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ABSTRACT: S-Fluorouracil-nicotinamide (5-FU-NCM), a co-crystal with a 2D layer
structure formed by hydrogen bonds, was synthesized by solvent evaporation and liquid
phase-assisted grinding at room temperature. Compared to 5-FU alone, the results of
solubility, oil—water partition coeflicient, anti-tumor effect in vivo and vitro, acute toxicity,
and pharmacokinetic parameters indicate that the co-crystal is a potential anti-tumor drug.

B INTRODUCTION

Interdisciplinary research is critical to the development of new
therapeutics that will improve human health and quality of life.
Whether it is developing new drugs or modifying the current
ones, generating new therapies are technically and intellectually
challenging, time-consuming, and costly.' Among the most
difficult challenges is maximizing the efficacy while limiting
adverse side effects to the greatest extent possible. Modifying
the existing compounds represents a highly promising
approach to identifying potential new therapeutic uses.
Design and synthesis of pharmaceutical co-crystals, crystal-
line single-phase materials composed of two or more different
molecular and/or ionic compounds generally in a st01ch10-
metric ratio, is one of the methods to achieve this goal.”* They
are neither solvates nor simple salts. At least, one of the crystals
in the co-crystal is an active pharmaceutical ingredient (API)
and the other is pharmaceutically acceptable, known as co-
crystal former (CCF).* Because no substantial electron transfer
occurs, co-crystals retain the greatest degree of API integrity.
By adding a CCF, the physicochemical properties of co-crystals
can be enhanced beyond those exhibited by the API alone. Co-
crystals have been drawing scientists” attention because of their
fundamental properties such as improving the physical and
chemical stability, increasing the dissolution and solubility, and
improving the bioavailability of APIs.”~'* Valsartan/sacubitril
(brand name Entresto), a drug used in the treatment of heart
failure and developed by Novartis, has a co-crystallized
structure of valsartan and sacubitril in a 1:1 molar ratio." It
was approved by the FDA in 2015 and has been a co-
crystallized drug available on the market. Another co-
crystallized anti-diabetic drug named Ertugliflozin, the active
form of which is a 1:1 cocrystal of ertugliflozin with
pyroglutamlc acid, is now FDA-approved and marketed as
Steglatro.'* These compounds indicate the potentially
promising future of co-crystal drugs. The purpose of the
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present study was using this approach to design and test a new
co-crystal compound with anti-tumor properties.

S-Fluorouracil (5-FU), one of the anti-tumor drugs used in
1960s, is a cell cycle inhibitor that has been widely used
clinically agamst many solid tumors, including advanced
colorectal cancer.'® It has also been administered with other
drugs to treat ovarian, gastric, and head and neck cancers.'*™"*
However, because of rapid metabolism and low oral
bioavailability, 5-FU is rarely used in oral dosage forms. The
most common form of administration is continuous intra-
venous (IV) infusion. In addition to the inconvenience of IV
administration, it is also accompanied by severe side effects
such as bone marrow inhibition, cardiotoxicity, abdominal
pain, and diarrhea.'” As the analogue of pyrimidine, 5-FU has
several N—H donors and C=0 acceptors.'>*’ Nicotinamide
(NCM), a water-soluble vitamin, is present in a variety of
foods, which is normally looked at as a co-former because of its
N—-H donor and C=O and N-containing pyridyl ring
acceptors.”’ The characteristics of their structures enable
them to easily form a co-crystal. To optimize the potency and
minimize the side effects, we sought to generate a co-crystal
compound of 5-FU and NCM.

B RESULTS AND DISCUSSION

Chemistry. The S-fluorouracil-nicotinamide (S-FU-NCM)
co-crystal was synthesized at room temperature using the
solvent evaporation technique and liquid phase-assisted
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grinding. Single-crystal X-ray diffraction analysis indicates that
the molecular structure of the co-crystal comprises three 5-FU,
one NCM, and one water molecule attached together by
hydrogen bonding and lone pair electron—z stacking (see
Figure S2 in Supporting Information). The adjacent S-FU
molecules form a Z-type chain A in the c-direction through the
N—H:--O—hydrogen bond, which is connected in the same
manner as the reported S-FU form (see Figure S3 in
Supporting Information).”> Furthermore, chain B is formed
along the ¢ direction by 5-FU, NCM, and water molecules
through the N—H--O, O—H:-O, and N—H:-N hydrogen
bonds, which interacts with chain A to form a layered structure
(Figure 1).

Figure 1. Layered structure of S-FU-NCM. (A) S-FU molecules
forming a Z-type chain. (B) S-FU, NCM, and water molecules held
through hydrogen bonds forming a chain along the ¢ direction.

In contrast to the solubility of 5-FU (10.46 g/L, 0.080 mol/
L, 293 K), the co-crystal’s solubility of 17.61 g/L (0.033 mol/
L, 293 K) corresponds to the dissolution of 0.099 mol/L $-FU
according to the structure mentioned above (see Figures S7,
S8 and Tables S3, S4 in Supporting Information). The log P
value, oil—water partition coefficient, is a measure of
lipophilicity or hydrophobicity, indicating the solubility of
the compound in water or oil.'" Our results show the log P
value of the co-crystal as —1.17 (P = 0.068), while the log P of
5-FU is —0.46 (P = 0.35). These results suggest that the co-
crystal molecule is more hydrophilic and has lower membrane
permeability compared to its API. The low permeability of 5-
FU-NCM could potentially limit its transport through
lipophilic cell and organellar membranes, thus diminishing its
bioavailability.

Biological Activity. To assess the inhibition of cell
proliferation, we carried out 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) assay on different
tumor cell lines."” 5-FU-NCM has inhibitory effects on these
tumor cell lines, and the inhibition is dose- and time-
dependent (see Figure S9). The biochemical half maximal
inhibitory concentration (ICS0) of the co-crystal is calculated

as 72 h and indicates that the ICS0 of the 5-FU-NCM co-
crystal is less than the ICSO of its corresponding API (Table
1). These results suggest that the co-crystal molecule has the
ability to inhibit tumor cell proliferation in cell culture, and its
efficacy is superior to its API. Among all the tested cancer cells,
the S-FU-NCM co-crystals show the greatest potency (lowest
IC50) against HCT116 cells.

S-FU is effective in the treatment of multiple cancers
primarily by inhibiting transition through the G1/S phase of
the cell cycle.'* In addition, cell cycle arrest may also trigger
apoptosis, thus contributing further to the anti-tumor activity
of 5-FU." Using flow cytometry, we investigated the effect of
the 5-FU-NCM co-crystal on HCT116 cells. Our data indicate
a block in the G1/S phase. The efficacy of the co-crystal is
similar to the API group (Figure 2A). When examining
apoptosis, the results indicate a modest increase in apoptosis
with time; however, there is no difference in this parameter
when compared to the API group (Figure 2B). No significant
difference in potency is observed either, suggesting that the 5-
FU-NCM co-crystal and the API may work via the same
mechanism of action.

To determine the 5-FU-NCM co-crystal being an anti-
proliferative effect in vivo, we used a xenograft model in which
0.1 mL of solution containing 5 X 10° viable HCT116 cells
were implanted subcutaneously in the right flank of all the
nude mice. After 21 days of continuous daily injections into
the left hypogastrium of the following, three groups received
0.006, 0.012, and 0.018 mmol/kg/d of S-FU-NCM,
respectively; one group was treated with the mixture (0.036
mmol/kg/d 5-FU and 0.012 mmol/kg/d NCM); one group
received 5-FU alone (0.036 mmol/kg/d), and all the animals
were euthanized and subjected to histopathological analysis
and measurement of tumor weight. A dose-dependent decrease
in the tumor weight is observed in S-FU-NCM-treated
compared to the control group (Table 2). Histopathological
analysis of paraffin-embedded, hematoxylin and eosin (H &
E)-stained section demonstrates a higher number of necrotic
cells in the co-crystal group compared to the 5-FU only, S-FU
and NCM mixture (but not co-crystallized), and control
groups (Figure 3). These results indicate that the 5-FU-NCM
co-crystals maintained the efficacy of the API in vivo, while
showing a stronger anti-tumor effect compared to API alone.

Because the co-crystal molecule appears to enhance the
efficacy of API in vivo and in vitro, it is possible that the
physical and chemical properties of API have been altered.
Thus, we explored whether the co-crystal could prolong the
metabolic cycle and improve the bioavailability. The
pharmacokinetic parameters were obtained by the drug
analysis system DAS 2.0, and the drug—time curve was plotted
(Figure 4 and Table 3). The C,,, and the AUC of co-crystals
are found to be increased, which suggests that S-FU-NCM has
increased the absorption and bioavailability of API compared

Table 1. IC50 (mol/L) Comparison Between 5-FU and 5-FU-NCM on Tumor Cells”

cell lines S-FU
HCT116 325X 1078 £ 1.18 X 1078
HelLa 7.96 X 107¢ + 2.13 x 107°
Hep G2 3.86 X 107% + 5.56 x 1077
JEG3 2.18 X 107¢ + 2.81 x 107°
SMMC7721 1.89 X 107> + 1.58 x 107¢

5-FU-NCM
1.03 X 10™% + 1.34 x 107°
1.59 X 107° + 1.35 x 1077
343 X 107% + 242 x 107°
444 x 1077 + 2.60 X 1077
627 X 1078 + 3.41 x 1077

“The same molar concentration of API (5-FU) was applied to a variety of cell lines in different forms: 5-FU and S-FU-NCM.
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Figure 2. Cell cycle and cytometric analysis. (A) Effect of S-FU-NCM and S-FU at the concentration of S M for 12 h on HCT116 cells in cell
cycle distribution. (B) Annexin-FITC/PI flow cytometry results of HCT116 cells in 12/24 h under the exposure of S-FU-NCM up to the

concentration of 5 M.

Table 2. Inhibitory Effect of 5-FU-NCM on HCT116 Tumor

co-crystal. The median lethal dose (LDSO0) of S-FU is 1.002

Mass” mmol/kg and the co-crystal LD50 is 0.50 mmol/kg. Because
= the co-crystal is composed of 5-FU and NCM in a 3:1 ratio,
Eal dose (mmol/kg) AT TG (%) the LDSO0 equivalent to 5-FU is 1.5 mmol/kg, which is 1.5
blank 083 +0.19 times that of the API in the fully dissociated state. This
S-FU 0.036 0.65 £ 0.10 218 decreased LDS0 of S-FU-NCM suggests reduced toxicity of
mixture ($-FU/NCM) 0.036/0.012 0.65 + 0.21 221 the co-crystal compared to API (Tables 4 and 5).
low 0.006 0.62 + 0.15 25.6
S-FU-NCM medium 0.012 0.59 + 0.13 28.5
High 0.018 0.50 + 0.10 39.2 B CONCLUSIONS
“Tumor growth inhibition (TGI %) was determined by the formula: In conclusion, our research on the S-FU-NCM co-crystal
TGI % = WC%Wd, where W] = average tumor growth weight of blank indicates that it can exist in a stable state at room temperature.

c

group and W, = average tumor growth weight of treated group. W =

average tumor gI'OWth.

to 5-FU only. These results could explain the enhanced
inhibitory property of the co-crystal in vivo.

It is possible that increasing the bioavailability while
maintaining the plasma concentration at a higher level could
also result in increased toxicity. An acute toxicity study was
performed to evaluate the toxicity property of the S-FU-NCM

15779

S-FU-NCM has altered physical and chemical properties; in
particular, the solubility of the co-crystal is higher than that of
S-FU alone. Our study also verified that the co-crystal
preserves API’s anti-tumor property in both in vitro and in
vivo experiments. Because the solubility of the co-crystal has
been increased compared to 5-FU itself, this corroborated the
observation that we had improved the bioavailability while
effectively lowering the acute toxicity. These promising results
support the concept that co-crystal molecular constructs may
have therapeutic advantages in cancer and other applications.
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Figure 3. Histology (H & E X100) results of the tumor are compared. (a) Blank control group. (b) Positive control group (0.036 mmol/kg/d S-
FU). (c) Mixture group, the group treated with the compounds 5-FU and NCM in a non-co-crystallized form at a 3:1 molar ratio (0.036 mmol/kg/
d S-FU + 0.012 mmol/kg/d NCM). (d—f) Groups treated with S-FU-NCM at different concentrations [(d) 0.006 mmol/kg/d; (e) 0.012 mmol/

kg/d; (f) 0.018 mmol/kg/d].

*x

-= 5-FU
15 ~o- 5-FU-NCM

Concentration (umol/l)

T 1

.0 0.5 1:0 1:5 270 25
Time (h)

)

Figure 4. Average plasma concentrations versus time of 5-FU and 5-
FU-NCM after oral administration in rats. The initial dose given to
SD rats was based on their body weight at the rate of 0.06 mmol/kg.
Blood samples were collected at 1, 5, 10, 15, 20, 30, 60, 90, and 120
min after administration. ¥ + SD, n = 8, ** p < 0.01, two-way
ANOVA.

Table 3. Major Pharmacokinetic Parameters of S-FU-NCM“

parameters unit S-FU S-FU-NCM
t o h 0.064 + 0.013 0.197 + 0.0
t1 h 0.302 + 0.062 0.229 + 0.041
V1/F L/kg 2.783 + 0915 0.974 + 0.442
CL/F L/h/kg 11.845 + 0.239 427 + 0.165
AUC (0 — ¢t) pumol/L h 4.928 + 0.076 14.017 £+ 0.520
AUC (0 — o0) pmol/L h 5.067 + 0.104 14.071 + 0.528
T nax h 0.333 0.250
Crnax pmol/L 7.993 + 0.375 21.910 + 0.872

“Different parameters were measured as listed (X + s, n = 8).

Table 4. Acute Toxicity Test Result of 5-FU“

dose robit
group (mg/kg)/(mmol/kg) N, N; R (%) Ig dose P+5)
1 158.5/1.22 10 9 90 2.200 6.28
2 133.4/1.03 10 7 70 2.125 5.520
3 122.2/0.86 10 1 10 2.050 3.720

“The LD50 was 1.00 mmol/kg; 95% confidence interval is 0.38 <
LDS0 < 2.63 mmol/kg. R = Ny/N,. N; represents the initial animal
number, while Ny represents the number of dead animals.

We are actively exploring this exciting synthetic methodology
using 5-FU-NCM and other co-crystal compounds.

Table S. Acute Toxicity Test Result of S-FU-NCM*

dose robit
group (mg/kg)/(mmol/kg) N; Ny R (%) Ilg dose P+5)
1 446.7/0.84 10 8 80 2.650 5.840

2 266.1/0.50 10 6 60 2425 5.250

3 223.9/0.42 10 4 40 2.350 4.750

4 188.4/0.36 10 2 20 2278 4.160

“The LDSO was 0.50 mmol/kg; 95% confidence interval is 0.29 <
LDS0 < 0.88 mmol/kg. R = Ny/N,. N; represents the initial animal
number, while Ny represents the number of dead animals.

B EXPERIMENTAL SECTION

General Methods. All chemicals and solvents were of A.R.
grade and HPLC grade and were used without further
purification. Single-crystal diffraction data were collected at
295 K on an Agilent Xcalibur Eos diffractometer with graphite
monochromatized Mo-Ka (4 = 0.71073 A) radiation in w-scan
mode. Elemental analyses were carried out on a Vario MICRO
from Elementar Analysensysteme GmbH. Powder X-ray
diffraction (PXRD) patterns were collected at 293 K on a
Bruker D8 diffractometer (Cu Ka, 4 = 1.54059 A).

General Solution Method and Grinding Method for
the Synthesis of 5-Fluorouracil-nicotinamide (5-FU-
NCM) Co-Crystals. The S-FU-NCM co-crystal was synthe-
sized by adding S-FU (3 mmol, 390 mg) and NCM (1 mmol,
122 mg) to a mixed distilled water and methanol solution (v/v
= 1:9). The mixture was stirred at room temperature for 10
min and then filtered. Colorless crystals suitable for X-ray
diffraction were isolated from the filtrate after 7 days. Yield:
88% (based on N). Elemental analysis caled (%) for
CyH,,F,N,Og: C, 40.72; H, 3.20; N, 21.12. Found: C,
40.76; H, 3.13; N, 21.15. To further explore the assembling
process of the S-FU-NCM co-crystal, a grinding method was
employed with the same reactants. A certain amount of 5-FU
and NCM in a 3:1 ratio was mixed well and ground for ca. 30
min in an agate mortar, with a few drops of distilled water
added to the grinding mixture. After being dried by standing in
air, the PXRD pattern of the above-mentioned grinding
mixture has been obtained at room temperature. The
formation and purity of the 5-FU-NCM co-crystal were
confirmed by comparison of the experimental PXRD pattern
with the reference powder diffractogram (calculated on the
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basis of single crystal data on the S5-FU-NCM co-crystal
obtained by conventional solution crystallization, Figure S1),
which was carried out by the Mercury program, available free
of charge via the internet at http://www.ccdc.cam.ac.uk.
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