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ABSTRACT: In our present work, we synthesized a new
encapsulated complex denoted as RIBO-TSC4X, which was
derived from an important vitamin riboflavin (RIBO) and p-
sulfonatothiacalix[4]arene(TSC4X). The synthesized complex
RIBO-TSC4X was then characterized by utilizing several
spectroscopic techniques such as 1H-NMR, FT-IR, PXRD, SEM,
and TGA. Job’s plot has been employed to show the encapsulation
of RIBO (guest) with TSC4X (host) having a 1:1 molar ratio. The
molecular association constant of the complex entity (RIBO-
TSC4X) was found to be 3116.29 ± 0.17 M−1, suggesting the
formation of a stable complex. The augment in aqueous solubility
of the RIBO-TSC4X complex compared to pure RIBO was
investigated by UV−vis spectroscopy, and it was viewed that the
newly synthesized complex has almost 30 times enhanced solubility over pure RIBO. The enhancement of thermal stability upto 440
°C for the RIBO-TSC4X complex was examined by TG analysis. This research also forecasts RIBO’s release behavior in the presence
of CT-DNA, and at the same time, BSA binding study was also carried out. The synthesized RIBO-TSC4X complex exhibited
comparatively better free radical scavenging activity, thereby minimizing oxidative injury of the cell as evident from a series of
antioxidant and anti-lipid peroxidation assay. Furthermore, the RIBO-TSC4X complex showed peroxidase-like biomimetic activity,
which is very useful for several enzyme catalyst reactions.

1. INTRODUCTION
Riboflavin (RIBO) which is 7,8-dimethyl-10-(1′-D-ribityl)-
isoalloxazine belongs to the Flavin family,1 commonly known
as vitamin B2. RIBO is a very essential compound to initiate
major cellular processes, especially because it is associated with
various redox processes and biological electron transport.
RIBO is extensively utilized in the field of medicine and food
chemistry.2 Basically, RIBO is a yellow-orange colored
naturally occurring fluorescent pigment indispensable as a
human nutrient.3 The genesis of the yellow-orange color of
RIBO is mainly due to the absorption of visible light (λmax =
446 nm). It is predominantly found with a reasonably high
concentration in food items such as meat, milk, fatty fish, some
fruits and green vegetable, and in aerobic organisms.4 RIBO
subsists as an orange-yellow crystal that is stable toward heat,
acid, or oxidation but it appears to be highly sensitive toward
light, especially UV radiation of sunlight. Vitamin B2 can easily
be absorbed in the body and mixed with blood, which supplies
it to the tissues. However, if anyone consumes excess RIBO, it
will be excreted from the body through urine in the form of

other metabolites such as 7-hydroxymethyl riboflavin and
lumiflavin, as they are water soluble substances.5,6 RIBO is a
nontoxic compound approved by the FDA, stored in the liver
and kidney of humans in very small quantity. RIBO in an
aqueous medium irradiated by sunlight will be converted into
lumichrome under neutral condition and into lumiflavin in an
alkaline solution.7

Two co-enzymes named flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD) have played important roles
in energy production, and RIBO acts as the precursor to them.
These co-enzymes transport hydrogen in order to help in
making energy in the form of adenosine triphosphate (ATP)
through the metabolism of carbohydrates and fats.8 RIBO also
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shows its medicinal effect on those who are suffering from
visionary-related issues (like eye burning and excess tearing),
growth of the cells, skin, hair, and so forth. Riboflavin-5-
phosphate can be assimilated readily instead of RIBO itself for
people suffering from allergies and chemical sensitivities.9

Alcohol-related problems, digestive difficulties, ulcers, and leg
pain can also be eradicated with the help of RIBO. During
cancer treatment, doctors often prescribe RIBO supplements
to the patients.10

Recent observation reveals that humans do not consume
sufficient RIBO despite having accessible RIBO-rich foods.
The deficiency in RIBO intake may cause several health related
problems such as sore tongue, cheilosis, and scaly rashes on the
scrotum or vulva.11,12 Its deficiency also causes night blindness,
the lack of growth, mild anaemia, and fatigue. The scarcity of
RIBO may also increase the risk of cancer and cardiovascular-
like major diseases.13 However, the majority of diseases caused
due to the lack of RIBO intake in humans can be controlled by
providing a normal diet with RIBO-associated supple-
ments.14,15 Generally, RIBO has poor aqueous solubility and
high photosensitivity, as a result its medicinal and biological
activity gets reduced.16 Therefore, to enhance the aqueous
solubility, photo stability, and biological activity of RIBO, it is
encapsulated with p-sulfonatothiacalix[4]arene (TSC4X), a
special type of host molecule that belongs to Calixarene class
compounds.17

In supramolecular chemistry, if macrocycles are termed as
pillars, then calixarenes are regarded as the third pillar after the
well-investigated cyclodextrins and crown ethers. Calixarenes
are viewed as one of the most significant classes of macrocyclic
host compounds.18 Calixarenes are the condensation product
of phenol and aldehyde as many aromatic compounds can be
derived from phenol, resorcinol, or pyrogallol.19 Because of the
flexible hydrophobic cavity, they have the ability to make rim
modifications to incorporate specific guest molecules such as
drugs, vitamins, and metal ions.20 The p-sulfonatothiacalix[4]-
arene (TSC4X), which is a derivative of calixarene, is
composed of phenolic groups linked by the ‘S’ atom at the 2
and 6 positions. The sulfonated calixarenes from the calixarene
family are less toxic, sufficiently soluble in water, and possess
high stability.21,22 It has been explored that the TSC4X
compound finds application in the field of smart materials,
drug delivery, chemical sensors, and molecular recognition
owing to their nontoxic behavior and high selectivity and
affinity for various kinds of guests in the aqueous medium.23,24

The Π-stacking, electrostatic, and hydrophobic interacts
provide stability when various guest molecules are complexed
with TSC4X.25 Hence, the fundamental investigations
involving the interactions of sulfonated calixarenes with
different types of guests are important for their advanced
applications.

In the current work, we attempted to synthesize the
encapsulated complex of guest molecule RIBO with the host
molecule TSC4X, and the formation of the RIBO-TSC4X
complex was characterized by using different spectroscopic
methods such as 1H-NMR, Fourier transform infrared (FT-IR)
spectroscopy, thermogravimetric analysis (TGA), powder X-
ray diffraction (PXRD), and scanning electron microscopy
(SEM). UV−vis spectroscopy was employed to explain the 1:1
encapsulation ratio and obtain the association constant value
along with thermodynamic parameters. A molecular modeling
method was performed to highlight the possible interaction
between RIBO and TSC4X. The molecular docking study

displays the most stable orientation of binding interaction
when RIBO is being inserted into the hydrophobic cavity of
TSC4X. We have also explored the binding characteristics of
the RIBO-TSC4X complex with CT-DNA and BSA,
respectively, by employing spectroscopic techniques and also
to determine the binding affinity of RIBO-TSC4X complex
with CT-DNA and BSA. The bioactivity of the synthesized
encapsulated complex was evaluated in terms of antioxidant
and anti-lipid peroxidation activity as vitamin B2 is a potent
but neglected antioxidant nutrient. The enzyme mimicking
activity of synthesized RIBO-TSC4X complex has been
investigated using peroxidase (POD) and compared with
pure RIBO. This work aimed to improve the aqueous
solubility, enhancement of bioactivity of the encapsulated
complex compared to pure RIBO.

2. EXPERIMENTAL SECTION
2.1. Particulars of the Chemical Compounds. Both the

chemicals RIBO with purity ≥99% and p-sulfonatothiacalix-
[4]arene with purity ≥99% were procured from TCI
Chemicals India Pvt. Ltd. All the other solvents required in
the given investigation were HPLC grade. Exclusively pure
doubly distilled water was used in every step of the experiment,
and the particulars of the chemical purchased are summarized
in Table S1.
2.2. Instruments. The mass of pure RIBO and TSC4X was

weighed using a Shimadzu electronic balance with a ±0.01 mg
uncertainty.

All the UV−visible spectra required for specific experiment
were recorded using the Agilent 8453 spectrophotometer with
±2 nm uncertainty in wavelength. The temperature during the
experiments was controlled by an automatic digital thermostat.

The 1H-NMR spectra of the compounds viz pure RIBO,
TSC4X, and RIBO-TSC4X encapsulated complex were
recorded utilizing a Bruker Avance DRX 400 MHz NMR
spectrometer. Approximately 4 mg of each sample was taken in
a NMR tube and then dissolved in 1 mL of D2O. The chemical
shift values were measured in ppm unit.

The FT-IR spectra were recorded using KBr disc method on
a Perkin-Elmer spectrometer with a 4 cm−1 in resolution. The
spectral analysis was performed in the wavenumber range of
4000−400 cm−1.

The extent of thermal stability of the samples was examined
by TG analysis using a TA instrument Q-50 TGA in the
temperature range of 30−600 °C with a heating rate of 10 °C
per minute.

The surface morphology and particle size were investigated
using a JSM-6360 scanning electron microscope.

Bruker D8 Advance instrument made in Germany having
radiation source of a Cu Kα (45 KV & λ = 1.5406 Å) was used
to acquire PXRD data and the samples were scanned in the
range from 5 to 80°.
2.3. Synthesis of RIBO-TSC4X Complex. The synthesis

of the solid RIBO-TSC4X complex from its pure components,
namely, RIBO and TSC4X, with a 1:1 molar ratio was done by
implementing a very common method usually known as the
co-precipitation method.26 In two separate beakers, RIBO and
TSC4X were dissolved in 40 mL of H2O. Then, the TSC4X
solution was kept on a magnetic stirrer and RIBO solution was
slowly added into it with moderate stirring for 1 h as long as
they were fully mixed. The mixed solution was then heated at
55 °C temperature for about 70 h with constant stirring in
order to have precipitated. After that, the resulting precipitate
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was filtered and washed with EtOH to remove impurities. The
purely obtained precipitate was then kept in an oven at 50 °C
for 12 h. Finally, the solid RIBO-TSC4X complex was
collected in the powder form and preserved in a desiccator
for further investigation.27

2.4. Aqueous Solubility Study Procedure. The aqueous
solubility of the RIBO-TSC4X complex was determined by
preparing solutions at 25 °C having different concentrations
(mg mL−1) of (a) 0.033, (b) 0.066, (c) 0.099, (d) 0.132, (e)
0.165, (f) 0.198, and (g) 0.228. Thereafter, using an Agilent
spectrophotometer, the UV−vis spectra of the above prepared
solutions were recorded. Then, the absorbance against the
concentration of RIBO-TSC4X was plotted, which gave a
straight line as described in Figure 2a. Finally, using the
formula of Lambert−Beer’s law A = εCl (where A =
absorbance of the solutions, ε = absorption coefficient, C =
concentration of the solutions, and l = optical path length), the
absorption coefficient was evaluated as 0.3186 mL mg−1 cm−1

and the solubility of the complex was measured accordingly
using the absorbance value for the UV−vis spectrum of the
saturated solution of the complex.28

2.5. Molecular Docking Method. PyRx software was
used to find the geometry of the inclusion complex and their
binding energy.29 It acts as a user interface where, several
software such as AutoDockVina, AutoDock 4.2, Mayavi, Open
Babel, and so forth are available. We used AutoDockVina
wizard as docking software. All the structures of the
aforementioned molecules were imported from PubChem
(https://pubchem.ncbi.nlm.nih.gov). The input files host and
guest in the.pdb format were changes to.pdbqt files using
inbuilt Autodock of software. After preparing the files, they
were subjected to docking using AutoDock Vina. Initially, a
grid box was prepared around the host molecule having
binding site center of 7.2986, 3.3164, and 16.9639 for the X, Y,
and Z axes, respectively, as well as Grid box dimensions for X,
Y, and Z conformations were reported to be 25, 25, and 25,
respectively. The interaction between RIBO and the respective
TSC4X was interpreted using the Lamarckian genetic
algorithm (LGA). Once docking was performed, the binding
affinity (kcal mol−1) of various conformations of the host with
the guest was calculated by the software.
2.6. DNA Binding Study. In this work, interaction of the

drug molecule RIBO and the inclusion complex RIBO-TSC4X
with CT-DNA was studied by UV−vis spectroscopic titration.
The CT-DNA solution in tris−HCl buffer was prepared and
the purity of DNA was verified by measuring the absorbance
ratio at λ260 and λ280. It was found that the absorbance ratio
(A260/A280) is in between 2.00 and 1.80, suggesting that the
DNA is protein free.30 The concentration was measured by
considering the molar extinction coefficient31 (ε) as 6600
M−1cm−1 at 260 nm. The experiment was carried out by
recording UV spectra of 20 μM RIBO or RIBO-TSC4X in the
absence and presence of CT-DNA of various concentrations
(20−120 μM).
2.7. BSA Binding Study. BSA (bovine serum albumin) is

the most abundant plasma protein present in the circulatory
system, which plays a vital role in the distribution and
transportation of metal ions, hormones, nutrients, and drug
molecules to specific organs or tissues in the body.32 The
binding aptitude measurement of complexes with BSA was
performed with the help of UV−vis spectroscopic titration. A
solution of BSA (10 μM) in Tris−HCl buffer was prepared and
the UV−vis spectrum was taken. After that, BSA spectra were

recorded in the presence of increasing concentrations (5−35
μM) of RIBO or RIBO-TSC4X.
2.8. Assessment of Antioxidant and Metal Chelation

Activity. The antioxidant activity of RIBO and the
encapsulated complex (RIBO-TSC4X) was evaluated using
the following antioxidant test.
2.8.1. DPPH Radical Scavenging Assay. DPPH (2,2-

diphenyl-1-picrylhydrazyl) radical scavenging activity is one
of the extensively used in vitro antioxidant assay.33 The
estimation was done by mixing 200 μL of the studied sample
to 1800 μL of 100 mM DPPH, followed by incubation at room
temperature. After 30 min, the absorbance was recorded at 517
nm. The absorbance of control was also recorded by taking
methanol instead of test samples. The following equation was
used to calculate the inhibition percentage.

A A AInhibition percentage ( )/ 100%c s c= [ ] ×

where As is the absorbance of the test sample and Ac is the
absorbance of the control.
2.8.2. ABTS+ Radical Scavenging Assay. Protocol pre-

scribed by Haydar et al. was used to determine the ABTS+ [2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] radical scav-
enging activity.34 The studied sample (1 mL) was added to 2
mL of ABTS solution, and after 30 min of incubation, the
absorbance of the formed solution was read at 734 nm. The
inhibition percentage was determined using the same formula
as stated above.
2.8.3. Superoxide Scavenging Assay. Superoxide radical

scavenging activity was done following the methodology
prescribed by Fu et al.35 The reaction was carried out by
mixing 1 mL of test sample with 1 mL of NADH solution (936
μmol/L), 1 mL of NBT solution (312 μmol/L), and 10 μL of
PMS (120 μmol/L). The reactions were performed under
fluorescent light and the decrease in absorbance was measured
at 560 nm.
2.8.4. Ferric Reducing Antioxidant Power Assay. Ferric

reducing antioxidant power (FRAP) activity of the tested
samples was estimated following the protocol given by Moein
et al.36 For determination, 1 mL of studied sample was mixed
with 2.5 mL of 200 mM potassium phosphate buffer (pH-6.6)
and 2.5 mL of 1% potassium ferricyanide and the mixture was
incubated at 50 °C for 20 min. Consequently, 2.5 mL of 600
mM trichloroacetic acid (TCA) was added to the mixture.
After centrifugation at 3000 rpm for 10 min, the supernatant
(2.5 mL) was taken and to that equal volume (0.5 mL) of
distilled water and 6 mM ferric chloride was mixed. The
absorbance was measured at 700 nm and FRAP activity of the
studied samples was expressed in μg ascorbic acid equivalent
(AAE) per millimolar compound.
2.8.5. Metal Chelating Activity. Spectrophotometric assay

for ferrous ions (Fe2+) chelation activity of the tested sample
was carried out according to Gupta et al.37 Test sample (400
μL) was mixed with methanol (1600 μL) and 2 mM of FeCl2
(40 μL) and mixed well. Simultaneously, ferrozine (5 mM, 800
μL) was added to the existing mixture and after 10 min, the
absorbance of the resultant solution was read at 562 nm.
2.9. Anti-Lipid Peroxidation Capability of RIBO-

TSC4X. Anti-lipid peroxidation potentiality of RIBO and
RIBO-TSC4X was estimated according to the standard
TBARS method (Shabbir et al.38). Fresh liver samples of
Wistar albino rats were collected from Cell and Molecular
Biology Laboratory, University of North Bengal. The collected
samples were homogenized using cold phosphate-buffered

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07396
ACS Omega 2023, 8, 6778−6790

6780

https://pubchem.ncbi.nlm.nih.gov
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


saline (PBS, pH 7.4) in a pre-chilled mortar-pestle. The
obtained homogenate was filtered through muslin cloth and
the filtrate was then subjected to cold centrifugation for 8 min
at 10,000 rpm, and after centrifugation, the supernatant was
collected and stored in cold condition. For assessment, with
2.8 mL of liver extract, 100 μL of ferrous sulfate (15 mM) and
100 μL of test sample were added and the mixture solution was
incubated for 30 min at 37 °C. After that, a small portion (1
mL) was taken from the mixture solution and to that 10%
TCA (1.5 mL) solution was added. After incubated for 10 min,
0.67% TBA solution (1.5 mL) was added to the reaction
mixture and test tubes were boiled for 30 min in a boiling
water bath (at 80 °C). After heating, centrifugation was done
at 10,000 rpm to obtain a clear solution. The absorbance of the
upper layer was measured at 535 nm using Systronics
spectrophotometer-169. A separate control set was prepared
following the same methodology without adding the test
sample. The anti-lipid peroxidation efficacy of the tested
samples was calculated using the following formula and was
expressed as IC50 value and inhibition percentage.

Inhibition percentage

(absorbance of control absorbance of sample)

/absorbanceof control 100%

= [
] ×

2.10.1. POD-like Activity. POD-like activity of the present
nanocatalyst RIBO-TSC4X (IC) was evaluated using TMB as
the chromogenic substrate with the addition of supplementary
oxidant H2O2 in the Hac −NaAc buffer solution (pH −5)
under ambient condition followed by our earlier reported
method.39 For the typical reaction, the RIBO-TSC4X complex
(250 μM) was added in 380 μM TMB solution (Hac −NaAc
buffer pH-5), followed by the addition of 20 mM H2O2. Then,
the solution was incubated for 30 min and recorded the
absorbance in UV−visible spectroscopy at 652 nm for
monitoring the progress of the reaction. The optimum
condition for best catalytic activity such pH (1−11) and
time are also carried out.
2.10.2. Steady-State Kinetics. Steady-state kinetics of the

RIBO-TSC4X complex (IC) for H2O2 was estimated under
similar reaction conditions except that for the substrate H2O2
concentration were varying of 5, 10, 15, 20, 25, and 30 mM.
All-important kinetics parameter like Km and Vmax are
calculated using the linear plot derived from Michaelis Menten
eq 1.40

V V KS / Smax m= [ ] [ ] + (1)

Here, V represents the average rate of conversion of a
substrate, Vmax is the maximum rate of conversion of a
substrate, [S] stands for the substrate concentration, and Km is
the Michaelis constant. Km is equal to the concentration of the
substrate at which the rate of conversion becomes half of Vmax.
The Michaelis constant Km represent the affinity (binding
capacity) of an enzyme toward the substrate, and the low Km
value indicated the high affinity of an enzyme for the
substrate.41

3. RESULTS AND DISCUSSION
3.1. Job’s Plot to Determine the Stoichiometry of the

RIBO-TSC4X Complex. The stoichiometric ratio of RIBO-
TSC4X complexation between RIBO and TSC4X in an
aqueous solution can be precisely determined by Job’s method

using UV−vis spectroscopy.42 Job’s method which is also
commonly known as the continuous variation method was
employed to evaluate the stoichiometry of an important
vitamin RIBO and TSC4X. In this method, the pure RIBO and
TSC4X solutions were mixed up at different concentration
rations (10:0, 9:1, 8:2, 7:3, and so on) and the total molar
concentration of ([RIBO]+[TSC4X]) was kept constant. The
mole fraction of the vitamin RIBO {R = [RIBO]/
([RIBO]+[TSC4X])} was in the range of 0−1 (Table S2),
and the absorbance values of all the experimental solutions
were measured at λmax = 446 nm for the vitamin RIBO at the
temperature of 298.15 K. Thereafter, to obtain Job’s plot, ΔA
× R was plotted against R; here, ΔA denotes the difference of
absorbance of RIBO in the absence and presence of TSC4X
and R = [RIBO]/([RIBO]+[TSC4X]). The stoichiometry of
RIBO-TSC4X complexation in aqueous solution was deter-
mined by the R values with the highest deviation point, that is,
in many published articles, it is mentioned that the value of R is
0.5 for the 1:1 RIBO: TSC4X complex, R is 0.66 for the 2:1
complex, and R is 0.33 for the 1:2 complex.43 In our current
work, it has been viewed from Figure 1a that the highest
deviation point at R = 0.5, suggesting the formation of an
inclusion complex between RIBO and TSC4X with a 1:1
stoichiometric ratio.

3.2. Determination of Association Constant (Ka)
Using Benesi-Hildebrand Method. The characteristic
change in molar absorbance of the pure RIBO was noticed
when it was inserted into the hollow cavity of TSC4X.44 The
stability constant or association constant of RIBO-TSC4X
complexation was determined based on the change in
absorbance of RIBO using UV−vis spectroscopy. The
encapsulation of RIBO molecules into the TSC4X cavity
results in the steady increase of the absorbance of RIBO
(Figure 1b). The occurrence of such a hyperchromic shift is
attributed to the decrease in polarity of the environment of
TSC4X cavity encountered by the RIBO molecules during the
formation of the encapsulated complex. The value of Ka was
calculated by examining the change in the absorbance of RIBO
(λmax = 446 nm) as a function of TSC4X concentration at
298.15 K. A well-established Benesi-Hildebrand method was
utilized to produce a double reciprocal plot for a 1:1 host−
guest complex using the following equation45 (Figure S1)

A k
1 1

RIBO
1

TSC4X
1

RIBOa
=

[ ] [ ]
+

[ ] (2)

Figure 1. (a) Job’s plot spectra for the RIBO-TSC4X complex at λmax
= 446 nm and (b) UV−vis spectra of RIBO with varying
concentrations of TSC4X.
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where Δε represents the difference in molar extinction
coefficient of RIBO without and with TSC4X, and [RIBO]
is the molar concentration of RIBO. The value of molecular
association constant (Ka) of the RIBO-TSC4X complex was
achieved by intercept/slope ratio of the straight line of the
double reciprocal plot using eq 2, and the obtained value of Ka
for the RIBO-TSC4X complex was 3116.29 ± 0.17 M−1 at
298.15 K (Table S3). Using the value of Ka, we can easily
calculate the free energy change (ΔG) due to encapsulation
process by the following eq 3, and it was found to be −4.74
Kcal mol−1 (Table S4).

G RT Kln0
a= (3)

The negative value of ΔG indicates that the formation of the
RIBO-TSC4X complex is thermodynamically feasible. This
result is due to the presence of hydrogen bonding and van der
Waals interactions in the encapsulated complex.
3.3. Aqueous Solubility Test. UV−vis spectroscopy was

used to measure the aqueous solubility of the RIBO-TSC4X
complex and that was compared with the literature value for
pure RIBO.46 Figure 2a shows the UV−vis spectra of aqueous
RIBO-TSC4X complex at 25 °C. Initially, the aqueous
solubility of pure RIBO was very low due to its poor solubility
in water but when RIBO is complexed with TSC4X, its
solubility was increased remarkably.47 The absorbance value of
the solutions was measured at λmax = 446 nm, as shown in
Figure 2a. The peak intensity gets increased with the increase
in concentration of RIBO-TSC4X complex but no change in
the peak position was observed. A straight line was obtained by
plotting absorbance versus concentration of RIBO-TSC4X at
446 nm as displayed in Figure 2a. The absorption coefficient of
RIBO-TSC4X complex in water was found to be 0.3186 mL·
mg−1·cm−1 (at 25 °C) using Lambert−Beer’s law. The
absorbance value of 1.205 was obtained for the saturated
solution of RIBO-TSC4X inclusion complex (Figure S2).
Table S5 shows the aqueous solubility data of pure RIBO and
RIBO-TSC4X complex at 25 °C. Thus, by comparing the
solubility data given in Table S5, it is evident that the RIBO-
TSC4X complex has a solubility of 3.78 ± 0.13 mg·mL−1

which is almost 30 times greater than that of pure RIBO of

0.10−0.13 mg·mL−1 only in the aqueous medium.48 Hence, we
can easily conclude that the formation of the RIBO-TSC4X
complex enhances the solubility of RIBO to a greater extent
compared to pure RIBO. Basically, the host molecule TSC4X
which is sufficiently soluble in water has played a significant
role to improve the aqueous solubility of RIBO due to the
formation of the RIBO-TSC4X complex.
3.4. FT-IR Spectral Analysis. Among several important

characterization tools, one of the most important and authentic
methods to study the development of a new RIBO-TSC4X
complex is FT-IR spectral analysis.49 The creation of a new
complex from pure RIBO and TSC4X may involve different
interactions such as hydrophobic, H-bonding, Van der Waals
interaction, and so forth.50

The pure RIBO displayed an absorption band at 3480 cm−1

for the O−H group, and the decrease in stretching frequency
of O−H from its typical value may be due to the
intramolecular H-bonding among the O−H groups in the
ribityl side chain {−CH2−CH(OH)−CH(OH)−CH(OH)−
CH2OH} and the N−H bond stretching frequency viewed at
3415 cm−1. The C−H stretching band was observed at 2926
cm−1, C−H bending from −CH3 appeared at 1454 cm−1, and
the aromatic C�C stretching band at 1622, 1571, and 1544
cm−1, whereas the carbonyl (C�0) stretching frequency in the
imide group (−CO−NH−CO−) was observed at 1652 cm−1

(Figure 2b).
On the other hand, pure TSC4X showed characteristic

stretching frequency at 3465 cm−1 for the aromatic O−H
group, −SO3H stretching vibration at 1090 and 1055 cm−1.
The aromatic C�C stretching band appeared at 1628 cm−1

and Ar−H bending vibration at 1387 cm−1.51

After encapsulation of RIBO with TSC4X, a certain shift in
stretching vibration was observed for both RIBO and TSC4X.
Meanwhile, the stretching bands for O−H (3479 cm−1), N−H
(3415 cm−1), and C�0 (1650 cm−1) remained almost
unaffected. The C−H stretching and C−H bending from the
−CH3 group appeared at 2926 and 1454 cm−1, respectively, in
pure RIBO and got shifted to 2942 cm−1 and 1445,
respectively, in the RIBO-TSC4X complex. Therefore, it can
be suggested that two −CH3 groups attached to C-7 and C-8

Figure 2. (a) Absorption spectra of the RIBO-TSC4X complex at different concentrations (mg mL−1) in aqueous solution at 25 °C, (b) FT-IR
spectra of pure RIBO, TSC4X, and RIBO-TSC4X complex.
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carbon atoms of the aromatic ring of RIBO have been
incorporated into the TSC4X cavity. It is worth mentioning
that the aromatic C�C stretching frequency viewed at 1622,
1571, and 1544 cm−1 for pure RIBO also moved to new
stretching bands at about 1614,1579, and 1544 cm−1 in the
complex (Figure 2b). The −SO3H stretching band observed at
1090 and 1055 cm−1 in pure TSC4X have also been moved to
1101 and 1042 cm−1, respectively, in the encapsulated
complex. The Ar−H bending vibration of TSC4X at 1387
cm−1 also changed to 1395 cm−1 in the complex. Hence, it can
be concluded that, the ring bearing two C�O groups and
−NH and also the ribityl side chain {−CH2−CH(OH)−
CH(OH)−CH(OH)−CH2OH} have not been incorporated
into the TSC4X cavity after complexation. It is only two −CH3
groups attached to C-7 and C-8 atoms of the aromatic moiety
of RIBO have been inserted into the cavity of TSC4X, as also
evident from the molecular docking study (Figure 5).
3.5. 1H-NMR Examination. 1H-NMR spectroscopy is a

useful technique that can be utilized to explore the possible
binding mode of RIBO with TSC4X by analyzing the changes
in chemical shift values (Δ δ) of both RIBO and TSC4X
protons.52 The 1H-NMR spectra of pure RIBO, TSC4X, and
RIBO-TSC4X complex in D2O solvent are shown in Figure S3,
and the corresponding chemical shift values (δ) of their
protons are summarized in Table S7.

After the complexation of pure RIBO with TSC4X, two
−CH3 groups attached to C-7 and C-8 carbon atoms of RIBO
undergo upfield chemical shift having Δδ: −0.03 and −0.02
ppm, respectively, whereas protons such as H-6, H-9, H-11, H-
12, H-13, H-14, and H-15 undergo zero or downfield chemical
shift change (Δδ), as shown in Table S7.

On the other hand, 1H-NMR spectra of pure TSC4X
revealed that it has two peaks in 1H-NMR spectra for Ar−H
and Ar−OH protons and the corresponding chemical shift
values are 7.95 ppm and 3.44−3.42 ppm, respectively.53

However, after complexation, the Ar−H proton undergoes an
upfield change in the chemical shift value with Δδ = −0.04
ppm, whereas the Ar−OH proton undergoes slightly downfield
chemical shift change having Δδ = 0.02 ppm.

Based on the above 1H-NMR results, it is almost confirmed
that two −CH3 groups attached to C-7 and C-8 carbon atoms
of the aromatic moiety of RIBO got incorporated into the
hydrophobic cavity of TSC4X. The Π−Π stacking, hydro-
phobic, and electrostatic interactions act as the driving force to
provide stability to the complex. The possible binding mode of
RIBO with TSC4X as received from the 1H-NMR analysis is
given in Scheme 2.

3.6. PXRD Analysis. PXRD spectral analysis offers
substantial evidence in favor of the formation of RIBO-
TSC4X encapsulated complex derived from pure RIBO and
TSC4X.54 The individual characteristic diffraction pattern of
RIBO and TSC4X was found to be altered after complexation.
The construction of a new solid encapsulated complex of
RIBO-TSC4X can be confirmed by comparing the diffraction
outlines of the pure compounds with their corresponding
complex.55 From Figure 3a, it has been detected that both
RIBO and TSC4X showed sharp and relatively higher intense
peaks compared to that of the solid RIBO-TSC4X complex.
The sharp and distinct peaks viewed for pure RIBO at 10.24,
11.43, 14.28, 17.35, 19.51, 21.64, and 29.73° confirm the
crystalline nature of it, whereas pure TSC4X displayed
characteristic diffraction patterns at angles of 10.12, 12.85,
15.70, 16.18, 19.27, 21.88, 25.21, 26.88, 31.15, and 33.30°.
These peaks are also sharp in nature and assure its crystallinity.

On the other hand, RIBO after complexation with TSC4X
(RIBO-TSC4X complex) validates different diffraction pat-
terns and the relocation or disappearance of some peaks have
also been examined. For the RIBO-TSC4X complex, the
observed peaks are 9.06, 10.48, 11.67, 12.61, 14.28, 17.61,
19.51, 20.70, 22.12, 25.91, and 30.21°.

Therefore, the manifestation of new peaks with less intensity
and vanishing of some peaks in the solid complex ascertains
the development of the RIBO-TSC4X complex.
3.7. SEM Examination. The surface character, morphol-

ogy, and particle size of solid samples were precisely examined
by SEM analysis.56 The encapsulation of RIBO with TSC4X

Scheme 1. 2D Structures of (a) RIBO and (b) p-Sulfonatothiacalix[4]arene

Scheme 2. Possible Binding Orientation of the RIBO-
TSC4X Complex Using 1H-NMR
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leads to having different surface morphologies compared to
pure RIBO & Pure TSC4X compounds. The SEM micro
images of pure RIBO, TSC4X, and RIBO-TSC4X complex are
shown in Figure 3b. Thus, from Figure 3b, it has been noticed
that pure RIBO has an uneven cubic-type structure, whereas
TSC4X has parallelogram-like shaped particles. However,
when RIBO and TSC4X are complexed, the surface
morphology gets changed to a mixture of rectangular and
needle-shaped crystals. The surface nature of the RIBO-
TSC4X complex is different from that of pure RIBO and
TSC4X, which gives an adequate mark in favor of the
formation of the complex.
3.8. TGA Investigation. The thermal stability of RIBO

after its encapsulation into the TSC4X cavity was examined
using TG analysis. The encapsulation of RIBO into the TSC4X
cavity may result in change of the melting point, boiling point,
or sublimation point to another temperature or vanishes.
Figure 4 displayed the TGA curve of pure RIBO, TSC4X, and

RIBO-TSC4X encapsulated complex. The TGA curves
demonstrate that no weight loss for pure RIBO was noticed
below 150 °C, which confirms the absence of moisture in it.
During the thermal decomposition of RIBO, it furnishes
weight loss at a temperature ranging from 268 to 380 °C. Here,
the thermal decomposition mainly occurs at the RIBO block
with the formation of alcohol, ethylene, and acetaldehyde.57

Whereas, both TSC4X and RIBO-TSC4X complexes
presented two phases of mass loss temperature. The first
phase of degradation for TSC4X and the complex has occurred
at the same temperature range of 64−95 °C due to H2O loss
from the respective molecules. However, the second phase of
decomposition of pure TSC4X occurred at the temperature
range 270−410 °C and that for the complex took place in the
range 320−440 °C.58 Therefore, based on the above argument,
we can summarize that the RIBO-TSC4X complex decom-
poses at a higher range of temperature compared to pure
RIBO, leading to the greater thermal stability of the former
than that of the latter.
3.9. Molecular Modeling. Molecular docking helps us to

predict the possible bound conformation of the RIBO-TSC4X
encapsulated complex and to estimate the binding affinity in
the gas phase.59 Figure 5 shows the binding mode observed in

two different ways (top view and side view) with respect to
TSC4X. The experimental results showed that the formation of
the RIBO-TSC4X complex is a 1:1 ratio with respect to the
guest and host having a binding affinity of −4.1 Kcal/mole, as
negative binding energy indicates a stable inclusion complex
which is in good agreement with the experimental outcomes
from UV−visible spectroscopy. The results also showed that
only two methyl groups (−CH3 groups) attached to C-7 and
C-8 carbon atoms of the aromatic moiety of RIBO (Schemes 1
and 2) got incorporated into the cavity of TSC4X and
stabilized by Π−Π stacking and hydrophobic interactions.
Whereas, the ribityl side chain was located outside of the
TSC4X cavity. The binding conformation obtained from the

Figure 3. (a) Powder XRD plots; (b) SEM images of (i) pure RIBO, (II) pure TSC4X, and (III) RIBO-TSC4X complex.

Figure 4. TGA thermograms of pure RIBO, TSC4X, and RIBO-
TSC4X complex.

Figure 5. Docked orientation images of RIBO-TSC4X complex: (a)
side view; (b) top view.
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molecular docking study is also supported by the results of FT-
IR and 1H-NMR experiments.
3.10. DNA Interaction Studies by UV−Vis Titration.

UV−vis spectroscopic titration is a widely used technique for
the determination of binding affinity and mode of binding of
small molecule with DNA. With the increase in the
concentration of CT-DNA, the change in absorbance of
RIBO or RIBO-TSC4X was monitored. It is found that the
hypochromic shift is observed in the case of UV-titration of
RIBO with CT-DNA (Figure 6a). This suggests that RIBO
stabilizes the secondary structure of DNA by intercalation.60

The UV−vis spectra of RIBO-TSC4X show a hyperchromic
shift (Figure 6b), indicating destabilization of the secondary
structure by groove binding.61 Wolfe−Shimer eq 4 was
employed for the calculation of the binding constant.62

K
DNA DNA 1

( )a f b f b b f

[ ] = [ ]
(4)

Here, the concentration of CT-DNA is denoted by [DNA], εa
is given by Aobs/[C], where Aobs is the absorbance and [C] is
the concentration of RIBO or RIBO-TCS4X, εb represents the
extinction coefficient of free RIBO or RIBO-TCS4X, and εf
indicates the extinction coefficient when the RIBO or RIBO-
TCS4X fully bound with CT-DNA. Kb is the binding constant
which is determined from the slope to intercept ratio of the
Wolfe−Shimer plot ([DNA]/(εa−εf) vs [DNA]). The
calculated Kb values are presented in Table 1 which are

more or less similar, suggesting that the DNA binding affinity
of RIBO is not changed significantly after the formation of the
inclusion complex. The free energy changes due to binding
interaction were calculated by the following eq 5

G RT K Tln , 298.15 Kb= = (5)

The calculated ΔG is negative indicate DNA binding occurs
spontaneously.
3.11. BSA Binding Studies by UV−Vis Spectroscopic

Method. For drug transportation and drug delivery, serum
albumin (SA) plays a key role in human body. Due to

structural homology with human SA (HSA), BSA is used as a
model protein for the interaction with the drug molecule
(RIBO) and the inclusion complex (RIBO-TSC4X). The peak
at 280 nm is mainly due to the tryptophan and tyrosine
residues present63 in BSA which increase with an increase in
the concentration of drug molecule or inclusion complex
(Figure 7a,b). Thus, the increase in absorbance at 280 nm
suggests both the drug molecule and inclusion complex change
the microenvironment near tryptophan or tyrosine residues.
The spectral change by the addition of RIBO and RIBO-
TCS4X was further analyzed64 by following eq 6.

A A A A C K A A
1

( )
1

( )
1 1

( )b0 0 0
= +

[ ]
×

(6)

where A0 and A are the absorbance of BSA at 280 nm in the
absence and presence of interacting complex (RIBO or RIBO-
TCS4X). A∞ is the absorbance of BSA when the compound is
fully bound. Kb is binding constant which is calculated from the
intercept to slope ratio of 1/(A−A0) versus 1/[C] plot. The
calculated Kb values of RIBO and RIBO-TCS4X are 0.26 × 104

and 0.21 × 104 M−1, respectively, which are very close. Thus,
BSA binding ability does not change significantly after the
formation of inclusion complex. The binding constant is also
suitable for their carrier activity in blood plasma.
3.12. Antioxidant and Metal Chelation Activity.

Oxidative stress can simply be defined as an increased
production of reactive oxygen species (ROS) or a reduced
ability of scavengers, that is, the imbalance between generation
and accumulation of ROS. Oxidative stress is one of the prime
reasons for the development of many chronic diseases such as
cancer, cardiovascular diseases, and diabetes. Improving the
antioxidant potential may be a way out in the reduction of
oxidative stress. Nutrients such as vitamins C and E and
carotenoids are reported to have antioxidant capability.
However, the role of RIBO as an antioxidant nutrient is
somehow neglected, but this particular vitamin plays an
antioxidant action independently or as a constituent of the
glutathione redox cycle. A thorough review was done on RIBO
and its antioxidant capability and came up with two main
aspects of RIBO viz. prevention of lipid peroxidation and
attenuation of reperfusion oxidative injury.65

Antioxidant activity of the formed RIBO-TSC4X complex
and guest molecule RIBO was expressed in terms of IC50 value,
and the collected data are displayed in Table 2. The IC50 value
of the synthesized inclusion complex was found to be lower
than that of the guest molecule RIBO, where a low IC50 value

Figure 6. Change in UV−vis spectra of (a) RIBO and (b) RIBO-TSC4X with incremental addition of CT-DNA. Inset: Wolfe−Shimer plot for the
calculation of Kb.

Table 1. Kb and ΔG Values for the DNA-Complex
Interaction

compound Kb (M−1) × 10−4 ΔG (kJ mol−1)

RIBO 0.34 ± 0.01 20.15
RIBO-TSC4X 0.23 ± 0.02 19.18
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denotes a high level of antioxidant activity. DPPH radical
scavenging assay is the simplest type of antioxidant test which
requires less time, a low amount of reagent, and a test
sample.66 From the results it was observed that synthesized
inclusion complex at 1.75 mM/mL dosage exhibited 33.49%
inhibition against the DPPH radical which is 20.94% is higher
than the RIBO itself (Figure 8). The blue chromophore

ABTS+, which is formed through the oxidation of ABTS by
potassium persulfate, creates oxidative damage. Findings of the
current study demonstrated that after inclusion within p-
sulfonatothiacalix[4]arene (TSC4X), RIBO showed 41.16%
higher ABTS+ radical scavenging activity. Superoxide is
another detrimental free radical which alleviates hydroxyl
radical formation and consequent DNA damage in cells. Some
other hypothesis suggested that superoxide increase oxidative
damage by discharging iron from ferritin. Furthermore,
superoxide caused iron overload by leaching from iron sulfur
(4Fe−4S) enzymic clusters and storage proteins.67 Free iron
deposits on the DNA surface and forms DNA-oxidants in
association with other electron donors, thereby causing DNA
damage. RIBO after encapsulation with TSC4X exhibited a

lower IC50 value as experienced through superoxide radical
scavenging assay and metal chelation activity. FRAP assay
which measures the reducing potential (Fe+3 to Fe+2) of a
sample demonstrated that the prepared inclusion complex had
better activity than RIBO alone. On summarizing overall
results, it can be concluded that biosynthesized RIBO-TSC4X
showed maximum activity against ABTS+ radical and least for
metal chelation activity. The observed antioxidant activity of
the RIBO-TSC4X host−guest complex could be attributed to
various mechanisms including prevention of chain initiation,
prevention of continued hydrogen abstraction, decomposition
of peroxides and binding of transition metal ion catalysts.68

The properties of the TSC4X that remain bound with the
synthesized inclusion complex might be the reason for
improved antioxidant activity. This alleviating action might
be due to the increased solubility of the RIBO-TSC4X
complex (30 times higher than pure RIBO) as observed
through spectrophotometric analysis. Many researchers
suggested that drug having poor aqueous solubility generally
have low absorption rate which leads to inadequate and
variable bioavailability that eventually render the drug
ineffective. In contrast, high solubility makes a drug or
medicine highly available at the site of action which increases
the effectiveness of a drug.
3.13. Anti-Lipid Peroxidation Capability of RIBO-

TSC4X. The lipid peroxidation protection capability of RIBO
and the RIBO-TSC4X complex was evaluated using the rat
liver homogenate. Experimental results suggested that the
synthesized RIBO-TSC4X inclusion complex provides better
inhibition potentiality against the lipid peroxidation in
comparison to pure RIBO. At 7 mM/mL concentration, the
studied RIBO-TSC4X demonstrated 77.55 percent inhibition
against lipid peroxidation (generated in rat liver exposed to
oxidation medium) which is 2.89% higher than the RIBO
(Figure 9). Obtained inhibition percentage was concentration-
dependent and showed IC50 values of 1.04 and 0.17 mM/mL
for RIBO and RIBO-TSC4X complex, respectively.
3.14. Peroxidase-like Activity and Steady State

Kinetics. TSC4X catalyzes many oxidation−reduction reac-

Figure 7. Change in absorption spectra of BSA (10 μM) with the increase in concentration of (a) RIBO and (b) RIBO-TCS4X (0−35 μM).

Table 2. ABTS, DPPH, Super Oxide Scavenging, FRAP, and Metal Chelation Activity of RIBO-TSC4X in Comparison to Pure
RIBO (Results Were Presented as Mean ± Standard Deviation of Three Replications)

antioxidant activity (IC50 value in mM/mL) FRAP

sample name ABTS DPPH SUPEROXIDE METAL CHELATION μg AAE/mM compound

RIBO 2.867 ± 0.051 3.177 ± 0.042 2.783 ± 0.070 12.853 ± 0.102 14.133 ± 0.231
RIBO-TSC4X 2.043 ± 0.031 2.823 ± 0.103 2.173 ± 0.047 7.887 ± 0.080 19.867 ± 0.282

Figure 8. Inhibition percentage showed by studied samples against
the tested free radicals.
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tions, and inspired by the fact, we introduced the RIBO-
TSC4X complex (IC) to catalyze some biological reactions.
Figure 10a showed that pure TSC4X could not catalyze the
oxidation of TMB but the introduction of a small amount of
H2O2 leads to efficient oxidation of TMB, resulting in the
formation of blue colored TMBox which gives a characteristic
absorption peak at 652 nm. The above experiment indicated
that the TSC4X catalyzed only the peroxidase reaction but not
the oxidase reaction. On inclusion of RIBO into TSC4X could
trigger the oxidation reaction and achieve high absorbance

with same amount of catalyst. In contrast, RIBO could not
catalyze the oxidation of TMB, indicating that peroxidase
activity shown by RIBO-TSC4X complex has only come from
TSC4X (Figure 10b). The peroxidase reaction is time- and
pH-dependent. Figure 10c showed the time-dependent plot,
the absorbance increased with time and achieved a maximum
at 30 min and then remain constant, which means 30 min
incubation period is the optimum time for the present
peroxidase system. Peroxidase reaction is highly pH-depend-
ent, and most of the artificial peroxidase enzyme is active in an
acidic medium; here, the high absorbance achieved at pH-3
and the absorbance gradually decreases upon increasing or
decreasing the pH shown in Figure 10d.

The oxidation reaction catalyzed by the RIBO-TSC4X
complex follows the typical Michaelis−Menten behavior
toward substrates H2O2 (Figure 10e). The important kinetics
parameter obtained from the Line Weaver−Burk plot (Figure
10f). Typical Km = 13.9 and Vmax = 1.77 μM/min are obtained
from linear rigration R2 = 0.99245. The obtained Km value for
H2O2 is lower than some other earlier reports shown in Table
3, which indicates the present system might be become an
important catalyst in bioanalytical applications.

4. CONCLUSIONS
In our study, we have successfully synthesized the novel RIBO-
TSC4X complex using the co-precipitation method. The

Figure 9. Radar plot representing the inhibition percentage of the
studied samples against lipid peroxidation.

Figure 10. (a) Diagrammatic representation of peroxidase- and oxidase-like activity of RIBO-TSC4X complex (IC) with TMB. Absorbance by
different systems TMB (380 μM) + H2O2 (20 mM) (b). Time-dependent absorbance by different systems TMB (380 μM) + H2O2 (20 mM) and
IC (250 μM) (c) vs different conditions in same time. Absorbance of TMB (380 μM) + IC (250 μM) + H2O2 (20 mM) system in different pH
values (d). Steady state kinetic analysis of IC as peroxidase mimetic: (e) curve of velocity against the H2O2 concentration in conditions of 380 μ M
TMB, room temperature, pH 5. (f) Double-reciprocal plots of (e).
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prepared complex was then characterized by spectroscopic
methods such as 1H-NMR, FT-IR, TGA, PXRD, and SEM
analysis. From FT-IR spectral examination, it was predicted
that two −CH3 groups attached to C-7 and C-8 carbon atoms
of the aromatic moiety of RIBO got incorporated into the
hydrophobic cavity of TSC4X, which was further confirmed by
the 1H-NMR investigation. Job’s plot confirms the insertion of
RIBO into TSC4X cavity with a 1:1 molar ratio. Furthermore,
the extent of stability of the RIBO-TSC4X complex was
determined by assessing the association constant (Ka) value,
which was found to be 3116.29 ± 0.17 M−1. The most stable
binding orientation between RIBO and TSC4X was visualized
by molecular docking study, which also revealed that two
methyl groups attached to C-7 and C-8 carbon atoms of RIBO
got inserted into the TSC4X cavity as already confirmed by
experimental analysis (FT-IR and 1H-NMR). The increment in
aqueous solubility of the RIBO-TSC4X complex compared to
pure RIBO was investigated using a UV−vis spectropho-
tometer and result demonstrates that former (complex) has
almost 30 times greater solubility than the latter (pure RIBO).
The enrichment of thermal stability of RIBO upto 440 °C after
complexation with TSC4X was examined by TG analysis. This
research also forecasts RIBO’s release behavior in the presence
of CT-DNA, and at the same time, BSA binding study was also
carried out. The encapsulation of RIBO with TSC4X
sufficiently improves the antioxidant activity of pure RIBO.
This finding will be helpful in the medicinal chemistry and
pharmaceutical industry to design a new type of vitamin added
antioxidant nutrient. Moreover, the synthesized RIBO-TSC4X
complex showed biomimetic catalytic activities such as POD-
like activity.
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