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Abstract

Carbon dots (CDs) and their L-cysteine (S doped CDs) and urea (N doped CDs) doped
analogues were made by using the simple and low cost carbon source - pure milk. Milk-CDs have
an average diameter of about 5+0.27 nm, whereas S doped CDs and N doped CDs have an
average diameter of about 4+0.07 nm and 3£0.07 nm, respectively. The effect of the L-cysteine
and urea doped on the spectroscopic and photophysical properties of Milk-CDs were studied by
means of UV/vis absorption, steady-state, and time-resolved fluorometry. The maxima
fluorescence excitation of S doped CDs and N doped CDs are blue-shifted by 40 and 60 nm and
maxima fluorescence emission are blue shifted by 36 and 30 nm compared with those of the
Milk-CDs, respectively. Furthermore, the maxima excitation of the up-conversion fluorescence
emission (anti-Stokes) of N doped CDs are blue-shifted by 90 nm and emission maxima are blue
shifted by 50 nm compared with those of the Milk-CDs and S doped CDs, respectively. N doped
CDs have the highest fluorescence quantum yield among the three CDs. Moreover, the confocal
microscopy experiments showed that Milk-CDs, S doped CDs and N doped CDs can be used

within living cells.



Page 3 of 24

RSC Advances

1. Introduction

Carbon nanomaterials, such as carbon nanotubes,l fullerenes,2 graphene3 and nanoﬁbers,4
have been attracting much attention of researchers because of their valuable qualities. Recently, a
new class of fluorescent carbon nanomaterials has emerged in the academic field - carbon dots
(CDs), owing to their many advantages such as photostability, water solubility, biocompatibility,
excellent cell membrane permeability and tuneable surface functionalities.™® Compared to the
traditional luminescent semiconductor quantum dots (QDs), which have been known for toxicity
and potential environmental hazard due to the contained heavy metals,”® the CDs are
environmentally and biologically compatible.9 As a result, much attention has been paid to their
potential applications in biological labelling, bioimaging and drug delivery."

It has been shown that precursors for CDs are simple and environmentally benign, and mainly
include two types, chemical reagents and carbohydrates from daily life. For example, fluorescent
carbon nanoparticles were prepared from the combustion soot of candles by means of an oxidative
acid treatment,'’ which introduced OH and COOH groups to the carbon nanoparticles surfaces,
thus, making the particles become negatively charged and hydrophilic. The other sources of CDs
include carbohydrates from our daily life, such as soy milk,'* sweet pepper,* paper ash'’ and
banana juice,'* whereas chemical reagents to synthesize CDs, could be for instance citric acid,

1519 and glycerol.”*

L-cysteine, urea
Attention to the fluorescence up-conversion nanoparticles (UCNPs) has recently grown
tremendously. They allow for transfer of a longer wavelength radiation (e.g. NIR light) to shorter

wavelength fluorescence (e.g. visible light) via a two-photon or multiphoton mechanism.>’ When

it comes to the synthetic aspect of the up-conversion nanoparticals, a lot of methodologies to
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synthesize UCNPs with desirable properties have been reported. However, to date most of the
up-conversion fluorescent materials reported are inorganic crystals doped with rare-earth
elements, such as NaYF4: Yb*', Er’" 22 and NaGdF.: Yb/Er.> To the best of our knowledge,
there are only a few nanomaterials displaying both down and up-conversion fluorescence, but
interestingly it has been shown that carbon dots have the down and up-conversion fluorescence
properties.24’25 Therefore, CDs prepared from green materials with excellent up-conversion
fluorescent properties have aroused the interest of researchers.

In the present paper, carbon dots (Milk-CDs) and their L-cysteine (S doped CDs) and urea (N
doped CDs) doped analogues were made by using the simple and accessible carbon source - pure
milk, by a one-step hydro-thermal reaction. The method has many advantages such as cheap raw
materials, environmental compatibility and mild reaction conditions. The spectroscopic properties
and the photophysical characteristics of Milk-CDs, S doped CDs and N doped CDs analogues
derivative were investigated by using UV/vis absorption, and steady-state and time-resolved
fluorescence spectroscopy. The effect of the L-cysteine and urea on the spectroscopic and
photophysical properties of CDs is reported. The photophysical characteristics of the studied CDs
analogs strongly depend on the nature of the materials doped with heteroatoms.

2. Experimental
2.1 Chemicals

Pure milk was purchased from the local supermarket and was not treated. Urea (>99.0%) and
L-cysteine (99%) were purchased from Guangfu (Tianjin) and J&K (Beijing). All solvents and
reagents were of analytical grade and directly used without any further purification.

2.2 Instrument
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XRD measurements were performed on a X-ray diffract meter (D/max-2400pc, Rigaku,
Japan) with Cu Ka radiation (A = 1.54178 A), with the operation voltage and current at 40 kV
and 60 mA, respectively. The 20 range was from 10 to 50° in steps of 0.02°. The transmission
electron microscopy (TEM) was obtained on a JEM-2100 transmission electron microscope at
an acceleration voltage of 120 kV. Samples were prepared by placing a drop of a dilute alcohol
dispersion of the products on the surface of a copper grid. Dynamic light scattered (DLS) was
got on a BI-200SM (USA Brookhaven) at room temperature. Elemental was obtained by a
Vario cude (Germany). The atomic force microscopy (AFM) images were obtained using a
tapping mode of Agilent 7000 Atomic Force Microscope. Raman spectra were measured with a
Renishaw InVia Raman microscope at room temperature with a 633 nm line laser as the
excitation source. Fourier transform infrared (FTIR) spectra were conducted within the
4000-400 cm™ wavenumber range using a Nicolet 360 FTIR spectrometer with the KBr pellet
technique.

2.3 Steady-state UV—vis absorption and fluorescence spectroscopy

UV-vis absorption spectra were recorded on a Varian UV-Caryl00 spectrophotometer,
and for the corrected steady-state excitation and emission spectra and up-conversion
fluorescence spectra, a FLS920 spectrofluorometer was employed. Freshly prepared samples in
lcm quartz cells were used to perform all UV—vis absorption and emission measurements.

Quantum yields were determined by an absolute method using an integrating sphere based
upon that originally developed by de Mello® et al. Experiments were conducted on an FLS920
from Edinburgh Instruments.

2.4 Time-Resolved Fluorescence Spectroscopy
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Fluorescence decay times were measured on an Edinburgh Instruments FLS920 equipped
with the light emitting diodes (excitation wavelengths 330, 360 and 375 nm), using the

time-correlated single photon counting technique®’*

in 2048 channels at room temperature.
The samples were dissolved in water and the concentrations were adjusted to have optical
densities at the excitation wavelength (330, 360 and 375 nm) < 0.1. The monitored
wavelengths were 420nm, 440 nm, and 460 nm.

Histograms of the instrument response functions (using a LUDOX scatter) and sample
decays were recorded until they typically reached 1.0x10* counts in the peak channel. Obtained
histograms were fitted as sums of the exponentials, using Gaussian-weighted nonlinear least
squares fitting based on Marquardt-Levenberg minimization implemented in the software
package of the instrument. The fitting parameters (decay times and preexponential factors)
were determined by minimizing the reduced chi-square y°. An additional graphical method was
used to judge the quality of the fit that included plots of surfaces (“carpets”) of the weighted
residuals vs channel number. All curve fittings presented here had x* values < 1.1.

2.5 Cell Culture

The SMMC-7721 cells were provided by the Institute of Biology (Lanzhou University). To
determine the cell permeability of CDs and their analogues, the cells were incubated with 50 uM
of CDs and their analogues (water) for 1h at 37 °C, and washed with
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) to remove the remaining CDs.
The confocal fluorescence image was observed using a confocal microscope - Leica DM-4000D

microscope (excitated by blue and ultraviolet light).

2.6 Synthesis of Milk-CDs



Page 7 of 24

RSC Advances

The Milk-CDs were prepared by hydro-thermal treatment with the single carbon source - pure
milk. Then, it was transferred into a 25 mL Teflon-lined autoclave and heated at 180 °C for 8 h. In
order to check the effect of preparation time on the fluorescence properties, Milk-CDs were
heated over different time (2, 3, 5 and 8 hours).

The CDs were collected by removing the large nanoparticles by centrifugation at 8000 rpm
for 20 min and pouring out the unreacted precursors. Finally, the obtained Milk-CDs were
dispersed in ultrapure water.

2.7 Synthesis of S doped CDs

2g of pure milk and 1g of L- cysteine were transferred into a 25 mL Teflon-lined autoclave
and heated at 180 °C for 8§ h. The CDs were obtained by removing the large nanoparticles by
centrifugation at 8000 rpm for 20 min and pouring out the unreacted precursors. Finally, the
obtained S doped CDs were dispersed in ultrapure water.

2.8 Synthesis of N doped CDs

10g of pure milk and 5g of urea were transferred into a 25 mL Teflon-lined autoclave and
heated at 180 °C for 8 h. The CDs were collected by removing the large nanoparticles by
centrifugation at 8000 rpm for 20 min and pouring out the unreacted precursors. Finally, the

obtained N doped CDs were dispersed in ultrapure water.

3. Results and discussions
We have chosen a variety of carbon precursor materials to prepare the carbon dots, such
as citric acid, carrots and pure milk. Hovewer, considering the fluorescence properties and

inexpensive green raw resource, in the present report we selected the pure milk as carbon
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precursor material to synthesize the CDs.

The effect of heating time on the fluorescence quantum yield of prepared CDs using carrots
and pure milk is shown in the Table S1 (Supporting Information). The results show that the
fluorescence quantum yield of prepared CDs reaches a stable value after 8 hours (Figure 1).
The maxima in the emission spectra are also affected by the heating time; the maximum being
slightly shifted hypsochromically on prolonging preparation from 2h [Aenm(max)=486 nm] to 8h
[Aem(max)=466 nm]. Therefore, the final investigated CDs and their analogues were all prepared

during 8 hours.
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Figure 1 The effect of the preparation time (2, 3, 5, 8h) of Milk-CDs on the fluorescence emission
intensity (Aex =360nm).

The Milk-CDs, S doped CDs and N doped CDs were synthesized and characterized by
TEM, DLS, AFM, XRD, FT-IR, Raman and elemental analysis. Like most reported CDs, the
prepared Milk-CDs, S doped CDs, N doped CDs all show bright blue luminescence under

excitation of 365 nm UV-lamp.
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Elemental analyses indicate that the CDs are mainly composed of carbon, nitrogen,
oxygen and sulphur, as shown in Table S2. The contents of S and N in the prepared S doped
CDs and N doped CDs, respectively, have been improved.

As revealed by transmission electron microscopy (TEM) and dynamic light scattered
(DLS), figure 2 demonstrates the morphology and size of the prepared Milk-CDs, S doped CDs
and N doped CDs. The morphology of prepared Milk-CDs (Figure 2a) is regularly spherical
with an average diameter about 530.27 nm, whereas S doped CDs and N doped CDs have an
average diameter of about 4+ 0.07 nm and 3+0.07 nm (Figure 2b and 2c), respectively.
Dynamic light scattering (DLS) analysis at room temperature also shows that the average
hydrodynamic diameter of Milk-CDs, S doped CDs and N doped CDs is 5+0.27 nm, 4+0.07
nm and 3+0.07 nm (Figure 2), respectively. The atomic force microscopy (AFM) image (Figure
S1) shows the topographic height and surface roughness of the obtained CDs. The Milk-CDs
(Figure S1a) shows the topographic height mostly distributed in the range from 0 to 5.59 nm, with
an average value of about 2.80 nm. And the average value of the S doped CDs (Figure S1b) and N
doped CDs (Figure Slc) is respectively about 2.34 and 1.91 nm. The surface roughness of the

obtained CDs is 0.954, 1.01 and 0.685, which should be as small as possible.
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Figure 2 TEM of Milk-CDs (a); S doped CDs (b); N doped CDs (c); below figures are the
particle size distribution of the prepared CDs (nm) respectively.

The X-ray diffraction (XRD) pattern is presented in figure S2. The typical XRD profiles
of CDs consist of wider diffraction peaks centered at around 22.0° which have an interlayer
spacing of about 0.396 nm and is bigger than that of graphite (0.34 nm).*

IR spectra of Milk-CDs, S doped CDs and N doped CDs are shown in figure S3 and S4a.
We characterized the CDs obtained by different preparation time and found that they were
similar. In the IR spectra of Milk-CDs, the vibration band at about 3367.1 cm™ is attributed to
OH group. The vibration band at about 2853cm™ and 1746cm™ indicates the presence of the
carbonyl group in the surface of prepared CDs. In the IR spectra of S doped CDs, the vibration
bands at about 1636cm™, 1401cm™ and 1048cm™ clearly indicate the existence of S=C, C-N
and C-S groups. In the IR spectra of N doped CDs, the vibration band at about 3370 cm™ is
attributed to SOH and SNH vibrations. The vibration band at about 2921cm™ and 1672cm’™

indicates the presence of the carbonyl group in the surface of prepared CDs. And the vibration
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of about 1404 cm™ is attributed to the C-N.

The carbon structures of Milk-CDs and their analogues were confirmed by their respective
Raman spectra excited at 633 nm (Fig. S4b). The broad peak at 1347 cm™ is assigned to the D
band, which corresponds to the sp3 defects in CDs. The peak at 1629 cm™ matches well with
the G band, which is a band related to the in-plane bond-stretching motion of C sp2 atoms,
indicating that there are olefinic groups inside C-dots.

UV/Vis absorption spectra of Milk-CDs dissolved in water are depicted in figure S5. The
absorption spectra are of similar shape as those of described CDs.”*° Milk-CDs show broad
absorption bands with absorption maxima at 275 nm attributed to n-n* transition of the C=C band.
The absorption spectrum of S doped CDs exhibits two bands wherein one in the region of 274 nm
and another at around 310 nm are attributed to n-n* transition of the C=C band and n-n* transition
of the C=S band, respectively. On closer inspection in Figure S5, however, the N doped CDs
shows the two absorption peaks at around 274nm and 310nm, which is not very clear compared to
the S doped CDs.”' We consider that the additional peak of the S doped CDs and N doped CDs
maybe due to the introduced heteroatoms S and N with the lone electron pairs.

It has been reported that the fluorescence emission spectra and photoluminescent intensity
of CDs depend on the excitation Wavelength.3 3 The prepared carbon dots exhibited a bright
blue-green colour under ultraviolet radiation (A.x = 365 nm). The optical photos of the three CDs
recorded at room light and UV-lamp irradiation are shown in Figure 3 and Figure S6. In figure 3a,
the maximum of the fluorescence emission (~466 nm) of Milk-CDs (8h) was obtained with an
excitation wavelength of 380 nm, whereas increased excitation wavelength shifted the emission,

which may be attributed to the optical selection of differently-sized nanoparticles (quantum

11
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effect) and a distribution of the different surface energy traps of the carbon dots. The

fluorescent emission intensity for Milk-CDs decreases with the increased excitation wavelength

(longer than 380 nm).

Figure 3b displays the fluorescence emission spectra of Milk-CDs, S doped CDs and N

doped CDs at different excitation wavelength (360 and 420nm). It is clear that the

photoluminescent intensity of the N doped CDs is the strongest, is in accordance with the

fluorescence quantum yield (FLQY) shown in Table S3. The QY increases with the excitation

wavelength and the value reaches the peak at 360 nm, and decreases at 380nm. At the

excitation wavelength of 360nm the FLQY of the N doped CDs of has been improved 1.59

times compared to the Milk-CDs.
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Figure 3 Fluorescence emission spectra of (a) Milk-CDs (8h); (b) Milk-CDs, S doped CDs and N
doped CDs dispersed in water excited at different excitation wavelengths. The inset shows the
photos of the cuvettes containing Milk-CDs recorded at room light and under UV-lamp irradiation.

Introduction of L- cysteine (S doped CDs) and urea (N doped CDs) causes large blue shifts in
both the excitation and emission spectra of the investigated CDs analogues. For example, the
fluorescence excitation and emission maxima [Aex (max)and Aem (max), respectively] of S doped
CDs [Aex (max)=340 nmand Aem(max)=430 nm] are blue-shifted by ~40 nm and ~36 nm compared
to Milk-CDs[Aex(max)=380 nm and A.n(max)=466 nm], whereas Aex (max) and Aem (max) of N
doped CDs [Ae(max)=320 nm and Aepm(max)=435 nm] are blue-shifted by ~60 nm and ~30 nm
compared to the corresponding Milk-CDs (Figure 3b and Figure S6-S7).

The very strong up-conversion fluorescence can also be measured with the strong emission
fluorescence in the 400 - 600 nm range upon excitation wavelengths from 600 to 880 nm

(Figure 4 and Figure S8). This excitation dependent feature and anti-Stokes type emission may

13
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be attributed to the distribution of different particle sizes of the CDs, different emissive sites on
each CD and the multiphoton active processes.® The excitation and emission maxima [y (max)
and Aey (max)] of up-conversion fluorescence emission spectra of N doped CDs [Ae (max) =760
nm and A¢pn(max) =456 nm] are blue-shifted by ~90 nm and ~50 nm compared to Milk-CDs and S
doped CDs [Aex (max) =850 nm and Aem(max) =506 nm] (Figure 4a and Figure S7). Figure 4b
displays the up-conversion fluorescence emission spectra of Milk-CDs, S doped CDs and N

doped CDs at different excitation wavelength (760 and 850nm).
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Figure 4 Up-conversion fluorescence emission spectra of the (a) Milk-CDs and (b) Milk-CDs, S
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doped CDs and N doped CDs dispersed in water excited at different excitation wavelengths.

To investigate the fluorescence dynamics of CDs and their analogues, fluorescence decay
traces of CDs and their analogues in water were collected as a function of emission wavelength A,
by the single-photon timing technique. Each fluorescence decay trace was analyzed individually as
a sum of three exponential functions in terms of decay times t; and the associated pre-exponential
factors o; (i = 1 - 3). Mono- or bi-exponential decay functions failed to describe the observed
decays as evidenced by the large »*and high non-random residuals. Table S4 — S6 summarize the

. o 34,35
time resolved fluorescence data and the average lifetimes™™

of CDs and their analogues in water.

Before an attempt is made to analyze the results, it is worth recapitulating the literature data
on CDs. For CDs in ethanol, a tri-exponential function (~1.0 ns, ~5.0 ns and ~13.0 ns) was used to
fit the decay at all three emission wavelengths.® The fluorescence decay of Milk-CDs in water at
Aex = 360 nm also displays tri-exponential behavior, and a tri-exponential function (~0.8 ns, ~3.5
ns and ~11.0 ns) was used to fit the decays at all three emission wavelengths. The fast component
(11 ~ 0.8 ns) has the amplitude of about ~ 20 %, whereas the contributions of the 1, (~3.5 ns) and t;
(~11.0 ns) components are about ~ 47 % and ~ 33 %, respectively. The decay times are similar to
those reported in the literature.® '**® The different preparation time of Milk-CDs does not induce a
clear change of the fluorescence decays.

The decay times of S doped CDs in water are similar to those of Milk-CDs in water. For S
doped CDs in water, a tri-exponential function (~0.7 ns, ~3.5 ns and ~11.0 ns) was used to fit
the decay at all three emission wavelengths. On the other hand, the fluorescence decay of N

doped CDs is different from that of Milk-CDs and S doped CDs. The fast component (decay time

1:1=1.3 ns) became slower (Figure 5). Whereas the results of fluorescence decay of 1, and 13 of N

15
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doped CDs are similar to those of Milk-CDs and S doped CDs. It can be seen from table S4-S5
that the third lifetime 13 (or sum of 1, + 13) of Milk-CDs has a largest contribution. We also
measured the decay times of the CDs and their analogues, excitated at 330 and 375 nm giving

somewhat different results (shown in Table S4 — S6).
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Figure 5 The decay curves of Milk-CDs, S doped CDs and N doped CDs in water collected at
440nm when excited at 360 nm.

The fluorescence decays of CDs and their analogues in water are complicated, probably
due to the involvement of different particle sizes and the distribution of the different surface
energy traps of CDs in solution. In water, most likely three different particle sizes are present.
The difference of fluorescence properties is due to the variation in size of the carbon dots. The
energy gap increases with the decrease in size of the carbon dots. Further investigations are
necessary and will be undertaken. N doped CDs have the smallest particle size (~3 nm) among the
CDs studied. The maxima in the excitation spectra of N doped CDs are blue-shifted by 60 nm and
fluorescence maxima are blue shifted by 30 nm compared to those of the CDs. Furthermore, the

excitation of the up-conversion fluorescence emission (anti-Stokes) of N doped CDs is

16
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blue-shifted by 90 nm and fluorescence maximum is blue shifted by 50 nm compared to those of
the Milk-CDs and S doped CDs. N doped CD has the highest fluorescence quantum yield and

longer lifetime. The photophysical results are in accordance with the steady state measurements

(Scheme 1).
Excited State A A
Aex"¥*=340 nm hex =320 nm
Aox "=380 nm
=9.68 % ®=10.38 % D=15.39 %
Ay ™*=466 nm Aem =430 nm Aem =435 nm

Ground State

@ o o

Milk-CDs S doped CDs N dOpCd CDs

5nm 4nm 3nm

Scheme 1 Simplified photophysical properties scheme of Milk-CDs, S doped CDs and N doped

CD:s.

4. Fluorescence images

For practical applications, it is necessary to detect the molecular probe is in living cells under
biological conditions using a confocal microscope. SMMC-7721 cells (Human liver cancer cells)
were incubated with Milk-CDs, S doped CDs and N doped CDs (50 uM, water). After incubation
for 1 hour at 37 °C SMMC-7721 cells display different fluorescence when excited at different
wavelengths (ultraviolet light and blue light), as shown in figure 6. Figure 6a shows the bright field
microscopy image of the cells. The cells incubated with Milk-CDs show blue fluorescence when

excitated by ultraviolet light (Figure 6-2b), whereas the cells incubated with S doped CDs and N

17
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doped CDs show brighter blue fluorescence (Figure 6-3b and Figure 6-4b). The finding may be
due to the easier internalization of the S doped CDs and N doped CDs into the cells compared to
Milk-CDs. As we mentioned before, with increasing excitation wavelength, the intensity of the
emission band of CDs decreases, while the maximum of the band shifts to the red. When changing
the excitation wavelength from ultraviolet light to blue light, the cells incubated with S doped CDs
display the brightest green fluorescence (Figure 6-3c). The finding is in accordance with the
fluorescence emission of the S doped CDs shown in the figure S5, the S doped CDs shows the
highest fluorescence intensity at the long wavelength (~460 nm) compared to Milk-CDs and N

doped CDs.

18



Page 19 of 24

RSC Advances

Figure 6 Confocal fluorescence images of live SMMC-7721 cells. The excited light is ultraviolet
(b) and blue light (c). (1) la-Bright field microscopy image of pure SMMC-7721 cells, 1b-
Fluorescence image of pure SMMC-7721 cells excited by ultraviolet light and 1c- Fluorescence
image of pure SMMC-7721 cells excited by blue light (2) Fluorescence image of SMMC-7721
cells incubated with 50 uM Milk-CDs (water) for 1 hour at 37 °C. (3) Fluorescence image of
SMMC-7721 cells incubated with 50 uM S doped CDs (water) for 1 hour at 37 °C. (4)
Fluorescence image of SMMC-7721 cells incubated with 50 uM N doped CDs (water) for 1 hour
at 37 °C.

5. Conclusion

19
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In summary, carbon dots (CDs) and their L-cysteine (S doped CDs) and urea (N doped CDs)
doped analogues were made by using the simple and accessible carbon source - pure milk.
Milk-CDs have an average diameter of about 51+0.27 nm, whereas S doped CDs and N doped
CDs have an average diameter of about 4+0.07 nm and 3+0.07 nm, respectively. Due to the
involvement of different particle sizes and the distribution of the different surface energy traps of
CDs, the photophysical properties of Milk-CDs, S doped CDs and N doped CDs in water are
quite different. The maxima in the fluorescence excitation and emission spectra and
up-conversion fluorescence emission (anti-Stokes) spectra of the S doped CDs and N doped
CDs exhibit the clear blue-shift compared to the Milk-CDs. N doped CDs have the highest
fluorescence quantum yield among the CDs studied. They offer, not only the down conversion
fluorescence properties, but also the strong up-conversion fluorescence. Moreover, confocal
microscopy experiments showed that CDs can be used within living cells. Such multifunctional
nanoparticles should have great potentials for wider application.
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Graphical Abstract

Scheme 1:
Excited State A A
e =340 nm hex =320 nm
ey "¥*=380 nm ’
D=9.68 % ®=10.38 % D=15.39%
Ao ™*=466 nm Aem "*=430 nm v}\Cmma"435 nm

Ground State

Q Q ©

Milk-CDs S-CDs N-CDs

5nm 4nm 3nm

Fluorescence image of SMMC-7721 cells excited by ultraviolet light: a-Milk-CDs; b-S-CDs; c-N-CDs;
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