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KEYWORDS Abstract In the present investigation, S5-Fluorouracil co-crystals with four cyclic dimers of amino
5-Fluorouracil; acids (Glycine, Tryptophane, Leucine and Alanine conformers are prepared via co-crystallization
Co-crystals; route, with an aim to improve its anticancer effectiveness and to minimize its associated drawbacks.
Dimers; The prepared co-crystals were characterized by FTIR and PXRD techniques. FTIR revealed the
Molecular docking; presence of respective functional groups in the prepared co-crystals. Frequencies (v) of N—H
MTT analysis; (3416 cm™") and carbonyl group (1671 cm™') in the 5-Fu (FTIR) spectrum were considerably
Antitumor efficacy moved in all co-crystal’s spectra exhibiting the development of new interactions. 5-Fu peak at
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20 = 28.48° was visibly transformed in the co-crystal’s graphs of PXRD. MTT assays was studied
on MCF7 breast and SW480 colon cancer cell lines using 0.78 to 200 pg mL ' dose concentration.
Co-crystals with Tryptophane and Leucine cyclic dimers revealed highest potential (99 % and
100 %) respectively, against colon cancer cell line Likewise Alanine and Tryptophane dimers fur-
nished promising efficiency (100 %) against MCF7 cell line Genetic Optimization for Ligand Dock-
ing/GOLD was applied to evaluate the latent anti-tumor behaviors against the proteins [C-myc.
(PDB ID: 6G6K, Thymidylate synthase (PDB ID:1HVY) and protein kinase (PDB ID: 2X18).
Results revealed that the developed 5-Fluorouracil co-crystals have promising antitumor efficacy

as compared to already reported 5-Fu co-crystals and 5-Fu alone.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

To date, cancer is the second leading cause of death globally with 9.6
million mortalities reported in the year 2018, which need to tackled by
developing new anticancer agents (Ferlay et al., 2019, Al-Anazi et al.,
2022, Albratty and Alhazmi 2022, Koparir et al., 2022). Chemotherapy
is the widely applied approach in the treatment of cancer (other includes
radiotherapy and surgery) but drawbacks of their use have been a con-
cerning issue for researches and efforts are being done to minimize them
(Zhang et al., 2018, Pradhan and Vishwakarma 2020). In this regard,
chemical modifications of an active therapeutic drug to optimize its
desired effects by reducing the drawbacks is the intriguing modern
approach. The use of heterocyclic compounds, especially those contain-
ing nitrogen is an extensively studied area in the respective field (Benaka
Prasad et al., 2018a, Benaka Prasad et al., 2018b, Lang et al., 2020,
Raveesha et al., 2022, Vidyavathi et al., 2022). Hence, there is need to
synthesize a new bioactive material since the existed compounds effi-
ciency is reduced with the passage of time and this regard various tech-
niques have been applied for the synthesis of organic compounds
(Kousar et al., 2015, Khalafallah and Ahmed 2017, Ocheni and
Clement 2017, Deeba et al., 2018, Abdellatif and Abd El Rady 2020,
Abdellatif and El Rady 2020, Amos-Tautua et al., 2020).

5-Fluorouracil (5-Fu), (Carrillo et al., 2015, Jubeen et al., 2018)
was discovered half a century ago, persists to be extensively used in
the cure of common malignancies involving colon cancer (Hong
et al., 2020), breast (Su et al., 2020) brain (Shinde et al., 2020) and skin
(de Oliveira et al., 2020). Even though 5-Fu is the better-quality
chemotherapeutic agents for CRC (colorectal cancer) (Vodenkova
et al., 2020), still it has some shortcomings that include fast metabo-
lism, very short-term half-life, minimal bioavailability, cell mortality
and insufficient selectivity for tumorous cells, all these drawbacks limit
its efficacy in cancer chemotherapy (Krishnaiah et al., 2003, Entezar-
Almahdi et al., 2020) and the response rate is reported only 10—
15 % (Sethy and Kundu 2021). But it is reported in various studies that
when 5-Fu is mixed with new anti-tumor drugs, the response ratio are
elevated to 40-50 % (Gu et al., 2019). Hence, new therapeutic
approaches are of urgent necessity to fight drug endurance and other
above-mentioned drawbacks to improve drug response rates.

Numerous approaches for structural modifications of 5-Fu are
devised and tested, in this regard. The most profound strategies are fol-
lowing; by derivatization at N1 or N3, or both and by conjugation
with macromolecules (Radwan and Alanazi 2014, Kumar et al.,
2017), by DNA intercalation (Zhou et al., 2013, Sanduja et al., 2020)
and designing of 5-Fu loaded nanoparticles to increase the efficiency
by increasing the surface area. Among all methods mentioned above,
no strategy presents green synthesis, no need of purification and seclu-
sion of the end product.

There is an innovative approach called co-crystallization that com-
prises all the above-described synthesis needs in a distinct approach
(Stoler and Warner 2015). Many co-crystals of 5-Fu have been
reported in which 5-Fu co-crystals were designed with acridine, phena-
zine (Delori et al., 2013), piperazine (Moisescu-Goia et al., 2017) urea,

thiourea, acetanilide and aspirin (Jubeen et al., 2019) organic acids
(Jubeen et al., 2020). All of these containing more electronegative
groups in their molecules i.e., N, O, F, which are typically liable for
hydrogen bonding interactions. Almost all of these co-crystallization
products have despite of their excellent positive effect in improving
drug efficiency has some draw backs associated with them that
includes, intramolecular hydrogen bonding of solvent used, signifi-
cance of the co-former was not mentioned, commercial accessibility
of some co-formers and transportation of the synthesized drug through
plasma and tissue walls.

This study presents the synthesis of novel prodrugs by using Amino
acids cyclic dimers as co-formers. Amino acids are commercially acces-
sible and have substantial structural variety. The synthesized prodrugs
have lipophilic and hydrophilic characters that ease in transportation
through plasma and tissue walls. Negligible use of solvent, in this case,
helped to minimize the problems of byproduct formation and separa-
tion of the end product to a great extent. The formation of
supramolecular interactions was examined via FTIR and structural
changes among 5-Fu and co-crystals were assessed by powdered
XRD. Moreover, to evaluate effective antitumor prodrugs, in vitro bio-
logical study of prepared co-crystals and molecular docking were done.
Significance of this study lies in evaluation of the activity of prodrugs,
which is performed against two cancer cell line via MTT Assay in con-
trast to previous studies that involve evaluation against one tumor cell
line. Molecular Operating Environment/MOE software were used to
interpret the interactions between the three target proteins and 5-
Fluorouracil which is another significance of this study. In comparison
to 5-Fu alone, computational results reveal that new solid formula-
tions offer promising anti-cancer effectiveness. Following the success-
ful manufacture of these co-crystals and the increase of 5-Fu’s capacity
to suppress cancer cell development, these new co-crystals can be used
for in vivo study and membrane crossing capacities in future.

2. Material and methods

2.1. Materials

5-Fluorouracil (Sigma-Aldrich, 99 %), and other chemicals
used in this study to synthesize targeted co-crystal are Ethanol
(Merck KGaA, 99.5 % purity), Acetone (Merck KGaA,
99 %), Glycine (Sigma-Aldrich, 98 %), Leucine (Sigma-
Aldrich, 99 %), Alanine (Sigma-Aldrich, 98 %), Tryptophane
(Sigma-Aldrich, 98 %), Glycerol (Commercial suppliers,98 %)
and Distilled Water (Commercial suppliers, 100 %).

2.2. Conformers synthesis methodology

The synthesis of our desired co-former consists of the follow-
ing two methods. The first one includes the cyclic dimerization
of four distinctive amino acids (Leucine, Alanine, Glycine and
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Tryptophane) through fabrication method which reported by
(Pokorna et al., 2019). Glycerol (30 ml) was added in a flask
of 100 ml equipped with reflux condenser followed by the addi-
tion of Glycine (12 g) under constant stirring at 175-180 °C.
The reaction mixture was agitated for 50 min. Then, the reac-
tion mixture was cooled at room temperature, distilled with
12 ml distilled water and left in the refrigerator overnight.
The obtained crude product (dimer) was filtered, washed with
50 % ethanol and recrystallized to get pure product with 89 %
yield of glycine cyclic dimer (Scheme. 1).

Same procedure was performed with all other selected
amino acids [Leucine, Alanine and Tryptophane] and yield
of these cyclic amino acid dimers were 82 %, 80 % and
85 % respectively. Scheme 2-4.

2.3. Synthesis of targeted co-crystal

After the successful formation of the above four precursors, the
desired co-crystal was synthesized by following the non-
grinding solution method. The procedure followed here are in
accordance with the literature (Yan et al., 2009, Moisescu-
Goia et al., 2017). The solution of API (1.25 g) and co-
formers [2,5 Diketopiperazine, 1.09 g; 3,6-Dimethyl-2,5-Pipera
zinedione, 1.36 g; 2,5-Piperazinedione-3,6-bis-2-methylpropyl,
2.11 g; Cyclo-L-tryptophane-L-tryptophane, 3.55 g] (Scheme 1
4) were separately warmed in 10 ml acetone at 90 °C until a clear
solution obtained. The API and each co-former were then taken
in equal ratio 4.4 mM into a beaker and reheated for 3 min at
90-100 °C. Solution was left to cool down at room temperature.
After cooling, the solutions were enclosed with foil and allowed
to slowly evaporate to yield the pure crystal product.

2.4. Characterization

FTIR analysis were performed for both co-former and co-
crystal products. ATR-FTIR spectrophotometer with the
range of 4004000 cm ™' was used. The spectrum of 5-Fu in
comparison to all spectrum of co-crystals was assessed. Mainly
the frequencies of amine/—NH and carbonyl —C—O0O groups
were focused to validate the successful synthesis of co-crystal
(Moisescu-Goia et al., 2017). Crystallinity was assessed via
PXRD. While cytotoxicity was evaluated trough MTT assay
against two cancer cell line (Fang et al., 2015, Dai et al.,
2016, Petaccia et al., 2016). Computational/Docking study
was conducted using GOLD (Genetic Optimization for Ligand
Docking) software.

2.5. In-vitro MTT assay

The antitumor assay was done on SW-480 colon and MCF-7
breast cancer cell lines utilizing MTT assay (Aftab and Sajid,

o 0
( Thermalcondensation
H,N + H,N — »NH;
‘Q/. . OH
H

H

Glycine Glycine

Scheme 1

2017; Patil et al., 2020a; Patil et al., 2020b) 96-well plate were
used to cultivate the cancer cells in DMEM (Gibco Dulbecco’s
Modified Eagle Medium) along with 10 % fetal bovine serum
and 1 % antibiotics (streptomycin and penicillin-G) for 24 h in
humidified conditions at 37 °C in 5 % CO..

Trypsinization (Cell dissociation process via trypsin, after
adding into cell culture, trypsin breaks proteins that help the
cells to adhere the vessel) was performed after the creation
of a confluent monolayer of actively dividing cells and cell sus-
pension (10° cells/ ml) was planted in the wells containing cul-
ture media and varied concentrations (200 uM, 100 pM,
50 uM, 25 puM, 12.5 pM 6.25 pM, 3.12 uM 1.56 uM and
0.78 uM) of the derivatives of 5-Flourouracil. In 5 % CO,
environment, incubation at 37 °C for two days was done. After
measuring cellular viability for each derivative concentration,
20 pl of MTT (5 mg/mL PBS) was added to each well and
plates were incubated at 37 °C for 3 h in a 5 percent CO* atmo-
sphere. The medium was carefully removed after incubation.
To solubilize the formazan crystals, 100 pl of DMSO was
added. The optical density (O.D.) of the wells was then mea-
sured using a microplate reader at 570 nm with a reference
of 655 nm. The ICs, was calculated using a dose-dependent
curve. To compute the inhibition rate (Percentage of cells
which are inhibited/dead after exposure to our compounds)
Req. 1 was applied (OD = optical density).

OD((mtrol sample — oD

oD control sample

o d_sampl
Inhibition rate = freated._samp (1)

2.6. Computational study: 5-Fu-protein interactions study for
cancer therapy

2.6.1. Protein selection criteria

The selected proteins should be found in Homo sapiens and
supported by literature. Recently published X-ray crystal
structures of proteins, i.e., Thymidylate synthase, Akt-3 and
CMYC were used for the molecular modelling studies. The tar-
get protein to study colorectal cancer was Thymidylate syn-
thase. It is a vital enzyme for DNA duplication and cell
development because it is the only source of thymine nucleo-
tide precursors for DNA synthesis (Danenberg et al., 1999;
Niedzwiecki et al., 2017). Expression levels of thymidylate syn-
thase have previously been identified as possible indicators in
colorectal cancer. Decrease in levels of Thymidylate synthase
causes cell death leading to overall subsistence and disease-
free survival. This protein is sensitive to 5-Fu. The target pro-
tein for breast cancer were Protein Kinase and MYC. AKT
(protein kinase) appears as sufficient target for breast cancer
(Hinz and Jicker 2019). AKT has isoforms, they are correlated
with complete survival and treatment response in an isoform-
specific approach. Owing to its oncogenic character, AKT3
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Synthesis of Glycine cyclic dimer from Glycine mononers.
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Scheme 4  Synthesis of Tryptophane cyclic dimer from Tryptophane mononers.

was considered. PH domain determines the impact of the Targeting c-MYC is considered as a potent procedure for anti-
isoform-specific inhibitors (Buikhuisen et al., 2021). MYC is tumor therapy(Sammak et al., 2019), (Strippoli et al., 2020)
overexpressed in most of the aggressive subtype breast cancer. and (Arango et al., 2003).Region considered from the domain
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architecture is basic region/helix-loop—helix/ leucine zipper
domain since this region mediates and regulates protein—pro-
tein interactions (PPIs).

2.6.2. Protein data collection

The protein structures were downloaded from RSCB
(Research Collaboratory for Structural Bioinformatics) PBD
(Protein Data Bank). A set of three proteins, previously
reported for cancer progression were selected for molecular
modeling studies. These proteins includes, Thymidylate syn-
thase (PDB ID:1HVY, X-ray resolution of 1.90 A) (Phan
et al., 2001) Akt (PDB ID: 2X18, resolution of 1.46 A), and
c-myc. (PDB ID: 6G6K, resolution of 1.35 A) (Sammak
et al., 2019).

2.6.3. Ligand collection

The 2D structure of the five amino acid dimers; alanine, gly-
cine, leucine and tryptophan, and 5'-Fluorouracil were con-
structed using ChemDraw software.

2.6.4. Binding pocket identification

Protein’s binding pockets were identified using MOE (Molecu-
lar Operating Environment) software. Each protein had its
own characteristic binding pocket. 5 A area was selected
around co-crystallized ligand for identification of the binding
pocket for the potential ligands. Thymidylate synthase (PDB
ID: 1HVY) was co-crystallized with dUMP (Deoxyuridine
monophosphate), the selected dimensions of the binding
pocket were X = 3.0910, Y = 2.7270 and Z = 11.8830. Pro-
tein kinase (PDB ID: 2X18) having a co-crystallized ligand
EPE (4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid).
The dimension of the binding pocket of protein were
X = 23.7100, Y = 93.8179 and Z = 17.6390. The protein’s
binding pocket of 6G6K was identified with dimensions of
X = —60.1, Y = —61.8 and Z = —63.8 around the DNA
binding region as reported (Sammak et al., 2019).

2.6.5. Docking protocol

To conduct docking GOLD (Genetic Optimization for Ligand
Docking) software. GoldScore function was employed as a
scoring function for ligand—protein docking. The following is
the GoldScore relation as shown in Eq. (2) (Verdonk et al.,
2003).

GOLD Fitness = Shb_exl + Svdw_exl + Shb_im + Svdw_im (2)

Two steps docking were done and 100 poses per ligand per
protein were generated. In the first docking, five amino acid
residues were docked into the attachment site of the selected
target proteins (¢c(MYC, AKT-3 and Thymidylate synthase).
In the second docking, output of first docking was used as
an input and it was docked against 5-Fluorouracil. Pose eval-
uation was conducted on the basis of interactions between
amino acid residues and 5-Fluorouracil.

3. Results and discussion

3.1. FTIR analysis

Various vibrational modes of chemical bonds and functional
groups take up in the infrared region showed differential
absorption peaks. The FTIR spectra of all compounds result
in the characteristic absorption peaks which facilitate us to
characterize and identifies the corresponding compound.

3.1.1. FTIR analysis of amino acid monomer and dimer

The most distinctive peak in amino acid monomers is due to
the stretching the —NH bond appeared at 3300-3000 cm™'.
The bending vibration of —NH group in primary amines is
detected in the region of 16501580 cm ™. This peak was found
to be precise and close to the carbonyl region. Amines is exam-
ined in the region 910-665 cm™" with broad peak due to —NH
wagging motion and is witnessed only in primary and sec-
ondary amines. The —CN stretching vibration of aliphatic
amines showed a weak characteristic peak in the region of
1250-1020 cm™". While in aromatic amines, peaks are usually
strong shown in Table 1 (Richner and Puxty 2012, Ismail et al.,
2015).

Carboxylic acids showed a strong and wide peak for —OH
stretch. Stretching peak of —OH seems to be wide at the fre-
quency of about 3000 cm™'. This peak appears in the same
region as of —CH stretching bands of both alkyl and aromatic
groups. Thus, carboxylic acid group here showed messy
absorption pattern at 3300-2500 cm™", along with the broad
—OH peak superimposed on the sharp —CH stretching peaks.
All carbonyl compounds absorbed the frequencies in the
region 1760-1665 cm ™' owing to the stretching vibration of
the —C=—0 bond (Kamble and Gaikwad 2016).

Table 1 Comparative analysis of Monomer and Dimers vibrational modes.
Sr. no Vibrational mode of Monomers Frequency Range (cm ') Vibrational mode of Dimers Frequency Range (cm ")
1 —NH stretch 3400-3250 —C=0 Stretch 1600-1800
(Amide I)
2 —NH bend 1650-1580 —NH bend 1470-1570
(Amide II)
3 —CN stretch 1335-1250 —CN coupled —NH in-plane bend 1250-1350
(aromatic amines) (Amide IIT)
4 —CN stretch 1250-1020 —NH Stretch 3300-3500
(aliphatic amines) (Amide A)
5 —NH wag 910-665 (Amide B) 3100-2500
6 —OH stretch 3300-2500 - -
7 —C=0O0 stretch 1760-1690 - -
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Irrespective of the amino acid monomers, the amide func-
tional group of dimers combine the functionalities of both ami-
nes and ketones, therefore amides showed a very strong and
broad peak of —NH stretch in the range of 3100-3500 cm ™.
At the same time, the stake-shaped peak at around
1710 cm ™' exhibits the presence of the —C—0O0 stretch.

Characteristic peaks found in the spectra of dimers occur
due to the amide bonds that connect the amino acids together,
hence named Amide I and Amide II (Table 1). Peak of Amide I
appeared due to the stretching vibrations of —C=0 bond of
the amide, while Amide II was found primarily due to the
bending vibrations of —NH bond (Barth 2007, Junior et al.,
2015). Amide A corresponds to —NH stretching vibration,
while the peak of Amide I corresponds to —C=—O stretching
character more intense than Amide II (Pérez-Mellor and
Zehnacker, 2017).

The presence of peaks at 3100-3500 cm ™' relates to the amide
group (Jiet al., 2020). Wide peaks in this range were observed in
the spectrum of Glycine dimer and attributes to stretching of
—NH group (Barth 2007, Junior et al., 2015). Peaks at 3100—
2600 cm ™' were observed due to vibrational symmetric and
asymmetric stretching of —NH and —CH, groups. All these
peaks correspond to the Amide B region (Baskan et al., 2015).
The absorption peaks at 1700-1600 cm ™' identify amide
—C=0 group (Kristoffersen et al., 2020).

Amide I vibrational mode (1600-1690 cm " ') appeared due
to the combination of multiple —C=0 stretch, —CN stretch
and C—CN deformation. While in Amide II vibrational fre-
quency (1480-1575 cm™') represents the resultant of —NH
in-plane bend along with a —CN and C—C stretch. Other
strong absorption peaks shown in Fig. 1 corresponds to differ-
ent vibrational modes of —CN, —NH, C—C and —C—0O
group and confirm the formation of Glycine dimer (Pokorna
et al., 2019).

Identical to the Glycine dimer, the rest of the amino acids
studied in this paper give almost similar trend of characteristic
peaks (Figs. 2-4) hence, confirms the successful formation of
dimeric amino acid.
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Fig. 1 FTIR spectra of glycine monomer(M1) and dimer (D1).
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Fig. 2 FTIR spectra of leucine monomer (M2) and dimer (D2).
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Fig. 3  FTIR spectra of alanine monomer (M3) and dimer (D3).

3.1.2. FTIR analysis of prodrugs

Co-crystals are direct product of self-assembly of an active
pharmaceutical component and a co-former (Moisescu-Goia
et al., 2017). Hence, to examine functional groups vibrational
modes variations, FTIR was performed. In comparing to the
chemical shift values for —NH and —C=O vibrations for 5-
Fu, co-formers and co-crystals were attributed to the engage-
ment of these groups in hydrogen bonding (Table 2). In spectra
of 5-Fu (Fig. 5) wide peak at 3146 cm™! could be assigned to
—NH group relatively strong absorption band with high inten-
sity at 1671 cm™! is correspond to —C=O modes (Nadzri
et al., 2016).

3.1.2.1. 5-Fu-GLY-D. Amino group in 5-Fu, appeared at
higher frequency, i.e., 3146 cm ™!, after co-crystal development
and this hypochromic shift (blue shift) specifies that intrinsic
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Fig. 4 FTIR spectra of Tryptophane monomer (M4) and dimer
(D4).

Table 2 Absorption peaks comparison of groups liable for
supramolecular interactions.

Sr no Sample ID v (C=0) cm™! v (N—H) str cm™!
1 5-Fu 1671 3146
2 G.D 1669 3415
3 5Fu-G.D 1677 3486
4 A.D 1648 3408
5 S5Fu-A.D 1680 3430
6 L.D 1641 3415
7 SFu-L.D 1683 3459
8 T.D 1680 3415
9 SFu-T.D 1689 3444
N-H
C=0
2
)
o
c
s
£
[2]
g N-H
- C=0
N-H
—>5-Fu-G.D
—5-Fu
—=@G.D
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm’™
GLY

Fig. 5 FTIR spectra of Glycine dimer (G.D), 5-Fu and 5-Fu-G.
D.

hydrogen bonding in 5-Fu is disconnected and new H-bonds
are developed. Low intensity small peak arose at 3485 cm ™!
succeeding the blue shift identified on the same trend in litera-
ture (Nadzri et al., 2016; Gautam et al., 2019). In fact, for 5-
Fu-GLY-D solid form (Fig. 5), a similar blue shift was also
noticed at 1677 cm™' and the peak at the frequency of
1671 cm ™' was assigned to —C—O stretching vibrations again
accounts for hydrogen bonding interactions (Fig. 6). Co-
crystals with interruption in the hydrogen bonding might
improve the efficient aqueous solubility of a new solid form
(Connelly et al., 2015).

3.1.2.2. 5-Fu-ALA-D. The —NH peak for 5-Fu-ALA-D co-
crystal (Fig. 7), was examined at 3430 cm™' that manifests
hypochromic shift as above case (Nadzri et al., 2016, Jubeen
et al., 2019). Carbonyl groups were detected at 1680 cm™" fol-
lowing the same regular hypochromic shift found as in 5-Fu-
GLY-D. All the carbonyl groups and amide hydrogen were
found to involve in bonding interaction as proposed in Fig. §.

3.1.2.3. 5-Fu-LEU-D. 5-Fu-LEU-D co-crystal spectrum has
shown a similar peaks trend found in the case of Leucine at
3459 cm~! (Fig. 9). This similar trend validates hypochro-
mic/blue shift as above case (Nadzri et al., 2016, Gautam
et al., 2019). The regular hypochromic shift in the same com-
pound was validated due to the observance of the peak at
the frequency of 1683 cm™'. This peak associated with the car-
bonyl functional group was found to involve in the bonding
interactions as shown in Fig. 10.

0--____ o
N TTHAy | F
NH-\"'"“,,O)\N 0
Orme I;I/ ,'H ___.-NH
N_O "~ H/NH
S ;
0 F /l()\ § N N‘*lo
HN THey | F
H/NH /O)\N
O------ . H----"- (o)

X H/NH
F THe--el !

5-Fu-Glycine Dimer

Fig. 6 Proposed interactions in 5-Fu-G.D (5-Fu-Glycine Dimer)
co-crystals.
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Fig. 7 FTIR spectra of Alanine dimer (A.D), 5-Fu and 5-Fu-A.
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Fig. 8 Proposed interactions in 5-Fu-A.D (5-Fu-Alanine Dimer)
co-crystals.

3.1.24. 5-Fu-TRY-D. The —NH frequency peak for 5-Fu-
TRY-D co-crystal was seen at 3444 cm~! (Fig. 11), exhibits
the same blue shift (Nadzri et al., 2016; Jubeen et al., 2020).
Carbonyl groups were seen at 1689 cm™' that indicated the
same regular hypochromic shift and bonding interactions
(Fig. 12). Conclusively, in all the newly developed co-
crystals, noteworthy changes in absorption frequencies of
peaks with similar trends were observed. Results are in the
favor of an efficient establishment of new interactions.

3.2. Structural analysis

Co-crystals were further confirmed via powdered XRD. Peaks
shift of 5-Fu are noteworthy in all co-crystal forms. These

N-H
Cc=0
2
®
(8]
c
8
£
@ N-H C=0
©
N-H
——5-Fu-L.D
— 5-Fu c=0
L.D

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm™
LEU

Fig. 9 FTIR spectra of Leucine dimer (L.D), 5-Fu and 5-Fu-L.
D.

5-Fu-Leucine Dimer

Fig. 10 Proposed interactions in 5-Fu-L.D (5-Fu-Leucine
Dimer) co-crystals.

shifts indicate the structural variation of 5-Fu because of the
change in molecular contacts with distinct co-formers
(Moisescu-Goia et al., 2017; Jubeen et al., 2020).

In the spectrum (Fig. 13), sharp peak of 5-Fu at 20 = 28.48
is equal to the range stated in the literature (Moisescu-Goia
et al., 2017). This distinguishing value of 5-Fu moved in co-
crystals graphs.
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Fig. 11  FTIR spectra of Tryptophane dimer (T.D), 5-Fu and 5-
Fu-T.D.

Sharp peak was seen at 20 = 29.98 for 5-Fu-G.D. Also,
FWHM values are differed than the values noted for 5-Fu
(Table 3). Smaller FWHM value indicates the significantly lar-
ger size of co-crystals than API, demonstrating the existence of
both constituents in the synthesized co-crystals.

Another evident 5-Fu-A.D peak was noted at 20 = 20.96.
This peak strength and size is greater than API confirming the
improved crystal nature of co-crystal. Same trend regarding
intensity of the peaks is observed for newly synthesized 5-
Fu-L.D and 5-Fu-T.D co-crystals. Variation in 20 values,
intensities, FWHM ranges and crystalline sizes are assembled
in (Table 3).

o---

Few new peaks are detected in the co-crystals graphs and
many peaks which seen in the 5-Fu graph are lost in the co-
crystal’s graphs. The substantial variations in the frequency
ranges and new peaks indicate alterations in 5-Fu system also
manifest the modifications in supra-molecular interfaces due to
attachment of different co-formers. All co-crystals and API
size is shown in Table 3 (Li et al., 2014a). Conclusively, new
solid forms crystal size indicates the effective development of
sturdy hydrogen bonding in all co-crystals. This interpretation
manifests the successful formation of supramolecular synthons
having both co-former and API components.

3.3. In vitro anticancer activity

To evaluate the inhibition rate, we carried out 3-(4,5-dimethyl-
2-thiazolyl)-2,5- diphenyl-2-H-tetrazolium bromide (MTT)
assay on two tumor cell lines. Reference/Standard drug used
in this study was Doxorubicin and anticancer activity was
compared with newly synthesized co-crystals of 5-Fu against
MCF7 breast and SW480 colon cancer cell lines. Tables 4
and 5 includes the percentage inhibition rate at nine doses con-
centrations against two tumor cell lines. For the most efficient
anticancer agent assessment, inhibition rates are presented in
Fig. 14 and Fig. 15. Examined values showed that actino-
mycetes concentrations and percentage of inhibition are
related to each other as the actinomycetes concentration is
greater, the percentage of inhibition is likewise higher. At
200 ug/mL maximum growth inhibition percentage is seen
for 5-Fu and new solid forms. This trend line is fairly logical,
as microorganism extract concentration is increased, reactive
sites for the newly synthesized drugs to implement anticancer
activity is also improved and consequently the inhibition rate
is also increased (Fang et al., 2015).

It is apparent from the assessment of all the 5-Fu co-
crystals, that 5-Fu-L.D and 5-Fu-T.D co-crystals showed max-

5-Fu-Tryptophane Dimer

Fig. 12 Proposed interactions in 5-FU-T.D (5-Fu-Tryptophane Dimer) co-crystals.
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XRD pattens of API and Co-formers synthesized by solution method.

Sr. no Sample ID 20(° Intensity FWHM Crystalline size (nm)
1 5-Fu 28.48 9380 0.29 282.51

2 5Fu-G.D 29.98 50,311 0.12 685.07

3 5Fu-A.D 20.96 29,841 0.20 403.79

4 SFu-L.D 18.06 43,838 0.09 893.42

5 5Fu-T.D 21.14 26,110 0.16 504.89

Table 4 Inhibition rate (%) against SW 480 (Colon cancer cell line) using different concentration.

Conc (M) 5-Fu-G.D 5-Fu-A.D 5-Fu-L.D 5-Fu-T.D 5-Fu
200 81 72 100 99 79
100 43 31 100 97 64
50 36 22 100 88 53
25 29 17 93 79 39
12.5 20 12 81 60 19
6.25 16 0 75 47 3
3.13 11 0 59 39 0
1.56 9 0 48 27 0
0.78 7 0 37 20 0

imum tumor constraining agents at all nine concentrations
against SW 480colon cancer cell line. At 200 dose concentra-
tion, the efficacy of 5-Fu-L.D is 100 % and for 5-Fu-T.D is

99 %, maximum amongst all the developed new solids forms.
The reason this trend may be the antitumor potency of Leucine
and Tryptophane monomers and dimers itself. Leucine
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Table 5 Inhibition rate (%) against using MCF 7 (Breast cancer) cell line different concentration.
Conc (uM) 5-Fu-G.D 5-Fu-A.D 5-Fu-L.D 5-Fu.T.D 5-Fu
200 79 100 84 100 84
100 36 100 67 100 40
50 29 100 48 100 27
25 24 96 19 94 19
12.5 22 83 0 88 13
6.25 7 72 0 80 0
3.12 0 67 0 70 0
1.56 0 58 0 62 0
0.78 0 49 0 59 0
120 90
100 2
70
P T
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£ £ 30
: Ikl :HEdda
0 — 0 . ey
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Fig 14 The MTT assay showing inhibition rate (%) of synthesized prodrugs against SW 480 (Colonic cancer cell line) at different

concentration.

dimmer/zipper derivatives has been widely studied and used as
potent antitumor mediators (Li et al., 2014b; Prabha et al.,
2020; Zhou et al., 2021).

While the other new solid forms have varied trend. Though,
at 200 pg/mL, 5-Fu-G.D has more inhibition rate 81 % than 5-
Fu (79 %). Inhibition rate (%) of co-crystals against MCF 7
breast cancer cell line have also mixed trends. Best results of
co-crystals concerning MTT test might be accredited to the
willingly API release to the target sight and 5-Fu improved
efficacy is because of co-formers pharmaceutical efficacy.
Slightly different inhibiting percentages of 5-Fu and co-
crystals may be due to distinct structural feature of conformers
and varied interactions.

Recently in 2020 co-crystals of 5-Fluorouracil with organic
acids have been reported by Jubeen and her co-researchers. In

this study 5-Fu-Cinnamic acid was proved as highly effective
anticancer mediator with 67.29 % inhibition rate at highest
concentration (100 pg/mL) (Jubeen et al., 2020).

Similarly, Co-crystals of 5-Fu with pharmacologically
active co-formers e.g., Urea, Thiourea, Acetanilide and
Aspirin were reported by (Jubeen et al., 2019). Tumor growth
inhibition percentage was also detected by the researchers in
this study via in vitro MTT assay and results revealed that 5-
Fu—Acetanilide and 5-Fu-(Thiourea) have highest anticancer
potential, i.e., 80.51 % among others (Jubeen et al., 2019).

With comparison to these previously developed co-crystals,
newly developed co-crystals with Leucine and Tryptophane
dimer showed more efficacy toward SW 480 Colon Cancer cell
line at all concentration than 5-Fu alone (Table 4). Against
MCF 7 (Breast Cancer) cell line, 5-Fu co-crystals with Alanine
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Fig 15 The MTT assay showing inhibition rate (%) of synthesized prodrugs against MCF 7 (Breast cancer) cell line at different

concentration.

and Tryptophane dimer showed more efficacy than 5-Fu alone
(Table 5).

3.4. Ligand protein interaction

Structural examination was carried out of the connections
among the proteins and 5-Fu using the MOE (Molecular
Operating Environment) software. The details of the interac-
tions are explained ahead. The percentage threshold of interac-
tion was set to 30 %. Therefore, all the interacting residues
shows greater than 30 % interactions.

3.4.1. Thymidylate synthase - PDB ID: IHVY

3.4.1.1. Alanine and 5-Fluorouracil. The hydroxyl of Tyr135
shares H-bond with carbonyl of 5'-Fluorouracil. Amino group
of Cys195 makes H-bond by carbonyl of 5-Fluorouracil.
Additionally, sulfur (S) shares hydrogen bonding with car-
bonyl and amino group of 5'-Fluorouracil as well as with car-
bonyl group of alanine. Here, it is elucidated that there is no
direct interaction between alanine and 5-Fluorouracil, but
indirect interaction with the help of sulfur atom is present. It
can be said that this sulfur is playing a linker role and enabled
a unique system of interactions within the protein-ligand com-
plex. Moreover, the carbonyl group of alanine shares H-
bonding with amino of Asp218and carbon atom of Gly217
(Fig. 16a).

3.4.1.2. Glycine and 5-Fluorouracil. 5'-fluorouracil interacts
with sulfur atom of Cys195 and carbonyl group of glycine with
its amino group. There is a direction interaction between gly-

cine and 5'-Fluorouracil. The H-bond interactions around car-
bonyl group of glycine are very rich. Carbonyl group
interaction with amino groups of Arg50 and sulfur atom of
Cys195 is present. This indicates stability and strength of the
protein-ligand complex. Moreover, the other carbonyl group
of glycine develops H-bonding with amino of Lys47 (Fig. 16b).

3.4.1.3. Leucine and 5-Fluorouracil. A number of interactions
of leucine; its carbonyl group, amino group and carbon atom
forms H-bond with amino group of Asn226, carbonyl group of
Ile108 and sulfur atom of Met311 respectively. 5'-Fluorouracil
has H-bond between its carbonyl group and Arg50’s amino
group. Moreover, amino group of Ala312 makes H-bond with
carbonyl group of 5'-Fluorouracil. Although there is absence
of direct interaction between leucine and 5'-Fluorouracil, the
two structures are well bonded inside the protein—ligand com-
plex (Fig. 16c¢).

3.4.14. Tryptophan and 5-Fluorouracil. 5'-Fluorouracil has a
strong network of interactions around it. The two-carbonyl
group of 5'-Fluorouracil have H-bond interactions, each with
atoms of unique neighboring residues. First carbonyl group
of 5'-Fluorouracil forms H-bond with carbon atom of trypto-
phan residue while the second carbonyl group has H-bonds
with carbon atom and hydroxyl group of Tyr135. There is
direct interaction established between 5'-Fluorouracil and
tryptophan. H-bond interactions is present between amino
group of 5'-Fluorouracil and carbonyl group of Asn226.The
other amino group of 5'-Fluorouracil shares H-bond with Sul-
fur atom of Cys195. The sulfur atom of Cys195 has H-bond
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Fig. 16 Amino acids derivatives are represented in green, 5-Fluorouracil in yellow inside the binding pocket of Thymidylate synthase
where cyan dotted lines represent the H-bonds. (a) Represents the interaction of alanine with 5-Fluorouracil with IHVY, (b) shows the
interaction profile of Glycine and 5-Fluorouracil with 1HVY, (c) shows the interaction of Leucine and 5-Fluorouracil IHVY (d) represents
the interaction profiles of the Tryptophan and 5-Fluorouracil with 1HVY structure of the Thymidylate synthase.

with carbonyl of tryptophan. Carbonyl of Ser216 has H-bond
interactions with tryptophan (Fig. 16d).

3.4.2. AKT3 Protein Kinase - PDB ID: 2X18

3.4.2.1. Alanine and 5-Fluorouracil. The amino group of Ala-
nine residue forms H-bond with carbonyl group of 5'-
Fluorouracil. Alanine’s carbonyl group shares H-bond with
amino group of Arg85, which further interacts with carbonyl
group of 5'-Fluorouracil. It can be seen that there is direct
and indirect interaction between alanine and 5-Fluorouracil.
Carbonyl group of 5-Fluorouracil has H-bond with amino
group of Asn52. Amino group of 5'-Fluorouracil interacts with
carbonyl group of Glul7 though H-bond (Fig. 17a).

3.4.2.2. Glycine and 5-Fluorouracil. Glycine’s carbonyl forms
H-bond between two amino groups of Arg85. Carbonyl group
of 5’-Fluorouracil has H-bond with amino of Asn53 (Fig. 17b).

3.4.2.3. Leucine and 5-Fluorouracil. The carbonyl group of leu-
cine residue forms H-bonding by Arg85 amine group. Leucine
amine group shares H-bond with Asn53 carbonyl group. The
amino group 5'-Fluorouracil shares H-bond with carbonyl
group of Arg75. 5-Fluorouracil carbonyl group forms two
H-bond with Cys76. One with the carbon atom and other with

the sulfur atom. Carbonyl of GIn78 and amine of 5'-
Fluorouracil interact through H-bond. The interaction of 5'-
Fluorouracil with the neighboring protein’s residues indicates
its stable conformation inside the protein-ligand complex
(Fig. 17c).

3.4.2.4. Tryptophan and 5-Fluorouracil. Both carbonyl groups
of tryptophan forms H-bond with amino groups of Asp90
and Trpll. Additionally, amino group of tryptophan shares
H-bond with carbonyl group of GlInl13 (Fig. 17d).

34.3. CMYC - PDB ID: 6G6K

3.4.3.1. Alanine and 5-Fluorouracil. Alanine has H-bond with
carbonyl group of Glu916. Carbonyl group of alanine shares
H-bonding with Arg919 amino group. Lys918 amino group
interacts by the carbonyl group of 5-fluorouracil. There is no
direct interaction between alanine and 5-Fluorouracil, but
Arg919 and Lys918 serve as a bridge between the two struc-
tures. Amino group of 5-Fluorouracil develops H-bonding
with Ala937 carbonyl group. Other 5-Fluorouracil amino
group makes H-bond with carbonyl of Glu935 (Fig. 18a).

3.4.3.2. Glycine and 5-Fluorouracil. The two carbonyl groups
of glycine form H-bonds with amino group of Arg919 and
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Fig. 17

Ligand protein interaction profiles of 5-Fluorouracil in yellow and (a) Alanine, (b) Glycine, (c) Leucine and (d) Tryptophane in

green inside the binding pocket of AKT3 Protein Kinase where cyan dotted lines represent the H-bonds.

oxygen atom of Ser920. 5-Fluorouracil carbonyl group
form H-bond with amino group and carbon atom of
Arg919. Moreover, amino group of 5-Fluorouracil has H-
bond with carbonyl group of Glu935. H-bond interactions
around Arg919 facilitate 5-Fluorouracil and glycine
(Fig. 18b).

3.4.3.3. Leucine and 5-Fluorouracil. The two carbonyl groups
of leucine residue forms Hydrogen bond with carbonyl of
Ser920 and amino of Arg919. Amino group of leucine has
H-bond with Glu916 carbonyl group. 5-Fluorouracil carbonyl
groups have H-bonds with amino groups of Lys939 and
Arg914. Additionally, amino group of 5-Fluorouracil shares
H-bond with Asn915 carbonyl group. 5-Fluorouracil and leu-
cine are very far from each other yet the strong interactions of
these structures within the binding pocket of protein allows
stability of overall complex (Fig. 18c).

3.4.3.4. Tryptophan and 5-Fluorouracil. Tryptophan amino
group develops H-bond with amino group of Arg919. Second
amino group of Arg919 shares H-bond with carbonyl group of
5-Fluorouracil. Tryptophan and 5-Fluorouracil do not interact
directly but they are held firmly in binding pocket of protein
through Arg919. Furthermore, amino groups of tryptophan
are seen to have H-bonds with carbonyl group of Glu935

and carbonyl group of Phe922. 5-Fluorouracil can be seen
sharing hydrogen bonding with carbonyl group of Glu916
(Fig. 18d).

3.5. Box plots

3.5.1. Thymidylate synthase — IHVY

The range of the gold fitness score for 5-Fluorouracil docked
poses within the binding cavity of Thymidylate synthase for
the amino acid residues (Fig. 19) are as follows:

Alanine: 20.4083-17.2907, Glycine: 35.9310-33.0785, Leu-
cine: 31.5361-14.2384, Tryptophan: 26.9961-24.8847.

3.5.2. Protein kinase — 2X18

The range of the gold fitness score for 5-Fluorouracil docked
poses within the binding cavity of Protein kinase for the amino
acid residues (Fig. 20) are as follows:

Alanine: 22.9516-15.3526, Glycine: 21.0056-17.3257, Leu-
cine: 25.2033-12.3629, Tryptophan: 27.8153-16.1950.

3.5.3.CMYC — 6G6K

The range of the gold fitness score for 5-Fluorouracil docked
poses within the binding cavity of CMYC for the amino acid
residues (Fig. 21) are as follows:
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Fig. 18 Ligand protein interaction profiles of 5-Fluorouracil in yellow and (a) Alanine, (b) Glycine, (c) Leucine and (d) Tryptophane in
green inside the binding pocket of C-MYC Protein Kinase where cyan dotted lines represent the H-bonds.
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Fig. 19 Box plot indicating the distribution of Gold fitness
score. The green boxes represent docked conformations of
conjugated structure of thymidylate synthase and amino acid
residues (alanine, glycine, leucine and tryptophan) with 5-Fluo-
rouracil. Pink line shows the GoldScore selected where interme-
diate interactions were comparatively better.

Gly FU Leu FU Trp FU

Fig. 20 Box plot indicating the distribution of Gold fitness
score. The green boxes represent docked conformations of
conjugated structure of Protein Kinase and amino acid residues
(alanine, glycine, leucine and tryptophan) with 5-Fluorouracil.
Pink line shows the GoldScore selected where intermediate
interactions were comparatively better.



16

F. Jubeen et al.

2
4
£
2
g
E
&

Fig. 21 Box plot indicating the distribution of Gold fitness
score. The green boxes represent docked conformations of
conjugated structure of CMYC and amino acid residues (alanine,
glycine, leucine and tryptophan) with 5-Fluorouracil. Pink line
shows the GoldScore selected where intermediate interactions
were comparatively better.

Alanine: 19.9013-17.7785, Glycine: 22.0950-13.4770, Leu-
cine: 21.9627-16.7279, Tryptophan: 26.1427-13.9184.

4. Conclusion

Four Cyclic dimers of amino acids (Glycine, Leucine, Alanine and
Tryptophane) were prepared by thermal condensation and then utiliz-
ing these as co-formers, co-crystals of 5-Fu were synthesized via solu-
tion procedure with no byproducts. FTIR results indicated that main
amine and carbonyl peaks were distinctly moved in all co-crystal’s
spectra. These shifts are reminiscent of variations in the 5-Fu inter-
molecular interactions. Likewise, in PXRD spectra many different
peaks were noted showing the advancement of entirely different parts
after co-crystallization. Anticancer efficacy was assessed via MTT
assay against SW 480 Colon and MCF 7 Breast cancer cell lines at nine
different strengths of integrated co-crystals, which turn out to be effi-
cient than 5-Fu (API) alone indicating effective fabrication plan with
improved anticancer potential. Computational study was applied using
GOLD software against different target proteins. To sum up, this work
confirmed the formation of new 5-Fu prodrugs by following easy syn-
thesis technique, conditions and showed highest anticancer potential of
newly developed co-crystals than the previously reported 5-Fu co-
crystals and 5-Fu alone. These 5-Fu co-crystals can be used in the anti-
cancer study and further assessment for in vivo safety trials. Addition-
ally, others anti-tumor efficient dimers co-formers can be also be
studied in future work.
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