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ABSTRACT

As a promising drug nanocarrier, carbon dots (CDs) have exhibited many excellent properties. However,
some properties such as bone targeting and crossing the blood-brain barrier (BBB) only apply to a certain
CD preparation with limited drug loading capacity. Therefore, it is significant to conjugate distinct CDs to
centralize many unique properties on the novel drug nanocarrier. Considering that CDs have abundant
and tunable surface functionalities, in this study, a direct conjugation was initiated between two distinct
CD models, black CDs (B-CDs) and gel-like CDs (G-CDs) via an amidation reaction. As a result of conjuga-
tion at a mass ratio of 5:3 (B-CDs to G-CDs) and a two-step purification process, the conjugate, black-gel
CDs (B-G CDs) (5:3) inherited functionalities from both CDs and obtained an enhanced thermostability,
aqueous stability, red-shifted photoluminescence (PL) emission, and a figure-eight shape with a width
and length of 3 and 6 nm, respectively. In addition, the necessity of high surface primary amine
(—NH,;) content in the CD conjugation was highlighted by replacing G-CDs with other CDs with lower
surface —NH; content. Meanwhile, the carboxyl groups (—COOH) on G-CDs were not enough to trigger

E-mail addresses: zhilip@ynu.edu.cn (Z. Peng), rml@miami.edu (R.M. Leblanc).

https://doi.org/10.1016/j.jcis.2020.05.005
0021-9797/© 2020 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2020.05.005&domain=pdf
https://doi.org/10.1016/j.jcis.2020.05.005
mailto:zhilip@ynu.edu.cn
mailto:rml@miami.edu
https://doi.org/10.1016/j.jcis.2020.05.005
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

Y. Zhou et al. /Journal of Colloid and Interface Science 576 (2020) 412-425 413

self-conjugation between G-CDs. Moreover, the drug loading capacity was enhanced by 54.5% from B-CDs
to B-G CDs (5:3). Furthermore, when the mass ratio of B-CDs to G-CDs was decreased from 5:30, 5:100 to
5:300, the obtained nanostructures revealed a great potential of CDs as Lego-like building blocks. Also,
bioimaging of zebrafish demonstrated that various B-G CDs exhibited properties of both bone targeting
and crossing the BBB, which are specific properties of B-CDs and G-CDs, respectively.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Carbon dots (CDs) are a group of relatively new carbon-based
spherical nanoparticles (NPs) with diameters less than 10 nm [1].
They are widely present in the nature [2] and can be also synthe-
sized using various carbon-based substances as precursors by
either top-down or bottom-up approaches [3-5]. They are well
characterized for tunable surface functionality, excellent photolu-
minescence (PL), high photostability and water dispersity, good
biocompatibility, and nontoxicity [6,7]. Also, they come in different
sizes and surface chemistry depending on preparation methods
and precursors applied [8,9]. Applications of CDs in drug delivery
[10], bioimaging [11], sensing [5,12,13], optics [14], and other nan-
otechnology fields [15,16] are rapidly rising due to their aforemen-
tioned unique properties. However, the studies on CD surface
chemistry properties are far from complete [17]. In fact, its tunable
surface functionality also provides an opportunity to directly con-
jugate distinct CDs without extraneous polymer linkers [18].

It is of great significance to explore the properties of CD conju-
gates since particular properties only result from specific CD
preparations [19,20]. Each CD preparation method has its own lim-
itations. The strategy of binding distinct CDs is aimed at assem-
bling novel versatile drug nanocarriers while passing on
individual CD’s merits within the nanostructures to compensate
for deficiencies of each CD. For example, black CDs (B-CDs) and
gel-like CDs (G-CDs) were both prepared in our lab from carbon
nanopowder and citric acid, respectively [21,22]. B-CDs exhibited
a unique bone targeting effect, but does not cross the blood-brain
barrier (BBB), important for drug delivery to the central nervous
system (CNS) [23,24]. In addition, carboxyl group (—COOH)
(5.80 x 103 mmol/mg) is the only applicable functionality on
the surface [22], which also limits the applications of B-CDs in drug
delivery toward bones. In contrast, even though G-CDs didn’t show
any bone targeting effect [19], they can cross the BBB via passive
diffusion. Moreover, they have plenty of primary amine groups
(—NH,) (8.47 x 10~2 mmol/mg) and other surface functionalities,
such as hydroxyl (—OH) and carbonyl (C=0) groups [25], which
are lacking for B-CDs but are advantageous for drug delivery. How-
ever, considering the low zeta potential (-13 mV) and self-
aggregation revealed by atomic force (AFM) and transmission elec-
tron (TEM) microscopies [21], G-CDs don’t have a high aqueous
stability. Therefore, conjugating B-CDs and G-CDs gains the diver-
sity of surface functionalities and aqueous stability needed to
achieve both bone targeting effects, and the capability to cross
the BBB. Generally speaking, we admit that there has been much
work conducted in the assembly of nanostructures. For instance,
Santos et al. utilized multivalent interactions to control
supramolecular assembly of coated gold NPs (AuNPs) [26]. Markus
Niederberger showed that ordered and disordered assembly of
many inorganic NPs such as Fe,03, CdTe, and AuNPs can occur
through aggregation or electrostatic forces [27]. Cao and coworkers
reviewed theoretical approaches for growing larger structures
from NPs [28]. Additionally, some work incorporated CDs into a
cross-linked network [29]. In contrast to the formation of CDs via

covalent bonds, the stability of the CD conjugates and black-gel
CDs (B-G CDs) reported in this work has enhanced properties over
traditional NP assemblies which utilize electrostatic attraction or
hydrogen bonding.

In this study, B-CDs and G-CDs were utilized as two distinct CD
models. The presence of —COOH and —NH; on B-CDs and G-CDs,
respectively, provided an easy access to their covalent conjugation.
The conjugation of B-CDs and G-CDs was investigated by simple
morphological studies combining AFM and TEM measurements.
The surface functional groups of their conjugate, B-G CDs were
studied with Fourier-transform infrared (FTIR) and X-ray photo-
electron spectroscopies (XPS). Specifically, the —NH, group was
quantified via a fluorescamine assay, which was again used to con-
firm whether the conjugation was successful while revealing pos-
sibilities to conjugate B-G CDs with —COOH containing drugs for
future drug delivery. The optical properties of B-G CDs were stud-
ied with UV/vis absorption and fluorescence emission spectro-
scopies. The thermostability and aqueous stability of B-G CDs
were analyzed with thermogravimetric analysis (TGA) and zeta
potential measurements, respectively. Subsequently, the drug
loading capacity of B-G CDs was evaluated in comparison to B-
CDs and G-CDs with the help of circular dichroism spectroscopy.
Doxorubicin (Dox) was selected as a drug model due to its chirality
and significance in the treatment of tumors [30].

In addition, to investigate the factors affecting successful conju-
gation (such as the density of surface —NH, groups) and explore
the universality of CDs as building blocks, G-CDs were replaced
with yellow CDs (Y-CDs) (having a markedly lower surface —NH,
density) to examine conjugation effects with B-CDs. Also, the
possibility of self-conjugation between G-CDs was investigated
via the same N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride/N-hydroxysuccinimide (EDC/NHS) coupling, and a
series of subsequent spectroscopic and microscopic characteriza-
tions. Furthermore, in order to confirm the availability of CDs as
building blocks for novel nanostructures, we conducted a parallel
experiment by decreasing the mass ratio of B-CDs and G-CDs from
5:3, 5:30, 5:100 to 5:300 to achieve novel nanostructures, which
were also examined by a series of spectroscopic and microscopic
characterizations to study the optical properties and morphologies
of the new B-G CDs. Moreover, various B-G CDs were indepen-
dently injected into the yolk sac and heart of zebrafish to study
whether they obtained both capabilities of bone targeting and
crossing the BBB from B-CDs and G-CDs, respectively, through their
conjugation. This research is creative and original because it pro-
poses the unprecedented idea that CDs could be directly conju-
gated to each other in a way similar to organic molecules.
Among various NPs, the development of biocompatible carbon-
based nanomaterials is a popular trend considering their nontoxic
nature and excellent properties that meet the demand of various
applications. CDs obtained from distinct preparations may serve
as customizable Lego-like building blocks. The assembled nanos-
tructures adopt properties from its different precursors, enabling
the CD conjugate to become a versatile drug nanocarrier, and
potentially expanding its for diverse future applications.
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2. Experimental
2.1. Materials

To synthesize and purify B-CDs, carbon nanopowder (<100 nm)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Sulfuric
acid (98%) and nitric acid (68-70%) of ACS grade were bought from
ARISTAR (distributed by VWR, Radnor, PA, USA). Sodium hydroxide
(NaOH) and chloroform of ACS grade were provided by MP
biomedicals (Irvine, CA, USA). Dialysis bag with molecular weight
cut-off (MWCO) of 3500 Da was acquired from Thermo Scientific
(Rockford, IL, USA). To prepare and purify G-CDs, citric acid
(99.5-100%) and acetone (99.9%) were bought from VWR (West
Chester, PA, USA), and 1,2-ethylenediamine (EDA) (>99.0%) was
purchased from MP Biomedicals (Irvine, CA, USA). Compressed
argon gas with ultra-high purity was ordered from Airgas (Miami,
FL, USA). For the synthesis and purification of Y-CDs, citric acid
(99.5-100%) and 1,2-phenylenediamine (OPD) flakes (99.5%) were
obtained from VWR (West Chester, PA, USA) and Sigma-Aldrich (St.
Louis, MO, USA), respectively. Sephacryl S-300 was bought from GE
Healthcare (Uppsala, Sweden) as the matrix for SEC. In addition,
EDC (>99.0%), NHS (97.0%) and fluorescamine (98%) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Quinine hemi-
sulfate monohydrate (99%) was obtained from Alfa Aesar (Hey-
sham, England). Dox (>95%) was bought as doxorubicin hydrochlo-
ride from (Tokyo, Japan). The deionized (DI) water used was
purified using a Modulab 2020 water purification system acquired
from Continental Water System Corporation (San Antonio, TX,
USA). It had a pH of 6.62 + 0.30, surface tension of 72.6 mN-m~""
and a resistivity of 18 MQ-cm at 25.0 = 0.5 °C. All the chemicals
were used as received.

2.2. Syntheses of various carbon dots

B-CDs, G-CDs and Y-CDs were synthesized as described in our
previous work [20-22]. To be specific, the synthesis of B-CDs was
initiated with 9 mL sulfuric acid and 3 mL nitric acid added to
250 mg carbon nanopowder in a round-bottom flask. The mixture
was heated with vigorous stirring and refluxing to 110 °C for 15 h
in a sand bath. After cooling down to room temperature, oversatu-
rated NaOH aqueous solution was added to neutralize the acidic
solution in an ice bath. With the addition of oversaturated NaOH,
salts such as Na,SO4 and NaNOs; immediately formed as precipi-
tates. Then the mixture was filtered three times to remove unre-
acted carbon nanopowder, formed salts and yield a dark-brown
aqueous solution. The aqueous solution was transferred to a beaker
and concentrated by reducing the volume to about 25 mL using a
hotplate with the temperature controlled at 75-85 °C. Subse-
quently, the aqueous solution was cooled down in an ice bath to
remove again the salt crystals and obtain the dark brown super-
natant solution, which was followed by the addition of 15 mL chlo-
roform to extract organic impurities three times. The aqueous
phase was decanted and centrifuged at 3000 rpm for 30 min to
remove any precipitates before it was transferred to a dialysis
bag (MWCO: 3500 Da), and dialyzed against 4 L of DI water for
5 days. The DI water was replaced every 4-10 h. Finally, the aque-
ous solution kept in the dialysis bag was concentrated using a
rotary evaporator to yield 27.4 mg B-CDs as a black powder.

In the beginning of G-CD production, argon gas was applied for
5 min to remove O, from the solvothermal synthesis system. Then,
5 mL EDA was transferred into a 50-mL round-bottomed flask,
which was heated with vigorous stirring and refluxed in an oil bath
on a hotplate. When the temperature reached 160 °C, 1 g of citric
acid was added into the boiling EDA. With vigorous stirring and
refluxing, the reaction proceeded for 50 min to allow for citric acid

to completely react with EDA. Argon gas was used throughout the
entire reaction to prevent EDA from being oxidized. After the sys-
tem was cooled down to room temperature, G-CDs were present at
the bottom of the flask. Meanwhile, the supernatant unreacted EDA
was extracted with 10 mL acetone three times and discarded. Sub-
sequently, the G-CDs (0.8 g) were dispersed in water (1 mL), and
processed by vacuum evaporation at a relatively constant temper-
ature, between 70 to 80 °C. Then G-CDs would form under these
conditions.

The synthesis of Y-CDs utilized 0.02 g citric acid and 0.28 g OPD
as the carbon source and N-dopant, respectively. Initially, they
were dissolved and mixed in a 20 mL test tube that contained
10 mL DI H,O. In an ultrasonication bath, the mixture was soni-
cated at a frequency of 42 kHz for 1 h under an argon gas blanket.
An orange solution was then obtained showing yellow emission
under a UV lamp (365 nm). After filtration of unreacted OPD three
times in an ice bath and removal of small fluorophores by SEC, Y-
CDs remained in aqueous solution. After lyophilization, Y-CDs were
obtained as a brown powder.

2.3. Preparation of carbon dot conjugates

The conjugation of B-CDs and G-CDs was initialized by adding
5 mg of B-CDs into a 100 mL round-bottom flask and then dis-
solved in 2 mL of phosphate-buffered saline solution (PBS) (pH
7.4). Sonication was performed to ensure that B-CDs were well dis-
persed. Then, approximately 11.1 mg of EDC was dissolved in 1 mL
of PBS, and added to the flask. The solution was then stirred con-
stantly for 30 min using a small stirring rod. Later, about 6.67 mg
of NHS was dissolved in 1 mL of PBS and added to the flask. The
solution was stirred for another 30 min. In the end, 3, 30, 100 or
300 mg of G-CDs was dissolved in 1 mL of PBS and added to the
solution containing (B-CDs, EDC and NHS) which was then stirred
overnight. The conjugation of B-CDs and Y-CDs was similar to the
conjugation of B-CDs and G-CDs. In detail, 1 mg of B-CDs and
2.22 mg of EDC were dispersed or dissolved in 2 mL of PBS and stir-
red for 30 mins. Then, 1.34 mg of NHS was dissolved in 2 mL of PBS,
added to the solution and stirred for another 30 min. In the end,
50 mg of Y-CDs was dispersed in PBS, added to the solution con-
taining B-CDs, EDC and NHS, and stirred overnight.

2.4. Microscopy

The morphology of CDs conjugates was characterized by a com-
bination of AFM and TEM measurements. AFM measurements
were performed using an Agilent 5420 atomic force microscope.
Prior to AFM imaging, one drop of a conjugated CD aqueous disper-
sion (0.1 mg/mL) was dropped onto a clean silica mica slide, which
was followed by screening with tapping mode AFM. TEM images
were obtained from a JEOL 1400x TEM with a drop of conjugated
CD aqueous dispersions (0.1 mg/mL) placed on each carbon-coated
200 mesh copper grid and air dried. For scanning electron micro-
scopy (SEM) preparation, the conjugated CDs in a solid state were
placed on aluminum stubs covered with a carbon adhesive tab.
Samples were then viewed in a Philips XL-30 field emission SEM,
and images were digitally collected. Confocal microscopy was per-
formed using a Leica SP5 confocal microscope with objective mag-
nifications of 25x and 70x for the bone targeting experiment, and
90x to examine CDs crossing the BBB.

2.5. Spectroscopy

A Cary 100 UV/vis spectrophotometer was applied to record UV/
vis absorption spectra of CDs conjugates ina 1 x 1 cm quartz cuv-
ettes. A Fluorolog (Horiba Jobin Yvon) spectrometer and a Varian
Cary Eclipse spectrometer were used to obtain fluorescence
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emission spectra and fluorescence quantum yield (QY) of CDs con-
jugates with a1 x 1 cm quartz cuvette, and a slit width of 5 nm for
both excitation and emission. FTIR spectral data were acquired
from a Perkin-Elmer Frontier FTIR spectrometer equipped with
attenuated total reflectance accessories using air as background.
XPS was performed using a Perkin-Elmer PHI 560 system with a
double-pass cylindrical mirror analyzer operated using a Mg Ko
anode with a hv = 1253.6 eV photon energy operated at 250 W
and 13 kV. B-G CD samples were mounted as a powder onto a
custom-built sample holder and inserted into the XPS system via
turbopumped antechamber. The observed C 1s core level at
284.9 eV emanating from the C=C alkenyl B-G CD as previously
measured in our laboratory [17,25,31,32] was used as a binding
energy (BE) reference. Core level intensities of the O 1 and C 1s
orbitals were normalized using their known atomic sensitivity fac-
tors [33]. XPS peaks were curvefitted using 70%-to-30% Gaussian-
Lorentzian lineshapes with Shirley background subtractions [34].
BE peak envelopes were deconvoluted using CasaXPS ver. 2.2.107
(Devonshire, UK) software. Zeta potentials were measured by Mal-
vern Zetasizer Nano equipment, and all samples were measured in
aqueous dispersion at room temperature. The TGA was conducted
using a Netzsch TG 209 F3 Tarsus thermo-microbalance while
heating under a flow of air gas from 30 to 1000 °C at a rate of
10 K/min. Circular dichroism spectroscopy was performed with
the use of a JASCO ]-810 spectropolarimeter and a quartz cuvette
with the pathlength of 1 mm.

3. Results and discussion
3.1. Preparation of black-gel carbon dots

Although both B-CDs and G-CDs have abundant —COOH and
—NH, groups on their respective surfaces, the formation of peptide
bonds through —COOH and —NH, is challenging and usually hinges
on heating or incorporation of enzymes. In this study, similar to the
process of drug loading on B-CDs, the conjugation of B-CD and G-
CDs utilized a classic EDC/NHS coupling reaction. The abundant
—COOH on the surface of B-CDs provides advantageous conditions
for initializing the conjugation. With the addition of EDC, it reacted
with the equivalent amount of —COOH groups to form an unstable
o-acylisourea intermediate, which was easily displaced by an
equivalent amount of NHS to form a much more stable ester-
intermediate. However, the most favorable condition of EDC
crosslinking is acidic. Therefore, when the CDs conjugation was
performed in PBS, the amount of EDC and NHS was increased by
1.5-2 fold to compensate for the reduced efficiency and yield more
intermediates with B-CDs as the limiting reagent. In the end, when
a higher quantity of G-CDs was added into the mixture, the inter-
mediates were displaced by rich surface —NH, groups of G-CDs.

415

The final products, B-G CDs, were obtained via a Sy2 nucleophilic
substitution reaction. A schematic representation of the conjuga-
tion process of B-CDs and G-CDs is illustrated in Scheme 1.

3.2. Purification of carbon dot conjugates

In order to completely purify the B-G CDs, a two-step purifica-
tion process was applied. First, the obtained mixture was dialyzed
against DI water for 3 days with a dialysis bag (MWCO = 3500 Da)
to remove excess G-CDs considering their low molecular weight
(319 g/mol) [21]. In the second step, any unreacted B-CDs were
separated from the B-G CDs by size-exclusion chromatography
(SEC) using a GE Healthcare Sephacryl S-300 (Uppsala, Sweden)
and DI water as the stationary and mobile phases, respectively.
In contrast, separation of the mixture was also performed by elec-
trophoresis and thin-layer chromatography (TLC) based on differ-
ences in surface charge and polarity, respectively. However,
electrophoresis and TLC techniques were not successful in separat-
ing B-CDs and B-G CDs (Fig. S1). Based on the separation principle
of SEC, the B-G CD was the first colorless eluent due to an increased
particle size whereas B-CDs dispersion was collected as the second
brown eluate. For higher separation efficiency, each eluate was col-
lected with several test tubes and the sample in each test tube was
analyzed by both UV/vis absorption and fluorescence emission
spectroscopies to confirm the separation of B-CDs and B-G CDs.
After careful identification and collection of the B-G CDs, mass
spectrometry was performed on the conjugate using both electro-
spray ionization (ESI) and matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) techniques. In the ESI mass
spectrum (Fig. S2a), the highest peak is at 337 g/mol. In compar-
ison to the highest peak in the mass spectrometry of G-CDs
(319 g/mol), the addition of 18 g/mol could be assigned to the ion-
ized fragment of the peptide bond formed during the conjugation
of B-CDs and G-CDs, which is confirmed by the addition of
17 g/mol by comparing the MALDI-TOF mass spectra of B-G CDs
(Fig. S2b) and B-CDs [35]. To purify the B-Y CDs, after stirring over-
night, the aqueous dispersion was put in dialysis bag against DI
water (MWCO: 3500 Da) for 3 days. The resulting orange fluores-
cent eluate was collected after running the colloidal suspension
through a SEC column. The collected solution was finally processed
by lyophilization to obtain the solid product.

3.3. Characterization of black-gel carbon dots

After lyophilization, pure B-G CDs were prepared as an aqueous
dispersion at a predetermined concentration for optical property
studies (UV/vis, fluorescence, FTIR) and XPS measurements. The
UV/vis absorption spectrum (Fig. S3a) exhibits two shoulder peaks
at 228 and 275 nm that are similar to those UV/vis spectra of B-CDs

SN\,
B-CDs o °/ .
o
HOOC COOH HOOC |k } HOOC k N,
1) EDC e i //
— \
2) NHS
COOH coon COOH OO0 NH, COOH oo \
I NH, NH
G-CDs

Scheme 1. The conjugation of B-CDs and G-CDs via an EDC/NHS mediated amidation reaction.
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alone and the mixture of B-CDs and G-CDs (Fig. S3b), which are imum excitation and emission wavelengths of B-G CDs at 325 and

assigned to (=C m-m* and C=0 n-m* transitions, respectively 504 nm, respectively. Meanwhile, the emission wavelengths
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Fig. 1. Fluorescence emission spectrum of B-G CDs aqueous dispersion (0.1 mg/mL) (a), and the aqueous dispersion mixture of B-CDs (0.25 mg/mL) and G-CDs (0.15 mg/mL)
(b). 2D (c) and 3D (e) plots of the excitation emission spectrum of B-G CDs aqueous dispersion. 2D (d) and 3D (f) plots of the excitation emission spectrum of mixed aqueous
dispersion of B-CDs and G-CDs.



Y. Zhou et al. /Journal of Colloid and Interface Science 576 (2020) 412-425 417

1555 cm™
N-H bend

2920~2582 cm™
C-H stretch

100 - —_\-_/’/——/\

120

q
% 80 oy
g —\.\/“ 1 f
g 60 1645 cm {1243 em?
€ C=0 stretch C-O stretch
g 1 3334-3162 crr} C=Cstretch | C-N stretch
= 40 N-Hstretch C=N stretch
4 O-H stretch
20 —— B-G CDs conjugate B .
Black CDs 1395 em
Gel-like CDs C-H rock
0 ——————
4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

Fig. 2. The comparison of FTIR spectra of B-CDs, G-CDs and B-G CDs with air as
background.

wavelengths of B-CDs (450 nm) and G-CDs (350 nm) are 520 and
450 nm, respectively. In comparison, the maximum excitation
wavelength of B-G CDs is shortened but the corresponding emis-
sion falls in between that of B-CDs and G-CDs alone and tends to
have long wavelength. Additionally, the 2D (Fig. 1c¢) and 3D
(Fig. 1e) plots of the excitation emission spectrum of B-G CDs indi-
cate a single emitter. In contrast, the fluorescence emission spec-
trum (Fig. 1b), 2D (Fig. 1d) and 3D (Fig. 1f) plots of the excitation
emission spectrum of B-CDs and G-CDs mixture shows two emis-
sion regions that correspond to the separate emission spectrum
of B-CDs and G-CDs alone. Therefore, the conjugation between B-
CDs and G-CDs was further confirmed by the fluorescence spec-
troscopy. In addition, the fluorescence QY of B-G CDs was mea-
sured with quinine sulfate dissolved in 0.1 M H,SO, solution as
the standard and substantially decreased by 98% in comparison
to that of G-CDs alone (40%). It was reported by Madani et al. that
direct coupling results in the fluorescence quenching which can be
affected by the CD size, concentration, and the distance between
distinct CDs [36]. Specifically, when two CDs get closer, their sizes
decrease so that their surface area to volume ratio will be
increased, or their concentrations increase, the fluorescence
quenching becomes more prominent. Furthermore, when two
CDs are connected, Forster resonance energy transfer (FRET) may
occur, which means one CD in its excited state will transfer energy
to the other CD through nonradiative dipole-dipole coupling [37].
And the FRET efficiency will be enhanced by shortening the dis-
tance of two CDs [38] and the role (donor or acceptor) each CD
plays will be determined by the overlap of their UV/vis absorption
and fluorescence emission spectra. Fig. S4 shows that the absorp-

tion peak of B-CDs overlaps with the emission peak of G-CDs
excited at 350 nm, but the absorption peak of G-CDs doesn’t over-
lap with the emission peak of B-CDs excited at 350 nm. This effect
demonstrates that when FRET occurs, G-CDs are donors while B-
CDs serve as acceptors, which also explained the low fluorescence
QY of the B-G CDs.

From the FTIR spectrum (Fig. 2), we observe a broad —OH peak
for B-CDs between 3334 and 3162 cm~! while G-CDs have sharp
—NH, peaks in the same region [22]. In addition, due to the pres-
ence of EDA fragment on the surface of G-CDs, there exist peaks
at 2920-2582 and 1555 cm™! that correspond to the C—H stretch
and N—H bend of EDA, respectively [21]. In contrast, after conjuga-
tion, B-G CDs show peaks corresponding to the —OH stretch, C—H
stretch and N—H bend from EDA, which confirms the successful
conjugation of B-CDs and G-CDs on a structural basis and reveals
that B-G CD obtained versatile surface functionalities through con-
jugation. Furthermore, the abundance of hydrophilic functionali-
ties on the surface endows the B-G CDs with excellent
hydrophilicity compared to their predecessors.

Fig. 3 shows XPS core levels for the C 1s, N 1s and O 1s orbitals
of the B-G CDs. Atom % mole fractions of C and O were 70.5 and
29.5%, respectively. It should be noted that extended scans were
required to achieve sufficient signal/noise (S/N) of the N 1s signal
for its detection and analysis (measured atom % N < 0.01%). Consid-
ering the wide and low resolution (and accompanying linewidth
broadening) of the weak N 1 peak (full width at half maximum
(fwhm) = 3.0 eV), we assign the BE peak center at 398.4 eV to
—NH, [25,39]. The high C 1s BE at 289.3 eV is comparable with car-
boxylate groups (—COO-) as previously observed [40]. BEs denot-
ing the conjugate sp? structure and —COO— (with fwhm in
parentheses) are at 284.9 (2.4) and 289.3 (3.3) eV, respectively.
Based on integrated C 1s peak areas, the C=C to —COO— ratio on
the B-G CD surface is 3.4:1. It should be noted that given the rela-
tively large fwhm at 289.3 eV, there are likely unresolved oxidation
states present. The O 1s core levels for this sample show BE peak
centers (with fwhm in parentheses) at 531.3 (2.4) and 532.7 (2.5)
eV, consistent with C=0 [41] and an O-containing polymeric struc-
ture [42], respectively. The relative C=0 to polymeric O ratio,
based on relative integrated peak areas of the O 1s orbital, is 1:4.5.

In addition, the content of —NH, on the surface of B-G CDs is
calculated based on an fluorescamine assay with G-CDs as the ref-
erence (Fig. S5a). Since a linear relationship has been observed
between the concentration of —NH, groups and fluorescence
intensity using EDA as a standard [25], the surface —NH, content
of B-G CDs was calculated to be 1.68 x 1072 mmol/mg which is
~20% of that of G-CDs. Considering the presence of B-CD fragment,
a titration against NaOH aqueous solution was carried out for the
quantification of —COOH groups present on the as prepared B-G
CDs. Initially, an aqueous dispersion of 1 mg/mL B-G CDs was pre-
pared in DI water. However, upon addition of the visual indicator,
phenolphthalein, the solution instantly turned pink (Fig. S5b),
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Fig. 3. XPS core levels of C 1s, N 1s and O 1s orbitals of the B-G CDs.
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indicating that the B-G CD aqueous dispersion is basic. Thus, the
acid-base titration reveals that the surface of B-G CD is dominated
by —NH, groups, and the quantification of —COOH with lower sur-
face content can’t be achieved with classical methodologies.

Prior to AFM and TEM, ultrasonication usually was needed to
avoid self-aggregation of CDs. However, when B-G CDs were char-
acterized by AFM and TEM, ultrasonication seemed unnecessary
since the same AFM or TEM images before (Fig. S6) and after ultra-
sonication were obtained, revealing the stability of B-G CDs in
water. In Fig. 4a, the figure-eight shape of the conjugate can be
clearly seen by AFM. The height of these particles (2-3 nm) corre-
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lates with the height range of the B-CDs and G-CDs alone in the z-
axis [21,22]. In Fig. 4b, the TEM image shows the same shape
observed in the AFM image (inset), with some variety, which con-
firm conjugation in comparison to the spherically shaped B-CDs
and G-CDs alone (Fig. S7). Some of the particles appear to have a
bent shape, which indicates three CDs conjugated together. Many
particles exhibit a round shape, which may be due to either: (1)
a vertical orientation of the conjugated particles which do not
show the same figure-eight shape as expected, or (2) that there still
exist many single CDs. The size distribution of 3.8 + 0.8 nm corre-
lates with size distributions of the conjugated CDs with a slight
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Fig. 4. (a) AFM and (b) TEM images of B-G CDs (0.1 mg/ml) with 2-min ultrasonication treatment. Scale bar in the TEM image represents 10 nm. Histogram of particle size

distribution measuring the shortest diameter of particles.
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size increase and the deformation might result from the rearrange-
ment of surface functionalities during the conjugation process.

TGA was performed on B-CDs, G-CDs, and their conjugate to
compare their thermal stabilities. The TGA spectrum of B-CDs in
Fig. S8a shows four decomposition stages. Initially, the weight loss
of B-CDs was 18% at 200 °C due to the evaporation of water mole-
cules adsorbed by B-CDs [43,44]. As the temperature was increased
from 200 to 440 °C, the weight loss was 22%, which might be
caused by the decomposition of organic functional groups espe-
cially oxygen-containing groups on the surface of B-CDs and
release of water and CO, [45,46]. When B-CDs were heated from
440 to 634 °C, there was barely any mass loss. In comparison, car-
bon nanopowders, the precursor of B-CDs, were largely decom-
posed in this temperature range due to their amorphous
structure. Nevertheless, between 634 and 900 °C, there was a large
mass loss of 27% for B-CDs, most likely due to the combustion of
the graphite crystalline core of B-CDs and release of pyrogas
[44,47]. The high residue mass at 26% may indicate the presence
of some hard-combustible residues. In comparison, the TGA mea-
surement of G-CDs in Fig. S8b indicates four decomposition stages.
For better identification of each decomposition stage, TGA was also
performed on the precursors of G-CDs, namely citric acid and EDA.
The first stage (30-116 °C) is characterized by a mass loss of 15%,
which is related to the desorption of water and remaining EDA
molecules on the surface of G-CDs considering the boiling point
(116 °C) of EDA [45]. The second stage (116-200 °C) closely follows
the first stage and is accompanied by a significant mass loss of 41%,
which might be due to the evaporation of water adsorbed by G-CDs
and partial decomposition of the external surface of G-CDs
[43,44,48]. The third stage (200-470 °C) does not result in a large
mass loss, which is only 20% potentially due to the loss of capping
molecules such as citric acid regarding the boiling point (310 °C) of
citric acid or smaller G-CDs [48]. The last stage (470-573 °C) again
results in a significant mass loss of 23% without any residue left,
which indicates the complete decomposition of G-CDs and amor-
phous carbon core [49]. The TGA spectrum of B-G CDs, even though
has many indefinite stages at 30-200, 200-500, 500-700, and 700-
900 °C accompanied by a total mass loss of 81% (Fig. S8c), shows
the highest decomposition peak at 703 °C which is clearly higher
than that of both B-CDs (634 °C) and G-CDs (470 °C), which we
attribute to enhanced thermostability caused by a strengthened
structure through conjugation.

Zeta potential is an important indicator of the surface electrical
properties of CDs through investigations of the charge on the sur-
face of CDs as well as their aqueous stability. Based on our previous
measurements, both B-CDs and G-CDs have shown negative sur-
face charges with mean zeta potential values of —38.0 and
—13.0 mV, respectively. This finding suggests that B-CDs are con-
siderably more stable than G-CDs in water. However, after conju-
gation, the improved aqueous stability of B-G CDs was observed
by previous AFM and TEM measurements, which was also con-
firmed by the increasing mean zeta potential value (-31.6 mV) of
B-G CDs. Also, the proximity of zeta potentials of B-CDs and B-G
CDs further explains the difficulty faced in separation using elec-
trophoresis. In contrast, a mixed solution containing 5 mg B-CDs
and 3 mg G-CDs in 5 mL water exhibits a mean zeta potential value
of —43.1 mV, providing further support for successful conjugation.

3.4. The effect of primary amine and carboxyl surface functional
groups on carbon dot conjugation

In order to investigate the effect of —NH, surface density on the
CD conjugation, we replaced the G-CDs by another type of CDs, Y-
CDs to explore the possible conjugation with B-CDs. Y-CDs were
prepared via an ultrasonication-mediated bottom-up approach
with citric acid and OPD as precursors [50]. The content of —NH,

on the surface of Y-CDs is 3.75 x 1072 mmol/mg [50], which is
about 44% of the —NH, content on the surface of G-CDs [25]. There-
fore, the efficiency of conjugating B-CDs with Y-CDs should be
much less than that of the conjugation of B-CDs and G-CDs. This
hypothesis has been confirmed by both UV/vis absorption, fluores-
cence emission spectra and the TEM image in Fig. S9. Both UV/vis
absorption (Fig. S9a) and fluorescence emission (Fig. S9b) spectra
of the B-Y CDs are similar to those of B-CDs while the TEM image
(Fig. S9c) shows most of the NPs have a spherical shape in contrast
to the figure-eight shape observed in the B-G CDs. Thus, while the
conjugation of B-CDs and Y-CDs was most likely unsuccessful, it
reveals that the —NH, surface density plays a vital role in the con-
jugation of two distinct CDs.

In addition, except for —NH,, characterization of G-CDs in pre-
vious studies also revealed the presence of carboxylates so the
EDC/NHS chemistry might trigger a self-conjugation of G-CDs. To
investigate whether a G-CD can conjugate with another G-CD,
the same conjugation procedure was followed except the addition
of B-CDs. To purify the possible conjugate (G-G CDs), two different
dialysis bags (MWCO: 100-500 and 3500 Da) were applied for a 3-
day dialysis. After careful purification and lyophilization, trace
amounts of possible G-G CDs was obtained following each purifica-
tion step. However, UV/vis absorption, fluorescence emission and
FTIR spectroscopic data (Figs. S10 and S11) confirmed that the pos-
sible G-G CDs share the same optical or structural properties as the
G-CDs purified with dialysis in both MWCO but different from
those of B-G CDs. In addition, AFM images in Fig. S10 showed that
G-G CDs are generally spherical with a mean diameter of 2 nm,
which is similar to that of G-CDs alone. Therefore, even though car-
boxylates were observed on the G-CDs, the amount of carboxylates
might not be sufficient to trigger self-conjugation between G-CDs
to form G-G CDs. So, in terms of conjugation sequence, B-CDs
might conjugate with G-CDs alternately.

3.5. Drug loading capacity

CDs have been widely utilized as drug nanocarriers due to their
excellent properties such as abundant surface functionalities and
large surface area to volume ratio, which are significantly
enhanced during the conjugation of B-CDs and G-CDs. Meanwhile,
the drug loading capacity was evaluated by conjugating various
nanocarriers (B-CDs, G-CDs and B-G CDs) with Dox and performing
circular dichroism analysis on both bare nanocarriers and their
conjugates to Dox.

After conjugation overnight via EDC/NHS mediated amidation
reactions and purification through dialysis (conjugation and purifi-
cation procedures are presented in the supporting information), all
conjugates between Dox and various nanocarriers, namely B-CDs
(B-Dox), G-CDs (G-Dox), and B-G CDs (B-G-Dox), were investigated
by both fluorescence and FTIR spectroscopies (Fig. S12). Fluores-
cence spectroscopic data show that the fluorescence spectra of
G-Dox (Fig. S12b) were composed of the fluorescence spectra of
G-CDs [21] and Dox (Fig. S12a), independently, which suggests
unsuccessful conjugation between G-CDs and Dox. The presence
of Dox (positive charge) may be due to an electrostatic interaction
with G-CDs (negative charge). The spectra of B-Dox (Fig. S12c) are
similar to that of B-CDs [22]. Even though the peak of Dox at
around 600 nm can be observed, the conjugation between B-CDs
and Dox needs further confirmation. Compared to the spectra of
G-Dox and B-Dox, the spectra of B-G-Dox (Fig. S12d) display two
emission areas that correspond to B-G CDs and Dox, among which
the emission of Dox appears predominant. In contrast to the fluo-
rescence spectra of B-G CDs (Fig. 1a), a hypsochromic shift was
observed in the B-G CDs emission area in the spectra of B-G-Dox
(Fig. S12d) caused by the conjugation of B-G CDs and Dox. There-
fore, B-G CDs were successfully conjugated to Dox. FTIR spectra
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of Dox, G-CDs, G-Dox (Fig. S12e) and Dox, B-G CDs, and B-G-Dox
(Fig. S12g), which confirm our previous statements. Moreover,
the FTIR spectrum of B-Dox (Fig. S12f) present characteristic infor-
mation from both Dox and B-CDs, which confirms conjugation
between B-CDs and Dox.

When the drug (Dox) loading capacity was studied by performing
circular dichroism analyses, it turned out that all bare nanocarriers
showed no peaks (Fig. S13a), which demonstrated all nanocarriers
to be achiral. Nonetheless, Dox has chiral centers which provided
polarized light rotation and generated circular dichroism peaks at
300, 350 and 450 nm as shown in Fig. S13b. Thus, when Dox is
loaded on any bare nanocarriers via covalent conjugation, circular
dichroism signals should be detected on various CD-Dox conjugates.
In addition, the peak intensity at 300 nm increases over the mass
concentration of Dox in a linear relationship (R? = 0.94) (Fig. S13b),
which lays the foundation for quantifying the amount of Dox loaded
on various nanocarriers. Circular dichroism analyses of B-Dox, G-Dox
and B-G-Dox (Fig. 5) depict that in comparison to that of B-Dox and
B-G-Dox, the circular dichroism spectrum of G-Dox shows no signal,
which again demonstrates that Dox was hardly loaded onto the G-
CDs since covalent conjugation between G-CDs and Dox relies on
the amidation reaction of —NH, and —COOH which is lacking in both
G-CDs and Dox. The comparison between B-Dox and B-G-Dox shows
that B-G-Dox has a higher peak intensity than B-Dox at 300 nm. With
the molecular weights (B-G-Dox: 953.45 g/mol; B-Dox:
715.83 g/mol) obtained from mass spectrometry and actual mass
concentrations (B-G-Dox: 0.165 mg/mL; B-Dox: 0.105 mg/mL) taken
into consideration, the molar concentrations of B-Dox and B-G-Dox
are close. It is noteworthy that even though their molar concentra-
tions are similar in the same volume (2 mL), the peak intensity of
B-G-Dox at 300 nm shows a 54.5% increase as compared to that of
B-Dox, which suggests a significant 54.5% increase of drug (Dox)
loading capacity achieved through the conjugation between B-CDs
and G-CDs. This further supports the enhanced drug loading capacity
via conjugation of B-CDs and G-CDs which was previously revealed
by the predominant Dox emission in the fluorescence spectra of B-
G-Dox (Fig. S12d) and might be ascribed to increased surface area
to volume ratio, and strengthened electrostatic interaction or cova-
lent conjugation due to the increased surface functionalization.

3.6. The availability test of carbon dots as building blocks for novel
nanostructures

CDs are viable building blocks for novel nanostructures. Even
though we showed that the conjugation between B-CDs and G-
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Fig. 5. Circular dichroism spectra of B-Dox (0.105 mg/mL), G-Dox (0.565 mg/mL),
and B-G-Dox (0.165 mg/mL).

CDs to generate the figure-eight shaped B-G CDs, in order to fur-
ther test the availability of these CDs as building blocks to assem-
ble novel nanostructures, we varied the initial reaction mass ratio
of B-CDs:G-CDs from 5:3 to 5:30. By increasing the amount of G-
CDs, the new B-G CDs (5:30) exhibit similar properties to G-CDs.
For instance, when the fluorescence emission spectroscopy was
performed on the B-G CDs (5:30), the spectrum (Fig. S14b)
recorded the maximum excitation to be 325 nm, which is the same
as that for B-G CDs (5:3). However, the corresponding emission
wavelength possesses a blue shift as compared to the previous con-
jugation. The emission peak at 432 nm is much closer to that of
450 nm obtained from G-CDs upon the excitation of 350 nm. In
addition, the UV/vis absorption spectrum (Fig. S14a) of B-G CDs
(5:30) shows a single peak at 265 nm that corresponds to the
C=O0 n-r transition or C=C nt-nt* transition, which is different from
B-CDs, G-CDs, and the B-G CD (5:3). In terms of morphology, the B-
G CDs (5:30) were characterized by a combination of AFM and
TEM. From the AFM image (Fig. 6a), the B-G CDs (5:30) appear as
mostly irregularly shaped NPs, and the shapes achieved include
figure-eight, bent and other irregular shapes due to the conjuga-
tion of more CDs. The height of these NPs ranges between 4 and
6 nm, which is double of that of B-G CDs (5:3) and suggests multi-
ple conjugation. To confirm the AFM result, TEM was performed.
We again observed in panel i of the TEM image (Fig. 6b) that the
B-G CDs (5:30) were composed of many irregular-shaped NPs,
including figure-eight shapes as observed in the B-G CDs (5:3).
Panel ii of Fig. 6b illustrates the three most repetitive and distin-
guishable shapes found in TEM with schematic diagrams beside
them to clarify the variety of nanostructures obtained from CD
conjugation. In detail, the first figure shows a NP with a round
shape but dark color, which might be due to a vertical orientation
of figure-eight shaped conjugate. The second figure exhibits the
conjugate with a figure-eight shape. The third figure shows a novel
nanostructure formed by a multiple conjugation which is also the
most common shape obtained in the conjugation of 5:30.

When the mass ratio of B-CDs: G-CDs continued to decrease
from 5:30 to 5:100 and 5:300, the morphology of B-G CDs became
more varied. The AFM image (Fig. 7a) shows many clusters formed
by B-G CDs (5:100). The height dramatically increases up to about
25 nm which is 8-12 fold in height of a single CD (B-CD or G-CD),
which might result from stacked-up of layers of B-G CDs except for
the vast conjugation. In contrast, the AFM image (Fig. 7b) of B-G
CDs (5:300) displays an even complex nanostructure. It is observed
that the B-G CDs (5:300) became multi-ring structure with the
height of around 6 nm, which is close to that of B-G CDs (5:30).
This height might well denote B-G CD saturation associated with
its conjugation in z-axis. In addition, SEM was performed on both
B-G CDs (5:100 and 5:300) in the solid state, which appear as
nanofibers. The average width of B-G CD (5:100) nanofibers is
much narrower compared to that of B-G CD (5:300) nanofibers
(Fig. 8a and b). Also, it was observed that the nanofibers had a ten-
dency to self-assemble into nanosheets. Thus, based on different
morphologies of B-G CDs obtained with different mass ratios, we
hypothesize that the nanosheets originated from the conjugation
of distinct CDs (B-CDs and G-CDs) to firstly generate figure-eight
nanostructures, and then form nanofibers, which then self-
assemble into nanosheets with single or multiple walls. A graphical
illustration of the formation process into nanosheets is shown in
Fig. S15.

3.7. Bioimaging with a zebrafish model

Our research group has previously reported that B-CDs are
promising biomaterials for bone specific imaging and drug delivery
[19]. However, as a good drug nanocarrier, B-CDs cannot cross the
BBB [23], which greatly limits their biomedical applications for
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central nervous system (CNS)-related diseases. In contrast,
although G-CDs cannot target bones [19], they have exhibited
the capability to cross the BBB, which is demonstrated in Fig. 10.
Therefore, through conjugation, the unique biological properties
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Fig. 7. AFM images of B-G CDs (a) (5:100), and (b) (5:300) (0.1 mg/ml).
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of both B-CDs (bone targeting) and G-CDs (crossing the BBB) are
expected to be passed on to the novel B-G CDs. In other words,
both B-CDs and G-CDs can be considered as each other’s “drug”
and “drug nanocarrier” in B-G CDs, which will allow B-G CDs to
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Fig. 8. SEM images of B-G CDs exhibiting different morphological patterns (a) (5:100), and (b) (5:300).

become a versatile drug nanocarrier for both targeting the bones
while crossing the BBB. In addition, zebrafish was used as an
in vivo model in this study for the following reasons: (1) compared
to mice, it is more cost-effective to keep zebrafish since zebrafish
don’t need large space [23]; (2) adult zebrafish can breed every
10 days and produce 50-300 eggs, which can be used to repeat
tests on bone targeting and crossing the BBB using B-G CDs, and
yield robust results [51]. In contrast, during their entire lifetime,
mice generally can only produce 5 litters. And for each litter, they
can only bare up to 10 pups; (3) zebrafish larvae are nearly trans-
parent, which is beneficial for the real-time bioimaging of tissue
development and any fluorescently labeled activity in zebrafish
body [52]. In contrast, mice pups are not transparent and have
been well developed before birth; (4) zebrafish have similar and
predictable skeleton and development of mineralizing tissues,
which is close to those of humans [19]; (5) zebrafish have been
widely applied as a in vivo model to investigate the BBB of humans
and the treatment of diverse CNS-related diseases due to their
genetic homology to humans [50]. Therefore, zebrafish served as
the optimal in vivo model for this study.

B-CDs and B-G CDs (5:3, 5:30, 5:100 and 5:300) were separately
injected into the yolk sac of anesthetized 7-day post-fertilization (7

Bright field

dpf) zebrafish larvae (Danio Rerio) obtained from Zebrafish Core
Facility at University of Miami. After 30 min, bioimaging under
confocal microscope was performed. In Fig. 9a, bones including
vertebrae, posterior branchiostegal ray, ceratobranchial 5, clei-
thrum and basioccipital articulatory process were observed in
the larva injected with B-CDs under the excitation of 405 nm as
was reported in our previous work [19]. In Fig. 9b, vertebrae were
“lighted up” by excitation of 405 nm after various B-G CDs were
injected even though the fluorescence gets less intense with B-G
CDs (5:100) and (5:300), likely due to the decreasing relative con-
tent of B-CDs in the structure of B-G CDs along with the increasing
amount of G-CDs that participate in the formation of B-G CDs
(5:100 and 5:300). However, noteworthy is the fact that the test
demonstrated that B-G CDs obtained the capability to target bones
from B-CDs.

As a promising bone targeting nanocarrier, it is essential for B-G
CDs to have a high surface NH, content to be able to load various
bone disease-related drugs such as alendronate, risedronate, iban-
dronate and zoledronic acid. B-CDs do not contain —NH,, which
limits B-CDs’ applications in the treatment of bone-related dis-
eases. However, through conjugation with G-CDs, B-CDs gain
—NH, on the surface. The quantification of —NH; on the surface

Control

B-G CDs (3:5)

B-G CDs (30:5)

B-G CDs (100:5) B-G CDs (300:5)

Fig. 9. Confocal images of zebrafish larvae (7 dpf) injected with B-CDs and various B-G CDs (5:3, 5:30, 5:100 and 5:300) at 100 mg/mL. (a) The zoomed out confocal images of
the zebrafish larva after injection of B-CDs that show the vertebrae (circled in yellow); (b) bioimaging of vertebrae in the larvae injected with B-CDs and each type of B-G CDs.
Each result was confirmed with 6 zebrafish larvae.
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Table 1

Surface —NH; contents of B-G CDs obtained with different mass ratios.
B-CDs: G-CDs 5:3 5:30 5:100 5:300
—NH; content (mmol/mg) 1.68 x 1072 1.42 x 1072 1.46 x 1072 0.62 x 102

of various B-G CDs was achieved via a fluorescamine-based fluo-
rescence analysis, detailed more fully in our previous work [25].
Table 1 summarizes the —NH, content on the surfaces of various
B-G CDs (5:3, 5:30, 5:100 and 5:300).

Furthermore, G-CDs and various B-G CDs were independently
intravascularly injected into the heart of anesthetized zebrafish
larvae (5 dpf). Each test was repeated with at least 6 zebrafish.
After 10 min, the untreated and treated zebrafish were fixed on a
glass plate using a low melting agar under a confocal microscope
for bioimaging. To determine whether these NPs can cross the
BBB, instead of directly scanning the brain, we chose to observe
the central canal of spinal cord since the ventricle of the brain is
connected to the central canal of spinal cord through the cerebral
spinal fluid [23]. In order to reduce the interference of autofluores-
cence and considering the excitation-dependent PL of B-G CDs
(Fig. 1a, S14b, S16), 405 nm was chosen as the excitation wave-
length while the PL emission was collected ranging from 500 to
540 nm. Fig. 10 depicts that G-CDs and various B-G CDs were able
to penetrate the BBB to reach the central canal of spinal cord. How-
ever, in comparison, it is clearly observed that G-CDs did not only
exist inside the central canal, but also leak out, which suggests that
the BBB penetration of G-CDs is due to a passive diffusion mecha-
nism. Meanwhile, even though B-G CDs showed the capability to
overcome the BBB, the mechanism cannot be attributed to passive
diffusion because of their large particle size, high hydrophilicity
and surface charge as revealed by their zeta potential value
(Table 2). In terms of active routes, adsorption-mediated endocyto-
sis and carrier-mediated transport is insufficient to explain the
mechanism of B-G CD passage through the BBB considering their

Control

B-G CDs (30:5)

B-G CDs (100:5)

high negative surface charges and those of its precursors. Nonethe-
less, it was reported that polymers such as polysorbate 80 could
adsorb plasma apolipoprotein E (Apo-E), which will cause the
NPs coated with polysorbate 80 to be recognized as low-density
lipoprotein (LDL) and help the uptake of NPs by the brain endothe-
lial cells with the help of LDL receptors on these cells [53]. Consid-
ering the high surface charge and large surface area to volume
ratio, B-G CDs are likely to adsorb Apo-E from plasma to be recog-
nized as LDL. Thus, the more likely hypothesized mechanism for B-
G CDs crossing the BBB is receptor-mediated endocytosis.

Therefore, the conjugation between B-CDs and G-CDs allows
both properties (bone targeting and crossing the BBB) to be simul-
taneously revealed in the novel B-G CDs regardless of the mass
ratio used for their conjugation, which allows the B-G CDs to
become a versatile drug nanocarrier.

4. Conclusion

Although CDs are a promising new material, their supramolec-
ular assembly has been lightly explored, and to the best of our
knowledge have never been directly conjugated as a means of
application optimization [29]. In this study, G-CDs and B-CDs were
utilized as distinct CD models at a mass ratio of 5:3 for direct con-
jugation via an EDC/NHS mediated amidation reaction. After a two-
step purification process, the formed B-G CDs (5:3) were character-
ized with various spectroscopic and microscopic measurements.
AFM and TEM images revealed that the B-G CDs (5:3) are figure-
eight shaped novel nanostructures. In addition, the conjugate
inherits distinct merits from each individual CD. For instance, the

B-G CDs (300:5)

Fig. 10. Confocal images of the central canal of spinal cord of zebrafish larvae (5 dpf) injected intravascularly with G-CDs and various B-G CDs (5:3, 5:30, 5:100 and 5:300)
independently at 100 mg/mL. Yellow arrows represent the central canal while the white arrow indicates the leakage of G-CDs. Each result was confirmed with 6 zebrafish
larvae. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Zeta potential measurement of B-G CDs obtained with different mass ratios.

B-CDs: G-CDs 5:3 5:30 5:100 5:300
Zeta potential (mV) -31.6 -32.6 -29.3 -25.6

maximum excitation occurs blue shift while the corresponding
emission occurs red shift in comparison to the PL of either B-CDs
or G-CDs alone. FTIR and XPS measurements reveal the B-G CDs
have diverse functionalities, which significantly broadens the
application of B-G CDs as a drug nanocarrier. The increased func-
tionality was also confirmed by a 54.5% increased drug loading
capacity by circular dichroism spectroscopy with Dox as a drug
model. Furthermore, the thermostability and aqueous stability
have been improved as indicated by the increased decomposition
temperature and zeta potential, respectively. Moreover, G-CDs
were replaced by Y-CDs for conjugating with B-CDs without suc-
cess, which indicates the importance of sufficient surface —NH,
content for CDs’ successful conjugation. Given the presence of
—COOH on G-CDs, various physicochemical characterizations were
performed to exclude the possibility of self-conjugation between
G-CDs during the conjugation of B-CDs and G-CDs. Eventually, to
test the ability of CDs to be used as building blocks in assembling
novel nanostructures, the mass ratio for CDs conjugation was var-
ied and novel nanostructures such as nanofibers and nanosheets
were obtained, which were confirmed by AFM, TEM and SEM
images. Moreover, these novel nanostructures of B-G CDs (5:3,
5:30, 5:100 and 5:300) have shown combined properties of bone
targeting and the ability to cross the BBB by B-CDs and G-CDs,
respectively with zebrafish as an in vivo model. This dual-
targeting property has not been reported in the literature for CDs
to the best of our knowledge. We proposed the idea of improving
CDs’ properties through covalent conjugation of distinct CDs. This
has been proven through the increased drug loading efficiency of
B-G CDs as compared to the individual CDs, and ability to target
both the bones and CNS in zebrafish. Therefore, CDs prove to be
promising Lego-like building blocks for the assembly of novel, ver-
satile drug nanocarriers. In the future, we expect that many useful
properties relating to surface functionality, optics, and drug deliv-
ery will be combined in the manner described in this article to
maximize applications of these CDs.
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