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Abstract

With constant emergencies and severe consequences of various central nervous system

(CNS)-related diseases, drug delivery gradually reveals its significance in the modern

medicine. The biggest challenge of drug delivery resides in the selection of appropriate drug
* Corresponding delivery carrier. 21" century witnessed the prosperous development of diverse

author: : nanomaterials. Due to many excellent properties revealed in nanoscale, nanomaterials have
rml@miami.edu been widely investigated as drug nanocarriers. As a new family member of carbon-based
(R.M. Leblanc); nanomaterials, carbon dots (CDs) have proved to be promising drug nanocarriers. They have

Received 07 Aug 2020, been successfully conjugated with various therapeutic agents for targeted drug delivery.

Revised 11 sept 2020,  However, considering the limitation of single CD preparation in drug delivery, in this study,

Accepted 21 sept 2020  two distinct CD preparations (G-CDs and Y-CDs) were conjugated to compensate for each
other’s deficiencies. Different dialysis bags were employed to purify the CD conjugate (G-Y
CDs) and reveal the difference between small and large-conjugated systems. After a series
of physicochemical characterizations, G-Y CDs exhibited many nanocarrier-favored
properties such as excitation-dependent photoluminescence (PL), diversified surface
functionality, controlled morphology and versatile amphiphilicity. To further analyze the
formation mechanism of G-Y CDs, self-conjugation was separately surveyed with G-CDs
and Y-CDs, which showed that self-conjugation was able to occur between Y-CDs.
Eventually, to evaluate the capacity of G-Y CDs as drug nanocarriers for future CNS-related
diseases, G-Y CDs were intravascularly injected into the heart of zebrafish. The
fluorescence signal in the spinal cord suggested the capability of G-Y CDs to cross the
blood-brain barrier (BBB). Therefore, this study reveals a novel strategy to assemble
versatile drug nanocarriers through conjugation of distinct CDs.
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Introduction

With the prosperous development of modern medicine, numerous diseases can be prevented, detected at early stage,
managed and treated.’®> However, many central nervous system (CNS)-related diseases are yet a grave danger to
human health, ranking the second largest cause of death.*® Even though drug development for CNS-related diseases
has become an urgent and focused research activity in the pharmaceutical industry,’ the process to seek effective drugs
is quite long. In addition, promising in vitro results don’t always match the in vivo drug efficacy,® which is largely due
to the presence of the blood-brain barrier (BBB).® The BBB prevents unrestricted leakage of substances between blood
and brain in order to maintain a stable brain environment.® ® Only small molecules such as water, gas and lipophilic
compounds can pass the BBB through passive diffusion.!> 12 On the other hand, the transport of large, hydrophilic or
highly-charged compounds such as most drugs has to rely on specific receptor or carrier.*® * Therefore, considering
the presence of the BBB, only focus on drug synthesis is insufficient and unwise for the treatment of CNS-related
diseases because low efficacy might result from a poor drug delivery rather than drugs themselves.®® Drug delivery
should arouse the public’s attention as an equivalently important step as drug development.® In fact, to achieve drug
delivery across the BBB, many strategies have been discovered.!” 1 And, as a representative of the non-invasive
strategy, nanoparticle (NP)-mediated drug delivery has been widely investigated with a variety of NPs used as drug
nanocarriers.’® Amongst all NP species, carbon dots (CDs) are one of the most promising drug nanocarriers.?’ As a
novel class of carbon-based spherical NPs with 1-10 nm in diameter,22 CDs were discovered by Clemson research
group in 2000’s.22 Compared with gold, silver NPs, or metal-based quantum dots (QDs), CDs exhibit relatively no
toxicity and high biocompatibility.?® Compared to liposomes, CDs are smaller, which benefits the BBB penetration.?*
In contrast to carbon nanotubes, CDs are easier to synthesize with alarge surface-area-to-volume ratio, which
enhances the drug loading capacity.? CDs are also characterized for their excellent photoluminescence (PL), high
water-dispersity, and tunable surface functionalities.?* Considering their PL and water dispersity, CDs have been much
applied in sensing and bioimaging in vitroand in vivo.® In addition, precursors and synthesis processes are
tremendously important for the surface functionality of CDs. For instance, the CDs synthesized from oxygenated
precursors usually have a large amount of carboxyl (-COOH) and hydroxyl groups (-OH).2® Meanwhile, the CDs
prepared with amine as a secondary reagent usually contain many primary amine groups (-NH).2° Abundant surface
functional groups endow CDs with a tunable surface to conjugate with diverse therapeutic agents.?’° Most
importantly, except for wide distribution in the body, CDs alone or their conjugates with therapeutic agents have been
constantly observed to cross the BBB with or without targeting ligands.?* All the aforementioned properties make CDs
a potent drug nanocarrier. Nevertheless, although CDs in general have abundant surface functional groups, their
species and amounts for any single CD preparation are limited, which will become a big challenge to overcome in the
long run of applying CDs as drug nanocarriers.*® To date, plenty of surface modification approaches including n-n
interaction, sol-gel coordination, amide coupling, silylation reaction, esterification and copolymerization have been
performed to tune surface functionalities and improve the versatility of CDs for diverse applications.3® After surface
modification, these CDs may possess higher fluorescence quantum yield (QY), better control over the size and shape,
enhanced biocompatibility and desired surface functionality.?® However, it’s yet difficult to achieve the co-existence
of two dominant functional groups (-COOH and -NH,) on the surface by those common surface modification
strategies. Furthermore, in most cases, the surface dopants were small molecules, biomolecules and polymer linkers,
and a few studies reported the conjugation of CDs with other nanomaterials.>* 3 Nonetheless, up to now, the
conjugation between distinct CDs has been rarely reported. With many excellent properties of each CD preparation
taken into account, conjugation between distinct CDs might be able to centralize all these merits on the novel CD

conjugate. However, due to the increase of particle size, drug delivery capacity of the CD conjugate might be harmed,
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which needs to be verified with an animal model. In recent years, zebrafish (Danio rerio) has been widely employed
as an animal model for studying human diseases such as type 2 diabetes mellitus, dyslipidemia, metabolic disorders
and CNS-related diseases.®*® As an excellent disease model, one of the main advantages of zebrafish is its fully
sequenced genome that shares high similarity with the genes associated with human diseases. In comparison to
another popular animal model, namely mouse, zebrafish is smaller and cheaper to maintain in limited spaces.® Also,
zebrafish breed at weekly intervals and can produce 50-300 eggs per time, which provides a sufficient supply of
embryos and larvae for the verification of experimental results. In contrast, mice only birth 5 to 10 litters per year and
each litter contains 3-14 pups.*’ Furthermore, zebrafish embryos and larvae are nearly transparent, which allows
researchers to monitor the real-time development and fluorescently-labeled activities inside zebrafish.** On the
contrary, mouse embryos are not transparent and their developments occur inside the mother. With all the differences
between zebrafish and mice taken into consideration, zebrafish exhibits many advantages over mice as an in vivo
model in this study to verify the capability of the CD conjugate to penetrate the BBB and investigate its penetration
mechanism. Herein, in this study, gel-like CDs (G-CDs) and yellow CDs (Y-CDs) that originated from our group were
applied as two CD models for conjugation, characterization to study the physicochemical properties of the CD
conjugate (G-Y CDs), and exploration of their potential applications. Two different dialysis bags were used to acquire
G-Y CDs with small and large-conjugated systems. In addition, since both G-CDs and Y-CDs have some -COOH and
-NH. on the surfaces, it is necessary to discern the formation mechanism of G-Y CDs by investigating self-conjugation
of G-CDs and Y-CDs. After systematic characterizations by UV/vis absorption, fluorescence emission, Fourier-
transform infrared (FTIR) spectroscopies, mass spectrometry (MS), atomic force microscopy (AFM), transmission
electron microscopy (TEM), thermogravimetric analysis (TGA) and zeta potential measurement, basic information of
the physicochemical properties of G-Y CDs will be obtained. Moreover, the amphiphilicity of G-Y CDs will be
evaluated by a solvent effect and fluorescence analysis. Moreover, because both G-CDs and Y-CDs were observed to
cross the BBB and surface modifications of Y-CDs didn’t affect their capability to overcome the BBB,** *3 G-Y CDs
may be also able to penetrate the BBB, which will be investigated using a zebrafish model. Eventually, the
conjugation of G-CDs and Y-CDs is expected to simultaneously introduce plenty of -NH, and -COOH to the G-Y
CDs, which lays the foundation for an enhanced drug delivery for the future treatment of CNS-related diseases.

Experimental Section

Materials

1,2-ethylenediamine (EDA) (99.0%) was provided by MP Biomedicals (Irvine, CA, USA). 1,2-phenylenediamine
(99.5%), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride/(EDC) (97.0%) and N-hydroxysuccinimide
(NHS) were purchased from Sigma-Aldrich (St Louis, MO, USA). Citric acid (99.5-100%) was acquired from VWR
(West Chester, PA, USA). Compressed argon gas with ultra-high purity was ordered from Airgas (Miami, FL, USA).
Size exclusion chromatography (SEC) was performed with GE Healthcare Sephacryl S-300 The deionized (DI) water
used was purified using a Modulab 2020 water purification system obtained from Continental Water System
Corporation. It had a pH of 6.62 + 0.30 with surface tension and resistivity of 72.6 mN-m? and 18 MQ-cm,
respectively at 25.0 + 0.5 °C. All the chemicals were used without further treatment.

Instrument and Methods
A Fluorolog (Horiba Jobin Yvon) spectrophotometer was used to record the fluorescence emission spectra of G-Y
CDs by using a 1 cm optical cell and a slit width of 5 nm for both excitation and emission. The UV/vis absorption

spectra of G-Y CDs were acquired by using a Cary 100 UV/vis spectrophotometer with a 1x1 cm optical cell. FTIR
Mor. J. Chem. 8 N°4 (2020) 994-1007

996



spectroscopic data were obtained with a PerkinElmer FTIR (Frontier) spectrometer equipped by attenuated total
reflection (ATR) accessories with air as background. AFM images of G-Y CDs were taken with an Agilent 5420
atomic force microscope by using the tapping mode. TEM was performed by using a JEOL 1200X transmission
electron microscope. MS was performed on G-Y CDs by using a Bruker Microtof-Q in the modes of electrospray
ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). Zeta potentials of G-Y CDs were measured
on the Malvern Zetasizer Nano equipment, and all samples were measured at room temperature in aqueous dispersion.

Synthesis and purification of G-Y CDs, G-G CDs and Y-Y CDs

The synthesis procedure of G-Y CDs is depicted in Figure 1. G-CDs and Y-CDs were prepared based on our previous
works.** %° For the synthesis of G-Y CDs, 10 mg of Y-CDs were dispersed in 4 mL PBS solution (pH 7.4) in a 100 mL
round bottom flask to form Y-CD aqueous dispersion. 31.2 mg of EDC was dissolved in 2 mL PBS solution, added to
the as-prepared Y-CD aqueous dispersion and stirred for 30 min. Subsequently, 18.7 mg of NHS dissolved in 2 mL
PBS solution was transferred into the mixing solution and stirred for another 30 min, which was followed by the
addition of 7.7 mg of G-CDs dispersed in 2 mL PBS solution and stirring overnight. The obtained sample was divided
into two equal aliquots and separately purified using two different dialysis bags with molecular weight cut-off
(MWCO) of 100-500 and 1000 Da against DI water for 3 days. DI water was replaced once a day. Then both dialyzed
samples were collected, frozen at -80 °C and lyophilized for 2 days to acquire G-Y CD powders. For a better
demonstration, samples purified with different dialysis bags are entitled G-Y CDs (100-500 Da) and (1000 Da). Later,
to investigate the formation mechanism of G-Y CDs, Y-CDs and G-CDs were separately conjugated following the
same synthesis and purification procedures.
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Figure 1. Graphical illustration of the synthesis and purification of G-Y CDs.

Zebrafish injection and bioimaging

5-day post-fertilization (dpf) wild-type zebrafish were obtained from the Zebrafish Core Facility at University of
Miami. 1 nL of aqueous dispersion (0.1 mg/uL) of each G-Y CDs (100-500 Da) and (1000 Da) were separately
intravascularly injected into the heart of zebrafish that were previously anesthetized by 0.08% tricaine. After 10 min,
the treated zebrafish were mounted with low-melting agar for bioimaging with a Leica SP5 confocal microscope under

white light and excitation wavelength of 405 nm (for G-Y CDs). To yield robust experimental results, each test was
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reproduced with 6 zebrafish. The animal care protocol for all procedures applied in this study was approved by the
University of Miami Animal Care and Use Committee and complied with the guidelines of the National Science
Foundation.

Results and discussion

Optical properties

The optical properties of G-Y CDs were studied using both UV/vis absorption and fluorescence emission
spectroscopies. The UV/vis absorption spectra in Figure 2a show similar absorption peaks of both as-synthesized G-Y
CDs (100-500 Da) and (1000 Da). They display three peaks at 233, 276 and 350 nm, which correspond to C=C, C=N
and C=0 conjugate structures, respectively.*® Nonetheless, the UV/vis absorption spectra of G-Y CDs (100-500 Da)
and (1000 Da) exhibit different peak intensities. The lower peak intensity of G-Y CDs (1000 Da) can be ascribed to
the following reasons: 1) having the same mass concentration, G-Y CDs (1000 Da) in general own higher molecular
weights, which, in turn, decreases the molar concentration; 2) due to the increase of MWCO, many small G-Y CD
conjugates are filtered out. Figure 2b and 2c show the fluorescence emission and normalized spectra of G-Y CDs
(100-500 Da) and (1000 Da) excited at wavelengths that range from 350 to 500 nm with an interval of 25 nm. The
results demonstrate that both G-Y CDs exhibit excitation-dependent PL with the maximum excitation and emission
wavelengths at 375 and 460 nm, respectively. In comparison to the fluorescence spectra of G-CDs and Y-CDs, the
maximum excitation wavelength of G-Y CDs (375 nm) is between that of G-CDs (350 nm) and Y-CDs (400 nm)
while the maximum emission wavelength (460 nm) is much closer to that of G-CDs (450 nm). Considering the
maximum excitation wavelengths of G-CDs and Y-CDs, the maximum emission wavelengths of both G-Y CDs (100-
500 Da) and (1000 Da) are compared. It turns out that the emission wavelengths of both G-Y CDs are around 450 nm
under the excitation of 350 nm. However, under the excitation of 400 nm, the emission wavelength of G-Y CDs (1000
Da) is 480 nm, 20 nm longer than that of G-Y CDs (100-500 Da) and G-CDs.* Therefore, the overall fluorescence of
G-Y CDs (100-500 Da) is dominated by that of small G-Y CD conjugates and maybe some unreacted G-CDs or Y-
CDs. On the contrary, G-Y CDs (1000 Da), free from those interferences are showing fluorescence characteristics
closer to that of pure but large G-Y CD conjugates.

Structure investigation

ATR-FTIR was applied to investigate the functionality of G-Y CDs. From Figure 2d, the bonds at 3338-3210 cm™ are
ascribed to O-H and/or N-H stretch vibrations that help improve the hydrophilicity of G-Y CDs.* The peaks at 3054-
2928 cm? correspond to C-H stretch vibration.** C-H stretch in the structure of H-C=0 is shown at 2531-2208 cm™.*
The peaks at 1649-1618 cm™ can be assigned to C=N, C=C stretch and N-H bend vibrations. Then C=0 stretch
vibration is observed at 1712-1687 cm*. C-H bend and C-C stretch vibrations in ring are observed at 1457-1375 and
1568-1532 cm™, respectively.** % C-N and/or C-O stretch vibrations are assigned to 1256-1241 cm™. However, the
ATR-FTIR spectra of G-Y CDs (100-500 Da) and (1000 Da) have shown slightly different peaks. As for G-Y CDs
(100-500 Da), the overall ATR-FTIR spectrum looks similar to that of free G-CDs, which confirms that in the
conjugated sample of G-Y CDs (100-500 Da), there still exist a few unreacted G-CDs. In contrast, we can conclude
that G-Y CDs (1000 Da) exhibit the structure of large G-Y CD conjugates and the peaks at 3054-2928 cm™ confirm
the conjugation of G-CDs to Y-CDs in comparison with the ATR-FTIR spectrum of free Y-CDs.*’ In comparison of
the MS spectra of G-Y CDs (100-500 Da) and (1000 Da) in Figure Sla and S1b, even though the same molecular ion
peak (MIP) is shared by both G-Y CDs, which is 568 g/mol, the intensity of the highest ion peak of G-Y CDs (1000
Da) at 656 g/mol is much higher than that of G-Y CDs (100-500 Da). In contrast to the MS spectra of G-CDs and Y-
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CDs (Figure S1c),* the MIPs of both G-Y CDs are close to the combination of the MIPs of free G-CDs (319 g/mol)
and Y-CDs (211 g/mol), which suggests their conjugation. In addition, the difference between these two G-Y CD
samples regarding the intensity of the highest ion peak indicates a higher amount of large conjugated system in G-Y
CDs (1000 Da) than G-Y CDs (100-500 Da).

Morphological features

AFM image of G-Y CDs (100-500 Da) (Figure 2e) shows many figure-eight shaped or other simple-conjugated
nanostructures. In contrast, Figure 2f shows that G-Y CDs (1000 Da) are mainly composed of large conjugated
systems. The comparison between Figure 2e and 2f demonstrates that the particle size along the Z-axis of G-Y CDs is
around 2 nm on average, which coincides with the mean diameters of free G-CDs or Y-CDs. Therefore, even though
G-Y CDs contain large conjugated systems, the systems exhibit planar structures with a thickness of 2 nm.
Meanwhile, TEM images of G-Y CDs in Figure 2g and 2h reveal many conjugated nanostructures of varying sizes. In
comparison, the images demonstrate that the majority of G-Y CDs (1000 Da) are large conjugated systems while G-Y
CDs (100-500 Da) contain unreacted G-CDs, Y-CDs and random conjugates of G-CDs and Y-CDs.
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(9) (h)
Figure 2. Physicochemical characterizations of G-Y CDs (100-500 Da) and (1000 Da). (a) UV/vis absorption spectra
of G-Y CD aqueous dispersions (0.1 mg/mL); (b) (c) Fluorescence emission spectra of G-Y CD (100-500 Da) and
(1000 Da) aqueous dispersions (0.1 mg/mL), respectively; (d) ATR-FTIR spectra with air as background; (e) (f) AFM
images of G-Y CDs (100-500 Da) and (1000 Da), respectively; (g) (h) TEM images of G-Y CDs (100-500 Da) and
(1000 Da), respectively.

Amphiphilicity study

It was observed in our previous studies that Y-CDs were amphiphilic and the amphiphilicity was not changed by
surface modifications. However, G-CDs are highly hydrophilic. Therefore, in order to test if G-Y CDs are
amphiphilic, 1 mg of G-Y CDs (100-500 Da) and (1000 Da) were dispersed in 10 mL water, ethanol, and acetone with
a polarity index of 10.2, 4.3 and 5.1, respectively to examine their dispersity. As a result, both G-Y CDs well
dispersed in water but partially dispersed in other solvents, which demonstrates a weak amphiphilicity of G-Y CDs. In
addition, fluorescence emission spectra of G-Y CDs in various solvents were analyzed. In comparison among Figure
2b, 3a and 3c, a red shift is observed in the maximum emission wavelength of G-Y CDs (100-500 Da) with the
increase of solvent polarity. To be specific, the maximum emission wavelength blue shifts from 450 nm (water), 435
nm (ethanol) to 430 nm (acetone). In contrast, the maximum emission spectra of G-Y CDs (1000 Da) in Figure 2c, 3b
and 3d exhibit a red shift from 460 nm (water), 500 nm (ethanol) to 510 nm (acetone). Meanwhile, G-Y CDs (100-500
Da) display higher PL emission intensity in water than that in ethanol and acetone, suggesting that G-Y CDs (100-500
Da) have higher dispersity in water. However, for G-Y CDs (1000 Da), the PL emission intensity in ethanol is
significantly higher than that in water and acetone, indicating a higher dispersity of G-Y CDs (1000 Da) in ethanol.
Different solvent effects of G-Y CDs are a result of the use of different dialysis bags. G-Y CDs (100-500 Da) are
composed of a mixture of unreacted G-CDs and random conjugates between G-CDs and Y-CDs. Even though Y-CDs
have shown an excellent amphiphilicity and dispersity in various solvents with polarity-dependent PL behavior in our
previous work,* the amphiphilicity of G-Y CDs (100-500 Da) is largely undermined by the highly hydrophilic G-CD
fragment. In comparison, with high-MWCO dialysis bag, only large conjugates of G-CDs and Y-CDs were collected
with the use of dialysis bag (1000 Da). And the solvent effect of G-Y CDs (1000 Da) will be less interfered by
impurities. Instead, as was reported in our previous study, surface modification won’t change the amphiphilicity of Y-
CDs. Therefore, the solvent effect of G-Y CDs (1000 Da) tends to be closer to that of Y-CDs.
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Figure 3. Fluorescence emission spectra of 1 mg of G-Y CDs (100-500 Da) and (1000 Da) dispersed in 10 mL
different organic solvents. (a) (b) G-Y CDs (100-500 Da) and (1000 Da) in ethanol, respectively; (¢) (d) G-Y CDs
(100-500 Da) and (1000 Da) in acetone, respectively.

Formation mechanism of G-Y CDs
According to our previous work, Y-CDs were characterized with appreciable amount of -COOH and a few -NH.%" In
contrast, the predominant functionality of G-CDs is -NH.*® Theoretically, when -COOH on Y-CDs are activated and
stabilized by EDC and NHS, respectively, Y-CDs can be conjugated to G-CDs via an amidation reaction. However,
considering the presence of both -COOH and -NH; on each CDs, to investigate the formation mechanism of G-Y CDs
and explore if G-CDs and Y-CDs can self-conjugate, G-CDs and Y-CDs were separately conjugated following the
same methodologies as G-Y CDs. UV/vis absorption spectra in Figure 4a exhibit absorption peaks at 282 and 350 nm
that are similar to the UV/vis absorption spectrum of free G-CDs in our previous work.* In addition, fluorescence
analyses of G-G conjugated samples in Figure 4c and Figure 4d display an excitation-dependent PL emission with the
same maximum excitation and emission wavelengths of free G-CDs.*® As for the possible formation of Y-Y CDs, only
two peaks ascribed to C=C (~230 nm) and C=0 (~285 nm) are shown in the spectra of Y-Y conjugated samples
(Figure 4b), which is different from that of free Y-CDs with four absorption peaks at C=C (235 nm), C=N (255 nm),
C=0 (285 nm) and low-energy region (421 nm).*” It suggests that Y-CDs might self-conjugate. It was further
confirmed by the excitation-dependent PL emission of Y-Y CDs (1000 Da) with the maximum excitation and
emission wavelengths at 450 and 530 nm, respectively. In comparison to those of free Y-CDs, the maximum emission
occurred blue shift. In contrast, even though Y-Y CDs (100-500 Da) also exhibited excitation-dependent PL, the
Mor. J. Chem. 8 N°4 (2020) 994-1007
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emission spectrum in Figure 4f seems to be composed of two fluorescence centers, which demonstrates the impurity of
Y-Y CDs (100-500 Da). Further evidence of conjugation was provided by ATR-FTIR spectra of G-G conjugated
samples and Y-Y CDs. All the peaks share by free G-CDs and G-G conjugated samples exclude the possible G-G CD
conjugation from G-Y CDs. Meanwhile, varied peaks of Y-Y CDs demonstrate the successful self-conjugation of Y-
CDs as well as the control of MWCO of dialysis bag over the purity and uniformity of CD conjugates. Furthermore,
the self-conjugation was also confirmed by the TEM image (Figure 4i) of Y-Y CDs (1000 Da) with relatively uniform
spherical shape and size (68.31+30.62 nm).
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Figure 4. Physicochemical characterizations of G-G conjugated samples and Y-Y CDs (100-500 Da) and (1000 Da).
(@) (b) UVl/vis absorption spectra of G-G conjugated samples and Y-Y CDs (0.1 mg/mL), respectively; (c) (d)
Fluorescence emission spectra of possible G-G conjugated samples (100-500 Da) and (1000 Da) (0.1 mg/mL),
respectively; (e) (f) Fluorescence emission spectra of Y-Y CDs (100-500 Da) and (1000 Da) (0.1 mg/mL),
respectively; (g) (h) ATR-FTIR spectra of G-G conjugated sample and Y-Y CDs, respectively with air as background;
(i) TEM image of Y-Y CDs (1000 Da).

Zebrafish bioimaging

It was discovered that 70% of genes related to human diseases have functional homologs in zebrafish.*® Thus,
zebrafish has become one of the most popular animal models to study developmental processes and human
disorders.* 5! Specifically, zebrafish were frequently applied in CNS disorder studies: 1) as a model system for the
treatment of Alzheimer’s and Parkinson’s diseases;>* 5 2) seeking neuroactive drugs through behavioral screening.*
% Due to the unpredictability when relating in vitro studies to in vivo experiments, the use of animal models such as
zebrafish gets more and more necessary. To investigate whether G-Y CDs can penetrate the BBB, 0.1 mg/jL aqueous
dispersions of G-Y CDs (100-500 Da) and (1000 Da) were separately injected into the heart of zebrafish. Under the
excitation of 405 nm, the fluorescence signals shown in the central canal of spinal cord (Figure 5) demonstrate that
both G-Y CDs (100-500 Da) and (1000 Da) are able to overcome the BBB in comparison to the control. As to the
BBB penetration mechanism of G-Y CDs, the best explanation is passive diffusion. First of all, the precursors of G-

CDs and Y-CDs don’t contain transferrin or folic acid, whose receptors are overexpressed on the BBB. And since the
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precursors were not tryptophan or glucose that could overcome the BBB with unique transport proteins. Thus, G-Y
CDs across the BBB could not be caused by a receptor-mediated endocytosis or carrier-mediated transport.
Furthermore, considering the zeta potentials of -6.45+£0.86 and -22.90+£1.12 mV for G-Y CDs (100-500 Da) and (1000
Da), respectively, the BBB penetration of G-Y CDs unlikely undergoes adsorption-mediated endocytosis. Instead, the
low zeta potential values confirm the amphiphilicity of G-Y CDs and ensure G-Y CDs across the basement membrane
of the BBB. Moreover, different zeta potentials demonstrate that G-Y CDs (1000 Da) have a higher aqueous stability
in comparion to G-Y CDs (100-500 Da) due to their composition.

405 nm Bright Field

G-Y CDs (100-500 Da) I

Central Canal

G-Y CDs (1000 Da)

Central Canal

Control

Central Canal

h na

= ‘(/’ ANV Y,
Figure 5. Confocal images of zebrafish treated with G-Y CDs (0.1 mg/uL) with control.

Conclusions

In order to acquire a versatile drug nanocarrier for the treatment of various CNS-related diseases, two distinct types of
CDs were conjugated and studied for their physicochemical and biological properties. In order to compare small and
large-conjugated systems, two different dialysis bags were employed to purify the obtained G-Y CDs. In comparison
to the G-Y CDs (100-500 Da), G-Y CDs (1000 Da) were retained with unique optical properties, structure and
morphology. Most significantly, through conjugation, the novel conjugated nanostructure obtains abundant -COOH
and -NHz, which is of great benefit for future drug delivery. In addition, the novel G-Y CDs are amphiphilic due to the
presence of Y-CD fragment in the conjugated structure, which will play an important role in overcoming cell
membranes and various barriers present in human body. To investigate the formation mechanism of G-Y CDs, G-CDs
and Y-CDs were conjugated for trial and Y-CDs have shown the capability to self-conjugate, which suggests the
conjugation pattern between G-CDs and Y-CDs is not 1:1. Eventually, when both G-Y CDs were intravascularly
injected into the heart of zebrafish, both CDs were observed to cross the BBB via passive diffusion. In general, the
successful conjugation between G-CDs and Y-CDs demonstrates the possibility of accumulating all the advantages of
individual CD on one novel nanostructure for drug delivery. It indicates the beginning of utilizing CDs as Lego-like
building blocks for the assembly of various large structures for diverse applications.
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