6). As shown in Fig. 2,
the size of the C-dots@ZIF-8 NPs prepared using 0.03 M Zn2+
ions (C-dots@ZIF-8-8) decreased to ~80 nm (Fig. 2a) and the NPs
prepared with 0.18 M Zn2+ ions (C-dots@ZIF-8-9) increased to
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about 500 nm in size (Fig. 2c) in comparison with C-dots@ZIF-8-6
with an average size of 110 nm (Fig. 2b) fabricated in the presence of 0.06 M Zn2+ ions. The corresponding size distributions of
C-dots@ZIF-8-8 and C-dots@ZIF-8-9 are shown in Fig. S3c and d,†
respectively. These data signify the increase of size with the
increase of the Zn2+ ion content, which may be attributed to the
rates of nucleation and crystal growth that depend on the content of the reactants during the formation of the nanocrystals.10
Therefore, we can obtain C-dots@ZIF-8 NPs with different fluorescence intensities and sizes by controlling the amount of
C-dots and the content of initial Zn2+ ions and Hmim.
Unfortunately, the position of the C-dots in the ZIF-8 matrix
cannot be observed from the TEM and FE-SEM images due to the
ultra-small size of the C-dots. To further ensure the encapsulation,
the control experiments were conducted. Briefly, the assynthesized ZIF-8 was physically mixed with the C-dots for 24 h to
form the composites (ZIF-8+C-dots). Then the precipitation collected by centrifugation exhibited bright green fluorescence under
UV irradiation (Fig. 3h), which showed that the C-dots have been
adsorbed onto the surface of ZIF-8 owing to the following two reasons: 1) the size of C-dots is too large (ca. 2 nm) to enter into the
micropore of ZIF-8 (11.6 Å) and 2) individual C-dots cannot be separated and purified by centrifugation due to their ultra-small size.
Subsequently, the obtained C-dots@ZIF-8 and ZIF-8+C-dots were
washed with methanol ten times to further confirm the adsorption
of the C-dots onto the ZIF-8 surface. As shown in the photographs
in Fig. 3, all the powders revealed no fluorescence under ambient
light (Fig. 3a–e), which is the same as pure ZIF-8 under UV light
(365 nm) (Fig. 3f). Though both of the C-dots@ZIF-8 and ZIF-8+Cdots emitted green fluorescence after the first centrifugation
(Fig. 3g and h), only C-dots@ZIF-8 kept its strong green fluorescence (Fig. 3i) under 365 nm light after washing ten times with
methanol compared with ZIF-8+C-dots NPs, which completely lost
their green fluorescence (Fig. 3j). Therefore, we concluded that the
C-dots were incorporated into the matrix of ZIF-8 in the case of
C-dots@ZIF-8 because the C-dots adsorbed on the surface of ZIF-8
can be completely removed by repeatedly washing with methanol
(Fig. S7†).
C-dots@ZIF-8 displays type I isotherms with a surface area of
about 1763 m2 g−1 and illustrates microporosity based on nitrogensorption measurement results as revealed in Fig. 4a. Compared
with pure ZIF-8 (1806 m2 g−1), the gravimetric Brunauer–Emmett–
Teller (BET) surface area of C-dots@ZIF-8 decreases, which results
from the encapsulation of nonporous C-dots into the ZIF-8.11 However, the C-dots@ZIF-8 and ZIF-8 have the same pore-size distribution (Fig. 4b), indicating that the introduced C-dots are surrounded

Fig. 2 TEM images of C-dots@ZIF-8-8 (a), C-dots@ZIF-8-6 (b), and
C-dots@ZIF-8-9 (c) (insets: the corresponding close-up TEM images of a
single C-dots@ZIF-8).
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Fig. 3 Powder photographs obtained under natural light (top) and
under 365 nm laboratory UV light (bottom). (a) Pure ZIF-8,
(b) C-dots@ZIF-8, (c) C-dots+ZIF-8, (d) C-dots@ZIF-8 after washing 10 times
with methanol, and (e) C-dots+ZIF-8 after washing 10 times with
methanol. (f), (g), (h), (i), and (j) are the corresponding samples
observed under 365 nm laboratory UV light.

by the growing ZIF-8 because their sizes are so large that they cannot occupy themselves in the cavities of the ZIF-8.
The C-dots@ZIF-8 NPs possess the stable green fluorescence
feature endowed by the C-dots and the external porosity derived
from the ZIF-8 and are potential candidates for simultaneous pHresponsive drug delivery and cell imaging. 5-FU, as a representative anticancer drug, was chosen to investigate the drug delivery
ability of the C-dots@ZIF-8 based on C-dots@ZIF-8-6 with a size
of around 110 nm.12 The content of the 5-FU loaded was 0.3 mg
per mg C-dots@ZIF-8 through UV-vis absorption spectra measurements at 265 nm (Fig. S8†) and the properties were further characterized by PXRD and PL (Fig. S9†). It can be seen that the
introduction of 5-FU did not influence the crystal structure; moreover, the emission peak at 416.2 nm displays the successful loading of 5-FU into C-dots@ZIF-8.
Release experiments were performed to calculate the cumulative drug release of 5-FU from 5-FU loaded C-dots@ZIF-8 at 37 °C
at different pH values (pH = 7.4 and 5.5) of phosphate-buffer
saline (PBS) (Fig. S10†).13 5-FU loaded C-dots@ZIF-8 exhibited
slow release in approximately neutral PBS solution and about
40% of 5-FU was released at an early stage. After that, more stable
release of smaller doses was observed. In contrast, the speed of
5-FU release was faster in acidic PBS solution with more than
92% of 5-FU released after 48 h in comparison with only 67% in
neutral PBS solution during the same period of time. These
results prove that the C-dots@ZIF-8 can act as a drug delivery
vehicle for pH-responsive drug release in cancer cells.
These excellent materials when used as a drug delivery
system are not toxic, and they also have the potential

Fig. 4 (a) N2 sorption isotherms of pure ZIF-8 (black) and
C-dots@ZIF-8 (red) collected at 77.35 K. (b) Pore-size distributions of the
corresponding samples.
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capacity for bio-imaging. To ensure that the C-dots@ZIF-8
has little toxicity to normal cells, cell viability against
Hela, prostate (DU145) and fibroblast (L929) cells at different concentration levels wereassessed by the colorimetric
3-(4,5-dimethyl-2-thiazole)-2,5-diphenyl-2-tetrazolium bromide
(MTT) assay.14 The in vitro cytotoxicity experiment shows that
more than 90% of the cells remained viable after 24 h of treatment with C-dots@ZIF-8 concentrations between 1.5625 μg mL−1
and 25 μg mL−1 (Fig. 5a) which indicates good biocompatibility.
The application of 5-FU loaded C-dots@ZIF-8 in cell imaging
was investigated via incubation of Hela cells as an example in
cell culture medium for 24 h by confocal laser scanning microscopy (CLSM).15 As shown in Fig. 5b, the cells attached themselves well to the plate and maintained their regular morphology.
In addition, green fluorescence of 5-FU loaded C-dots@ZIF-8
was observed in the cytoplasm of Hela cells (Fig. 5c), indicating its entry into the Hela cells by means of endocytosis
rather than adsorption on the exterior of the cells.
To check if the released 5-FU was still pharmacologically
active, the Hela cells were incubated with 5-FU loaded
C-dots@ZIF-8 and free 5-FU afterwards (Fig. 5d). The concentration
of empty C-dots@ZIF-8 was set at the same level as that of the
5-FU loaded C-dots@ZIF-8 and the concentration of 5-FU was also

CrystEngComm

consistent with that of the 5-FU that was loaded in C-dots @ZIF-8.
The results made it clear that the viability of cells after interaction with 5-FU loaded C-dots@ZIF-8 and free 5-FU is at the
approximate level. With the decrease of the concentration, the
cytotoxic effect of 5-FU loaded C-dots@ZIF-8 decreased because of
the slow release of 5-FU from the 5-FU loaded C-dots@ZIF-8 into
the cytoplasm of Hela cells.

Conclusions
In summary, we developed an effective strategy to encapsulate green fluorescent water soluble C-dots in ZIF-8 at room
temperature. Furthermore, the fluorescence intensity and size
of C-dots@ZIF-8 NPs can be tuned by varying the amount of
C-dots and the concentration of the precursors. More importantly, the resulting C-dots@ZIF-8 can serve as a carrier for
simultaneous fluorescence imaging and pH-responsive drug
delivery to cancer cells. Both the controllable synthesis
method and the unique application make C-dots@ZIF-8 NPs
potential candidates for the multifunctional biomedical platform. Moreover, this method can be extended to construct
various fluorescent NCs (such as Au NCs)@ZIFs or MOFs
hybrid materials.
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Fig. 5 (a) Cell viability of Hela, DU145 and L929 cells incubated with
C-dots@ZIF-8 with different concentrations (100, 50, 25, 12.5, 6.25,
3.125 and 1.5625 μg mL−1) for 24 h. CLSM images of Hela cells
incubated with 5-FU loaded C-dots@ZIF-8 for 24 h. (b) The differential
interference contrast (DIC) image. (c) The spot-like green fluorescence
showing internalized 5-FU loaded C-dots@ZIF-8. (d) In vitro
cytotoxicity of C-dots@ZIF-8, 5-FU loaded C-dots@ZIF-8, and free
5-FU against Hela cells.
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