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ABSTRACT (Conventional oligonucleotide based drug delivery systems suffer from lengthy SNKP

synthetic protocols, high cost, and poor chemical or enzymatic stability under certain

circumstances. Canonical free individual nucleosides cannot form stable nanostructures in
aqueous solution as drug vehicles. Here, we report the development of a monomeric self-
assembled nucleoside nanoparticle (SNNP) into an efficient drug delivery system which has
currently no parallel in such field. This was achieved using a L-configurational pyrimido[4,5-d]-
pyrimidine nucleoside building block that can form robust discrete nanoparticles in just one
step with water as the sole solvent. Its high biocompatibility and low toxicity was demon-

strated in vitro and in vivo. In mouse xenograft model of oral squamous cell carcinoma (05CC),
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SNNP loading 5-FU

SNNP loaded with 5-fluoro-uracile (5-FU-SNNP) remarkably retarded the tumor growth compared with free 5-FU, albeit SNNP alone showed no antitumor

effect. The stability in blood circulation and the effective concentration of 5-FU in tumor tissue were increased upon the loading with SNNP. TUNEL and

immunohistochemistry analyses further indicated that the superior in vivo antitumor efficacy of 5-FU-SNNP compared to free 5-FU was associated with an

enhanced degree of inhibition of cell proliferation and stimulation of cell apoptosis. Furthermore, SNNP alleviated the toxic side effects of 5-FU. These

findings suggested that when loaded with SNNP, 5-FU has better antitumor efficacy and lower side effects, indicating that SNNP can efficiently act as a

readily accessible, robust, biocompatible and low-toxic nanobiomaterial which may find wide therapeutic applications clinically in the future.
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rug delivery systems are designed to
Dimprove bioavailability, reduce de-

gradation, and alleviate the side
effect of the loaded drugs. With the devel-
opment of nanotechnology, drug delivery
systems have received widespread atten-
tion, especially in the field of cancer therapy
because of their ability to improve thera-
peutic efficacy.' > Liposomes were first de-
veloped as drug carriers in the 1960s, other
varieties of nanomaterials, including poly-
mers, micelles and gels etc., had been em-
ployed and shown promise as drug trans-
port platform in this field over the past
few decades.®”"" Despite certain improved
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therapeutic advantages, some limitations
still exist. For instance, some drug delivery
systems may be toxic to normal tissues and
sometimes may even result in a reduction of
drug efficacy, because of the sophisticated
procedures and excessive chemical treat-
ments utilized in the preparation of some of
these drug carriers. These limitations hinder
the transformation of some drug carriers
into clinical applications.'*™'®> Therefore,
an efficient delivery system with a relatively
simple preparation procedure and low-
toxicity is still a major challenge for the de-
velopment of nanodrug-carriers. In nature,
biological macromolecules (nucleic acids,
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Figure 1. Dynamic representation of SNNP preparation and comparison of anticancer efficacy of 5-FU and 5-FU-SNNP using
intratumoral and intraperitoneal injection administration methods.

protein and olig/poly saccharides) are not only serving
many sophisticated biological functions, but are also
endowed with special uses in the field of nanotechnol-
ogy for their well-defined spatial arrangements con-
structed via hierarchical assembly from building blocks
to higher-order structures. Among these biological
macromolecules, nucleic acid analogues have been
used as drug delivery system because of their unique
complementarity, biocompatibility, and thermal stabi-
lity.'®"” However, due to their poor chemical and
enzymatic stability in vivo, together with the high cost
of mass production resulting from the lengthy and
sophisticated solid-phase synthesizing methodologies,
their wide applications as drug carriers in large scale
are hampered under certain circumstances. Although
there were also some self-assemblied nucleolipids
used as carriers'®' and lipidic nucleoside prodrugs
formulated as nanoassemblies to enhance the drug's
efficacy,®®?' the rich chemistry and highly diverse
structures of monomeric nucleoside analogues are
not yet fully exploited in this field.

To tackle these problems, we are committed to
studying the possibilities of using only base moiety
modified monomeric nucleoside molecules as drug
delivery system. Initially, we synthesized a tridentate
Janus-type guanosine—cytosine (J-GC) nucleoside and
found that it indeed formed nanobundles with Watson—
Crick base pairing in a dimethylformamide (DMF)
solution. However, the associated cytotoxicity prevents
its utility for this purpose.?? Later, we synthesized a
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bidentate Janus-type thymidine—adenosine (J-AT) nu-
cleoside and found that it can form flower-shaped
superstructures in aqueous solvent with uniform diam-
eters of around 40 um.**?* Unlike J-GC nucleoside, the
cytotoxicity of J-AT nucleoside was quite low. How-
ever, it was also not suitable as drug delivery system
due to its micrometer-ranged size. Since the whole
shape and size of this type of supramolecular assembly
strongly depend on the chemical structure of indivi-
dual building blocks, especially the configuration and
conformation around the glycosidic bond, we there-
fore designed and synthesized the L-configurationed
J-TA ribonucleoside (1) by transglycosylation reaction.
Interestingly, the monomeric J-TA L-ribonucleoside (1)
can self-assemble in water to form uniformly sized
distribution of discrete nanoparticles (~150 nm). The
base moiety of compound 1 had both the Watson—
Crick H-bond acceptor—donor (AD) pattern of thymi-
dine and the donor—acceptor (DA) pattern of adenine
(Figure 1). According to our previously reported theo-
retical calculations,®® the mechanism of nanoparticle
formation by compound 1 may be as follows: first, a
six-membered supermacrocycle is constructed via
H-bondings through Watson—Crick base pairs; second,
these six-membered rings stacked layer by layer to
form rosette nanotubes; and finally, the nanotubes
further associate into higher ordered nanoparticles.
Thus, the current supramolecular assembly consists
of monomeric nucleoside molecules without the nucle-
ase labile phosphodiester backbones. The additional
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functional groups on the pyrimido[4,5-d]pyrimidine
heterocyclic rings offer more self-complementary hy-
drogen bond acceptor and donor positions, which will
form more stable hydrogen bond networks compared
to canonical nucleosides, which in turn makes the
monomeric building blocks into robust discrete nano-
particles even in the competitive aqueous surround-
ings. Additionally, the base stacking might also be
stronger than canonical pyrimidine and purine nucleo-
sides due to the increasing surface area of base moiety.
Besides these modified base moiety, the unusual
L-configuration of the sugar residue may offer its
additional resistance against other nucleoside meta-
bolic enzymes. So the overall stability of our current
new system should be superior to the oligonucleotide-
based delivery system. Furthermore, from the prepara-
tion point of view, this novel self-assembled nucleoside
nanoparticle (SNNP) has the added benefits of a sim-
pler preparation procedure, a greener process (only
water as solvent) and of being biodegradable com-
pared with other traditional drug carriers.

Oral squamous cell carcinoma (OSCCQ) is the sixth
most common malignancy worldwide.”> 2° Despite
the increasing development of chemotherapy, the
prognosis of patients with this kind of malignancy is
still rather poor.3®3" One of the most important reasons
is the low therapeutic efficiency of the anticancer
drugs. 5-Fluoro-uracil (5-FU) is a pyrimidine analogue
that interferes with thymidylate synthesis. It was first
described in 1957 and has remained an essential
component of chemotherapy for a number of solid
tumors, particularly head and neck malignancies in-
cluding OSCC.3? Unfortunately, limitations such as its
short biological half-life resulting from rapid metabo-
lism, toxic side effects on bone marrow, and nonselec-
tive action against healthy cells limited the role of 5-FU
in systemic therapy of these tumors.>*~3” To overcome
the drawbacks of 5-FU, various nanoparticles were
developed for the delivery of 5-FU to the cancer tissues,
which can enhance the antitumor efficacy of 5-FU to a
certain extent in vivo.3®3° Inspired by these, we would
like to investigate if 5-FU can be encapsulated in the
aforementioned SNNP and whether its antitumor effi-
cacy can be improved accordingly. The rationale be-
hind this thought is that 5-FU is a thymine derivative
which might be entrapped by SNNP through base—
base interactions between them, and thus, SNNP may
function as a drug carrier for the delivery of 5-FU in
the body.

In this study, we present the preparation and char-
acterization of a SNNP drug delivery system loaded
with 5-FU. The objectives of this study were to evaluate
the potential of using the SNNP as drug delivery sys-
tem to alleviate the limitations of 5-FU such as short
biological half-life and toxic side effects. Specifically,
we compared the ability to inhibit tumor growth of
5-FU-SNNP to free 5-FU in a mouse xenograft model of
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OSCC.In general, we demonstrated that SNNP has high
biocompatibility and low cytotoxicity both in vitro and
in vivo. The stability in blood circulation and the effec-
tive concentration of 5-FU in tumor tissue was increased
upon the loading with SNNP. Most importantly, 5-FU-
SNNP markedly retarded the in vivo growth of OSCC
xenografts in mouse models compared with free 5-FU.
Meanwhile, SNNP also decreased the toxic side-effects of
5-FU. Because of all these advantages, plus the readily
accessibility of the monomeric building blocks and green-
er process of nanoparticles, this new type of SNNP has a
high hope to be a promising candidate nanoparticle-
delivery strategy for cancer therapy clinically in the future.

RESULTS AND DISCUSSION

Synthesis and Characterization of SNNP. Nanoparticles
can preferentially deliver chemotherapeutics to tu-
mors due to their Enhancement Permeation and Re-
tention (EPR) effect. Therefore, they have become key
vehicles for the delivery of anticancer drugs.*® Due to
their unique complementarity and biocompatibility,
nucleic acid analogues have been proven to be versa-
tile building blocks for constructing differently shaped
nanomaterials (such as nanoparticles) for drug delivery
applications. However, their high cost and poor che-
mical and enzymatic stability in vivo may restrict its
application in the field of drug delivery. To solve this
problem, we set out to construct novel drug delivery
carriers by monomeric nucleoside molecules. In this
study, we designed and synthesized the J-TA L-ribonu-
cleoside and found that it can form discrete nanopar-
ticles by self-assembling in water. For the synthesis of
J-TA L-ribonucleoside (1), the transglycosylation reac-
tion was adopted.?® The compound of J-AT L-acetylated
was treated with HMDS and xylene to afford the
silylated intermediate. Then, the intermediate com-
pound was rearranged to afford compound 2. Subse-
quently, the target compound 1 was successfully ob-
tained as a white powder by removing the acetyl groups
from 2. The structures of compounds 1 and 2 were
thoroughly characterized using NMR, HRMS, and UV,
in addition, the CD spectra of the p- and L-enantiomers
of J-TA nucleosides displayed a exact mirror image
(Figure S1). To prepare the SNNP, compound 1 was
dissolved in water, heated to 100 °C, and cooled at
room temperature for 24 h. SEM and DLS showed that
compound 1 formed SNNP with uniform diameters
around 150 nm (Figure 2A). Compared with RNA/DNA
NPs, these SNNP have a simpler preparation procedure
(single step) and greener process (water as the sole
solvent). Next, the finer structure of the SNNP was
revealed by TEM, which gave us visual evidence that
these SNNP consisted of many nanotubes (Figure S2).
To further study the hydrogen bonds formation of the
SNNP spectroscopically, the VT NMR experiment was
carried out, which indicated that the formation of this
SNNP was indeed engaging certain intermolecular
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Figure 2. Diameter (volume) distribution of SNNP and 5-FU-SNNP analyzed by SEM and DLS. (A) SEM images and DLS
regularization of compound 1 (0.1 mg-mL " in water, the average hydrodynamic radius recorded is 150 nm (average of 10
measurements, Nano-ZS, Malvern). (B) SEM images and DLS regularization diagrams of 5-FU-SNNP (the average hydro-
dynamic radius recorded is 200 nm (average of 10 measurements, Nano-ZS, Malvern). Scale bars: 2 um.

hydrogen bonds between individual nucleosides
(Figure S3). The critical melting temperature (T,,,) for
the disassembly of this SNNP was measured by Vari-
able Temperature Fluorescence (VT FL) spectroscopy
technique to be 67.5 °C (Figure S4). Meanwhile, the
storage stability results indicated that the SNNP were
stable for up to 60 days at room temperature, and it
was stable over a wide pH range from 4 to 11. More-
over, the SNNP was stable enough in preheated 90%
fetal bovine serum (FBS) (1:9 v/v) at 37 °C within 12 h
(the overall assembly is kept intact); the morphology
and size of the nanoparticles only began to change
slightly up to 24 h incubation (Figure S5). These data
proved that this SNNP should be also stable enough
under the physiological conditions. Considering the
J-AT ribonucleoside is a mimic of natural nucleosides,
they might have a good biocompatibility.

Drug Loading and Releasing Behavior in Vitro. To utilize
this type of SNNP as drug delivery vehicles, the drug-
loading experiments were carried out: the J-TA
L-ribonucleoside (compound 1) was dissolved in PBS;
the solution was heated to ~100 °C and allowed to
cool to room temperature for ~24 h. Then, the 5-FU
was added into the solution and this wasaged for
24 h to allow the drug-loading process to complete.
To confirm the success of drug loading, SEM and DLS
analyses were performed. SEM indicated almost no
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morphological change between the original SNNP and
the drug loaded SNNP. DLS experiments further
showed the size distribution of 5-FU-SNNP to be
200 nm approximately, which was obviously bigger
than SNNP-without-loading (Figure 2B). The loading
capability and encapsulation efficiency of the 5-FU
loaded SNNP were identified to be about 35% and
53%, respectively (Table S1). The NMR experiments
showed that the hydrogen atoms N11H and 5-FU—
C6-H were involved in the formation of intermolecular
hydrogen-bond in the process of 5-FU loaded with
SNNP (Figures S6 and S7). To further study whether the
hydrogen bonding from 5-FU will disturb the thermo
stability of the whole assembly, the Variable Tempera-
ture Fluorescence (VT FL) of the 5-FU-SNNP was carried
out and the T, value of this assembly was measured to
be 61.5 °C, 6 °Clower than that of free SNNP (Figure S8).
This phenomenon indicates that the additional com-
petitive hydrogen bonds due to the presence of 5-FU
loaded into SNNP indeed slightly destabilize the whole
assembly, but the relative high melting temperature of
the 5-FU-SNNP indicates it should be stable enough
under physiological temperature. Once the loading
capacity of SNNP was validated, the next step was to
investigate its release behavior in vitro. From the results
shown in Figures S9 and S10, the total release profile of
5-FU-SNNP (~47% of 5-FU release from the particle)
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Figure 3. SNNP had low acute toxicity in vitro. (A) MTT assay of the cytotoxicity of free SNNP on immortalized normal oral
keratinocyte cells (NOK-SI, HOK16E6E7) and OSCC cells (HSC-3, SCC-9). (B) Hemolytic assay. (C) Hemagglutination assay. The
concentrations of SNNP were 500 ug-mL~" (a); 400 ug-mL™~" (b); 300 ug-mL™" (c); 200 ug-mL~" (d) and 100 xg-mL™"
(e), respectively. Normal Saline (f) used as negative control. Distilled water (g) used as positive control. Data represent
3 independent experiments. Data presented as mean =+ SD (n = 4). Scale bar: 50 um.

exhibited two stages: first, a relatively faster release
period (burst release), in which ~24% of 5-FU was
already released from the SNNP within the initial 11 h;
second, a relatively slower release period (sustained
release), in which the remaining ~23% of 5-FU was
released from SNNP within the next 325 h. Therefore,
these results suggested that SNNP can be used as a
potential drug delivery system.

Evaluation of Acute Toxicity of SNNP in Vitro. Since the
potential toxicity of biomaterial itself may hinder its
application as drug carrier,*' ~** nontoxic or low-toxic
biomaterials are hotspots for the research of drug
delivery systems.** ¢ To evaluate the biosafety of
SNNP to be used as drug carrier, we studied the toxicity
of SNNP both in vitro and in vivo. The in vitro acute
toxicity of SNNP was evaluated by MTT assay and blood
compatibility assay. The MTT assay was conducted in
both immortalized normal oral keratinocyte cells
(NOK-SI, HOK16E6E7) and OSCC cells (HSC-3, SCC-9).
The results showed that the cytotoxicity of SNNP
displayed a concentration and time-dependent man-
ner. As shown in Figure 3A, there is a negative correla-
tion between the cell viability and SNNP concentration
and the incubation time. The cell viability decreased
from 100% to ~60% with the increase of SNNP
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concentration from 100 to 500 ug-mL~' and the
incubation time from 24 to 72 h. It is worthwhile
mentioning that the viability of cells incubated with
100 ug-mL™" SNNP did not change obviously during
the observed 72 h. Moreover, no significant differences
were observed between normal cells and OSCC cells.
We further tested the blood compatibility of SNNP
by hemolysis and hemeagglutination assays.*” > As
shown in Figure 3B, SNNP at all concentrations (from
100 to 500 ug-mL~") were nonhemolytic compared
with distilled water used as positive control. Moreover,
as shown in Figure 3C, no agglutination was detected
when erythrocytes were in touch with naked SNNP of
all tested concentrations compared with saline used as
negative control. Thus, our in vitro studies indicated
SNNP to be a blood-compatible biomaterial used for
drug delivery platform with nontoxic or low-toxic to
cells particularly at a concentration of 100 ug-mL™".
Evaluation of Acute Toxicity of SNNP in Vivo. To further
evaluate the biosafety of SNNP in vivo, SNNP was
injected intraperitoneally to mice at different concen-
trations (0.5, 2.5, and 5 mg-kg~') once a week for
2 weeks using normal saline as negative control.
Complete blood count (CBC), serum biochemical in-
dicators and histological examination were performed
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Figure 4. SNNP had low acute toxicity in vivo. SNNP were injected to mice intraperitoneally at the concentration of 0.5, 2.5,
and 5 mg-kg ', respectively, once a week using normal saline as negative control for 2 weeks. (A) Hematological analysis.
(B—E) Serum biochemistry analysis. (F) The body weight curves of all groups. The results represent mean + SD (n = 8, *P < 0.05,

**P < 0.01, ***P < 0.001).

to evaluate the acute toxicity of SNNP.>' >3 CBC did
not suggest any acute toxicity of SNNP at all tested
concentrations (Figure 4A). The results of serum bio-
chemical indicators showed decrease of plasma UA
(**P < 0.01) and CREA (***P < 0.001) in 5 mg-kg ™' SNNP
treated mice, while no significant differences were
found in biochemical indices between free SNNP treat-
ment groups (0.5,2.5 mg-kg ') and the control groups
(P> 0.05) (Figure 4B—E).

On the basis of the results of histological examina-
tion by Hematoxylin and Eosin (H&E) staining assay, no
noticeable signs of organ damage were found in the
heart, liver, spleen, lung or kidneys of treatment groups
compared with control groups (Figure 5). During the
whole experiment, neither animal death nor behavior-
al abnormalities were observed in the control or
treated groups. Moreover, body weights of the treated
animals were statistically identical to the control
groups (Figure 4F). According to these results, SNNP
showed low toxicity both in vitro and in vivo. Its safety
concentration was 100 ug-mL~" in vitro and below
5 mg-kg™' in vivo. So it has the latent capacity to be
used as drug delivery platform.

SNNP Increased the Stability of 5-FU in Blood Circulation. To
see whether SNNP can increase the stability of 5-FU in
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blood circulation, we studied the pharmacokinetics of
5-FU-SNNP by measuring the concentration of 5-FU in
the blood over time (Figure 6) after intravenous injec-
tion of 5-FU-SNNP into OSCC xenografted BALB/c nude
mice using equal amount of 5-FU as control. Blood of
mice was drawn from the posterior venous plexus of
the eye at each time point post injection (p.i.) and
measured by LC—MS/MS. The blood circulation curve
showed that compared with free 5-FU, 5-FU-SNNP got
amuch higher blood concentration of 5-FU at the same
time point p.i., moreover, the t;,, of 5-FU in 5-FU-SNNP
group was 6.43 + 5.94 h compared with 3.64 + 2.2 hin
the free 5-FU group, and AUC,_ .., was 4919.46 + 536.50
and 2401.21 + 26321 ug-L""-h™" in these two
groups, respectively. These results indicated that SNNP
can increase the stability of 5-FU in blood circulation
and therefore effectively prolong the circulation time
of 5-FU.

SNNP Led to Increase Uptake of 5-FU in 0SCC Xenograft Tumor
Tissue. To study the difference between the biodistri-
bution of 5-FU in 5-FU-SNNP and free 5-FU groups,
xenografted BALB/c nude mice were sacrificed at 5, 15,
45, 90, and 240 min p.i. of 5-FU-SNNP and 5-FU,
respectively. Various organs and OSCC xenograft tu-
mor tissues were collected and measured by the

A N N S
VOL.9 = NO.10 = 9638-9651 = 2015 K@L%{\j

WWW.acsnano.org

9643



Normal
Blank saline

Liver

0.5 mg/kg 2.5 mg/kg 5mg/kg

SNNP SNNP SNNP

Figure 5. Hematoxylin and eosin (H&E) staining assay of heart, kidney, liver, lung, and spleen tissues after intraperitoneal
injection of different concentrations of free SNNP (0.5, 2.5,and 5 mg - kg”, respectively) once a week for 2 weeks. Experiments

repeated 3 times. Scale bar: 100 um.
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Figure 6. Blood circulation curve of 5-FU-SNNP and free
5-FU. Error bars were based on standard deviations of
6 mice per time point. Inset table: pharmacokinetic data
of 5-FU-SNNP and free 5-FU (including AUC,_,, AUC,_.., t7,
2zr Tmaxl CLZI and Cmax)-

LC—MS/MS. We found that upon injection of free 5-FU,
5-FU distributed in many different organs and OSCC
xenograft tumor tissues, with the highest accumula-
tion in the kidneys followed by heart, OSCC xenograft
tumor tissue, lung and liver (Figure 7). Upon injection
of 5-FU-SNNP, the uptakes of 5-FU increased signifi-
cantly in all the tested organs and OSCC xenograft
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tumor tissues (Figure 7). It is worth noting that the 5-FU
levels in all the tested organs and OSCC xenograft
tumor tissues decreased very fast after 45 min p.i;
however, it decreased much slower in OSCC xenograft
tumor tissues compared with other organs upon load-
ing by SNNP. At 45, 90, and 240 min p.i., the OSCC
xenograft tumor tissue uptake was 9.00, 5.81, and
5.06% ID/g, respectively. These results suggested that
due to the sustained-release effect of SNNP and the
subsequent increased passive tumor targeting effect,
SNNP leads to increased uptake of 5-FU in OSCC
xenograft tumor tissues.

SNNP Enhanced Anticancer Efficacy of 5-FU by Using Intratu-
moral and Intraperitoneal Injections on 0SCC Xenograft Mouse
Model. Drug delivery system is designed to improve
the therapeutic efficacy and decrease side effects of
the loaded drugs.*?*8493757 Tq investigate the anti-
tumor efficacy of 5-FU-SNNP compared to free 5-FU,
first we used intratumoral injection as a localized treat-
ment on OSCC xenograft mouse model. Three different
concentrations of 5-FU (75,150, and 300 mg-kg™")
were used to treat HSC-3 cell OSCC xenografts. For
each concentration, tumor-bearing mice were ran-
domly divided into 4 groups (n = 6): control group
treated with normal saline, SNNP group treated with
5 mg-kg™' SNNP, 5-FU group treated with certain
concentration of 5-FU, and 5-FU-SNNP group treated
with 5 mg-kg ™" SNNP loading equal amount of 5-FU
used in 5-FU group. Mice were treated once per week
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300 mg-kg ', respectively) treated groups using normal saline and free SNNP as controls. Average tumor weight (E) and
images of xenografts (F) at the end of experiment. The results represent mean + SD (n = 6, *P < 0.05, **P < 0.01, ***P < 0.001).

through intratumoral injection for 2 weeks (injections
on day 1, 7 and 14) and monitored for an additional
1 week to observe tumor growth. The volume of the
tumors during treatment is shown in Figure 8A—C, and
the final tumor weight at the end of 3 weeks is depicted
in Figure 8E. At the end of three week of treatment,
tumors from mice in the saline and free SNNP treated
group had grown significantly, those from the free
5-FU treated group showed a much slower growth, and
those treated with 5-FU-SNNP showed the smallest

ZHAO ET AL.

increase in tumor volume. This difference increased
with the increase of 5-FU concentration. At the end of
3 weeks, with 75 mg-kg~" 5-FU, the average tumor
volumes of free 5-FU and 5-FU-SNNP treated groups
were about 70% and 60%, respectively, of these control
groups. When the concentration of 5-FU increased to
150 and 300 mg-kg ™', the average tumor volumes of
free 5-FU and 5-FU-SNNP groups decreased to about
70% and 45%, and 60% and 25%, respectively, of the
control groups. Therefore, the 5-FU-SNNP displayed a
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much more significant degree of tumor growth inhibi-
tion compared with free 5-FU. It should be noted that
there was no obvious difference between the tumor
growth of the saline and free SNNP treated groups.
Therefore, SNNP itself alone has no therapeutic effect
on OSCC xenografts. As mentioned above, 5-FU has a
rapid metabolism which limited its role in therapy of
tumors. On the basis of these results, we deduced that
the enhanced anticancer efficacy of 5-FU-SNNP was
caused by the delayed release of 5-FU by SNNP which
allowed 5-FU to produce a long-term effect compared
to free 5-FU. Therefore, SNNP can serve as a drug
delivery vehicle which can enhance the efficacy of
the loaded agent. During the whole experiment, no
significant differences were found among the average
body weight of these groups.

To prove the effectiveness of the 5-FU-SNNP as a
systemic treatment, we changed the administration
method to intraperitoneal injection using two different
concentrations of 5-FU (150 and 300 mg-kg™") and
conducted it weekly for 3 weeks using the same OSCC
xenograft mouse model. For each concentration,
tumor-bearing mice were randomly divided into 4
groups with 6 mice each. As shown in Figure 9AB,
during the treatment, tumors from the free 5-FU
treated group and 5-FU-SNNP treated group showed

ZHAO ET AL.

a significant inhibition of tumor growth compared with
tumors from mice in the saline and free SNNP treated
groups. 5-FU-SNNP also showed an enhanced antic-
ancer efficacy compared with free 5-FU. At the end of
the experiment, the average tumor weight of 150 and
300 mg-kg™' 5-FU-SNNP treated groups reached
about 70% and 45% of that of 150 and 300 mg-kg™"
free 5-FU treated groups, respectively (Figure 9E).
Therefore, the intraperitoneal injection experiment
confirmed that SNNP can also serve as a drug delivery
system to enhance the anticancer efficacy under sys-
temic treatment. It is worth mentioning that, during
the experiment, no significant differences were found
among the average body weight of these groups
when the concentration of 5-FU was 150 mg-kg™'
(Figure 9C). However, when 5-FU reached 300 mg-kg ™',
significant decrease of body weight was found in 5-FU
and 5-FU-SNNP treated groups compared with the
control groups. Moreover, the decrease was much more
dramatic in the free 5-FU treated group (Figure 9D). On
day 15, two of six mice died in the free 5-FU group, while
no mouse died in the 5-FU-SNNP group. Therefore, it
seemed that SNNP can reduce the toxic side effects of
5-FU on bone marrow and healthy cells to some extent.
To sum up, the results of intraperitoneal injection con-
firmed that SNNP itself alone has no therapeutic effect
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on OSCC xenografts, and SNNP can significantly enhance
the anticancer efficacy of 5-FU on OSCC. Moreover, SNNP
can even reduce the toxic side effects of 5-FU.

The Effect of Inhibiting Cell Proliferation and Stimulating
Apoptosis by 5-FU in 0SCC Xenografts Was Enhanced in 5-FU-
SNNP. To further investigate the underlying mecha-
nism of enhanced anticancer effect of 5-FU-SNNP
compared with free 5-FU, cell proliferation and cell
apoptosis in OSCC xenograft tumor tissue were stu-
died. Ki67, a marker of cellular proliferation, was de-
tected by immunohistochemistry assay. As shown in
Figure 10A, Ki67 expression decreased significantly
with the increase of 5-FU concentration. Moreover,
5-FU-SNNP treated tumors revealed much more sig-
nificant decrease of the proportion of Ki67 positive
cells compared to the free 5-FU treated ones. In the
75 mg-kg~" 5-FU groups, the average percentage of
Ki67 positive cells in 75 mg-kg ™' 5-FU and 5-FU-SNNP
groups were 62.77% and 57.02%, respectively; in the
150 mg-kg™' groups, they were 43.41% and 19.42%,
respectively; in the 300 mg-kg™' groups, they were
14.97% and 5.81%, respectively (Figure 10B). Cell apo-
ptosis was further studied by TUNEL assay. The results
showed that compared with free 5-FU treated OSCC
xenografts, 5-FU-SNNP treated ones revealed much
higher cell apoptosis rate, and this became more
significant with the increase of 5-FU concentration
(Figure 10A). As shown in Figure 10C, the average cell
apoptosis rates of the 75, 150, and 300 mg-kg ™' free
5-FU treated tumors were 2.69%, 8.68%, and 29.84%,
respectively; while those of the 75, 150,and 300 mg-kg '
5-FU-SNNP groups were 4.24%, 27.96%, and 51.20%,

MATERIALS AND METHODS

General. The J-TA L-ribonucleoside compound was synthe-
sized in our laboratory. SEM was performed using a high
resolution INSPECT F50. The UV absorption spectra were

ZHAO ET AL.

respectively. At the same time, the average cell apop-
tosis rates of saline and free SNNP treated groups were
only 0.59% and 0.58%, respectively. Our results sug-
gested that the effect of inhibiting cell proliferation
and stimulating apoptosis by 5-FU in OSCC xenografts
was enhanced in 5-FU-SNNP.

CONCLUSIONS

In summary, we designed and synthesized a Janus
type L-configurational J-TA ribonucleoside (1) by trans-
glycosylation reaction. It can form robust discrete
SNNP by self-assembling in water, which is the first
reported nanoparticle formed by monomeric nucleo-
side molecule in water. This type of SNNP was further
demonstrated to have low toxicity both in vitro and
in vivo. Through serum pharmacokinetics and biodis-
tribution studies, SNNP was found to increase the
stability of 5-FU in blood circulation, and thus, via the
sustained-release effect of SNNP and the following
increased passive tumor targeting effect, the accu-
mulation of 5-FU in tumor area can be significantly
improved. In a mouse xenograft model of OSCC,
compared with free 5-FU, 5-FU-SNNP displayed a
superior in vivo anticancer efficacy. Meanwhile, SNNP
itself had no therapeutic effect on OSCC xenografts.
Further studies showed an increased cell apoptosis and
inhibited cell proliferation induced by 5-FU-SNNP com-
pared with free 5-FU. In addition, SNNP alleviated the
toxic side effects of 5-FU. Therefore, our studies dis-
tinguished the SNNP drug delivery platform as an
efficient and relatively safe candidate to deliver nucleo-
side drug in the treatment of oral cancer.

recorded on a DU-800 spectrophotometer, Beckman) (Amax
in nm, ¢ in dm® mol™" cm™"). Thin-layer chromatography
(TLC) was performed on aluminum sheet covered with silica
gel 60 F254 (0.2 mm, Merck, Germany). Flash column
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chromatography (FQ): silica gel 60 (Haiyang chemical company,
P. R. China) at 0.4 bar. NMR spectra were recorded on a AV Il
(Bruker, Germany) spectrometer at 400 and 600 MHz; the o
values in ppm are relative to Me,Si as internal standard. High
resolution mass spectra were measured with mass analyzer
(Q-TOF, Bruker, Germany). TEM images were recorded on a
Tecnai G2 F20 microscope operated at 200 kV. 5-Fluoro-2,4
(1H,3H) pyrimidinedione (5-FU) was purchased from Sigma—
Aldrich. The solvents and reagents were analytic pure. Solvents
1,2-dichloroethane and acetonitrile were purified by distilling
from P,0s. All reagent water used in the laboratory was pre-
treated with the Milli-Q Plus System. All other reagents used
were commercially available and analytical grade.

Cell Culture and Animals. Two OSCC cell lines (HSC-3, SCC-9)
and two immortalized oral keratinocyte cell lines (NOK-SI,
HOK16E6E7) were used in this study. HSC-3 was cultured in
Dulbecco's modied Eagle's medium (DMEM; Gibco) containing
10% fetal calf serum (Gibco). SCC-9 was maintained in DMEM/
Nutrient F-12 HAM (DMEM-F12; Gibco) containing 10% FBS,
2 mM L-glutamine, 50 U-mL' PenStrep, and 0.348% NaHCOs.
NOK-SI and HOK16E6E7 were cultured in keratinocyte growth
medium (KGM) containing 0.15 mM calcium and EGF (Gibco).
All cells were kept at 37 °C in a humidified incubator containing
5% CO,.

Female BALB/c mice (5—6 weeks of age, 17—20 g) and
female BALB/c athymic nude mice (4—5 weeks of age, 16—20 g)
were purchased from the Animal Center of Sichuan University
(Chengdu, China). All procedures followed the guidelines out-
lined in the “Principles of Laboratory Animal Care” (NIH) and
were approved by the local Animal Care and Use Committee.
Mice were housed five per cage in a temperature-controlled
room (22 £ 1 °C) with a 12 h light/dark cycle. All mice had free
access to deionized water and sterilized food and were quar-
antined this circumstance for at least 1 weeks before the
experiments.

Preparation of SNNP. The J-TA L-ribonucleoside molecule (1)
was designed and synthesized by our group. Then, certain
amount of J-TA L-ribonucleoside was dissolved in distilled water
(dH,0); the solution was heated to ~100 °C and allowed to cool
to room temperature for ~24 h.

Characterization of 5-FU-SNNP. The J-TA L-ribonucleosides were
first dissolved in PBS; the solution was heated to ~100 °C and
allowed to cool to room temperature for ~24 h. Then, the 5-FU
was added in this solution and aged for 24 h to allow the drug-
loading process to complete, which was verified by SEM and
DLS. The drug loading and entrapment efficiency were deter-
mined as follows: 1 mL of drug loaded SNNP was introduced
into EP tube and centrifuged at 13000 rpm for 10 min. The
concentration of 5-FU in collected the supernatants was deter-
mined by an ultraviolet spectrophotometer at 265 nm (DU-800
spectrophotometer, Beckman). All experiments were repeated
three times. Drug loading (DL) and encapsulation efficiency (EE)
of drug loaded SNNP were calculated according to eqs 1 and 2.
The enzymatic degradation stability of SNNP was tested by
incubating the samples of SNNP in preheated 90% fetal bovine
serum (FBS) (1:9 v/v) for different times (1, 5, 12, and 24 h) at
37 °Cusing a thermal-shaker at 300 rpm in vitro. Then, SEM was
employed to analyze the enzymatic degradation stability of
SNNP through morphological change.

_ Amount of drug
" SNNP + Theoretical drug

DL (%) 100 M

_ Amount of drug

EE () = Theoretical drug

x 100 (2)

In Vitro Drug Release Behavior. To investigate the release
behavior of 5-FU from the SNNP in vitro, a membraneless model
was used. First, 200 uL of drug-loaded SNNP (the Drug Loading
(DL) of SNNP was 35% and the Entrapment Efficiency (EE) of
SNNP was 53%.) was immersed in 2 mL of PBS (pH = 7.4) and
shaken at 100 rpm at 37 °C. Then, all the release media were
collected and replaced with fresh release media at a specific
time. After centrifugation at 13 000 rpm for 10 min, the super-
natants of the removed release media were collected and

ZHAO ET AL.

stored at —20 °C for analysis. Finally, the concentration of
5-FU in collected supernatants was determined by an ultraviolet
spectrophotometer at 265 nm (DU-800 spectrophotometer,
Beckman). All release experiments were repeated three times.

Cell Viability Assay. The cytotoxicity of free SNNP was evalu-
ated in both normal and cancer cell lines by viability of cells
measured using 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyltetra-
zolium (MTT) (Sigma) assay as described previously.”® > Briefly,
cells were cultured with SNNP at different concentrations
of 100, 200, 300, 400, and 500 ,ug-mL’1 for 24, 48, and 72 h,
respectively, using free medium as controls. Then, MTT solution
(5 mg-mL’1 in PBS) was added to cell culture solution. Four
hours later, the formazan crystals were dissolved in dimethyl
sulfoxide (Sigma) and the absorbances were measured by
Varioskan Flash (Thermo Scientific) at a wavelength of
570 nm. The relative cell viability (%) was presented by [OD]
test wells/ [OD] control wells x 100%.

Hemolytic Test. Hemolytic test was performed as de-
scribed.**=>? Briefly, 25 mL of SNNP solution at different
concentrations (100, 200, 300, 400, 500 yg-mL’1) was added
into 2.5 mL of 5% (v/v) RBC suspension and incubated for 3 h at
37 °Cin a shaking water bath. Normal saline and distilled water
were served as negative and positive controls, respectively.
After incubation, all mixtures were centrifuged at 1500 rpm for
10 min, and the red color of the supernatant solution was
regarded as hemolytic positive. Conversely, absolute achro-
matic of the supernatant indicated less likely to induce
hemolytic.

Hemagglutination Assay. Hemagglutination test was per-
formed as described previously.**~>2 In brief, 250 uL of blank
SNNP solutions of different concentrations (100, 200, 300, 400,
500 ug-mL~") was mixed with 250 uL of rabbit erythrocyte
suspension (2%) in V-shaped 24-well microtiter plates and
incubated for 2 h at room temperature (RT) allowing hemag-
glutination to occur. A 2% erythrocyte suspension mixed with
normal saline was used as negative control. Results were
recorded by microscope at a magnification of 200x.

Acute Toxicity Test. In this study, complete blood count (CBC),
serum biochemical analysis and histopathological study were
used to evaluate the acute toxicity of SNNP in vivo. Forty female
BALB/c mice were divided randomly into 5 groups. SNNP at
different concentrations (0.5, 2.5, and 5 mg-kg™~") was injected
intraperitoneally once a week using normal saline treated and
nontreated mice as controls for 2 weeks. The body weight of
mice was recorded every 3 days. After 15-days observation, all
animals were killed and 1000 uL of blood sample was collected
and divided into 2 parts: 200 uL with lihium heparin and 800 xL
without lihium heparin. Serum was obtained by centrifugation
at 2500 rpm for 15 min twice. Complete blood count (CBC) and
serum biochemical indicators were measured by auto hematol-
ogy analyzer (Cell-Dyn 3700, Abbott) and auto biochemistry
analyzer (Roche cobas integra 400 plus, Roche, Switzerland),
respectively. Organs including heart, liver, spleen, lung and
kidney were drawn out, fixed immediately in 10% formaldehyde
solution and embedded in paraffin and serially cut for histo-
pathological examination by the hematoxylin and eosin (H&E)
staining.

In this study, complete blood count analysis included
markers such as white blood cells (WBC), red blood cells
(RBC), platelet count (PLT), hemoglobin (HGB) and mean cor-
puscular volume (MCV). Liver function was evaluated by alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alka-
line phosphatase (ALP), lactate dehydrogenase (LDH), total
protein (TP) and albumin (ALB). Renal function was evaluated
through uric acid (UA), blood urea nitrogen (BUN) and creati-
nine (CREA). Biochemical indicators for Blood lipids included
triglyceride (TG), total cholesterol (CHOL), high density lipopro-
tein (HDL-C) and low density lipoprotein (LDL-C).

Serum Pharmacokinetics and Biodistribution Studies. Female BALB/
c athymic nude mice were used to build OSCC xenograft mouse
model. All animal care and in vivo experimental procedures
were performed following NIH Principles of Laboratory Animal
Care. A total of 2 x 10° HSC-3 cells were suspended in 100 uL
of serum-free DMEM medium and injected subcutaneously
into the right flank of mice to establish OSCC xenograft models.
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On day 15, mice were randomized into 2 groups and received
treatments via intravenous (iv) administration. Mice of control
group were treated with 150 mg-kg ™' 5-FU and mice of test
group were treated with 5 mg-kg ™' SNNP loading 150 mg-kg™"
5-FU. Mice were sacrificed at various time points with blood and
major organs collected for LC—MS/MS. Standards were prepared
and measured along with the samples to calculate the percen-
tage of the injected dose per gram of tissues (%ID/g). Statistics
were based on standard deviations of 6 mice per group.

In Vivo Antitumor Efficacy Assay. OSCC xenograft mouse model
was built as described above. On day 5, the xenografts were
detectable and mice were randomized into different groups
and received treatments via intratumoral administration or
intraperitoneal administration. Tumor growth and mouse body
weight were monitored. The tumor size was measured twice a
week using calipers. Tumor volume was calculated by the
following formula: TV = /6 x length x (width)%. When the
tumor sizes reached the maximum according to the guideline of
Institutional Animal Care and Use Committee (IACUC), all mice
were sacrificed by cervical dislocation.

Immunohistochemistry Assay. The xenografts were collected
and fixed with paraformaldehyde for 48 h and processed for
immunohistochemistry assessment of Ki67 (monoclonal anti-
body Ki67, Dako 1/200; abcam, Britain) as described before.>®
Proliferating cell was determined by positive immunostaining
of Ki67. To calculate the proliferating rate of each tumor, 5
random areas within a section were selected and the total cell
numbers and Ki67 positive cell numbers were counted at 200 x
magnification. The arithmetical mean proportion of positive
Ki67 cells of the 5 areas represented the proliferating rate of the
tumor. All micrographs were taken with Aperio Digital Pathol-
ogy Systems.

TUNEL Assay. To detect apoptotic cells, the TUNEL assay was
performed with the DeadEnd Fluorometric TUNEL System
(Promega) according to the instructions from the manufacturer.
Cells showing localized green fluorescence were regarded as
apoptotic cells. The calculations of cell apoptosis rate of each
tumor and the micrograph taken were conducted using the
same methods as described in the immunohistochemistry assay
section.

Statistical Analysis. Exiperiments were conducted in tripli-
cates, or otherwise indicated. The data were presented as mean
value + SD (standard deviation). Statistical comparisons be-
tween different groups were evaluated by descriptive statistics,
single-factor analysis of variance (ANOVA), and repeated mea-
sures analysis of variance assuming significant at P-value <0.05.
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