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ABSTRACT: The toxicity of any drug against normal cells is a health hazard for
all humans. At present, health and disease researchers from all over the world are
trying to synthesize designer drugs with diminished toxicity and side effects. The
purpose of the present study is to enhance the bioavailability and biocompatibility
of gemcitabine (GEM) by decreasing its toxicity and reducing deamination during
drug delivery by incorporating it inside the hydrophobic cavity of β-cyclodextrin
(β-CD) without affecting the drug ability of the parent compound (GEM). The
newly synthesized inclusion complex (IC) was characterized by different physical
and spectroscopic techniques, thereby confirming the successful incorporation of
the GEM molecule into the nanocage of β-CD. The molecular docking study
revealed the orientation of the GEM molecule into the β-CD cavity (−5.40 kcal/
mol) to be stably posed for ligand binding. Photostability studies confirmed that
the inclusion of GEM using β-CD could lead to better stabilization of GEM
(≥96%) for further optical and clinical applications. IC (GEM-β-CD) and GEM exhibited effective antibacterial and antiproliferative
activities without being metabolized in a dose-dependent manner. The CT-DNA analysis showed sufficiently strong IC (GEM-β-
CD) binding (Ka = 8.1575 × 1010), and this interaction suggests that IC (GEM-β-CD) may possibly exert its biological effects by
targeting nucleic acids in the host cell. The newly synthesized biologically active IC (GEM-β-CD), a derivative of GEM, has
pharmaceutical development potentiality.

1. INTRODUCTION
Enhancement in the utility of drugs is of utmost priority among
researchers in the present world. One way to achieve it is by
minimizing the consequences due to the side effects of the drug.
Certainly, it is important to develop methods or to modify the
existing procedures to increase the bioavailability of drug
molecules as more than half of the population around the globe
suffers from various diseases caused by bacterial, fungal, and
microbial infections. However, with the success of available
vaccines and antibiotics, the mortality rate due to such diseases
has been brought down drastically. Along with this, the current
improvement in primary and secondary precautions for cardio-
vascular diseases has made it clear now that cancer is actually the
first or second cause of premature death in more than 180
countries in recent times.1 In the year 2008, over 12 million
people were diagnosed globally with cancer and the number has
been increasing rapidly till date.2 During the last few decades,
many chemotherapeutic drugs have shown significant activity
against different types of human carcinoma. Among various
chemotherapy agents, gemcitabine (2′-deoxy-2′,2′-difluorocyti-
dine) is found to be one of the most promising and effective

agents against different types of cancers.3−5 Gemcitabine
(GEM) is a chemotherapeutic drug with huge potential for
treatment of different types of cancers.6−8 It is an anticancer
drug with promising clinical application, but has limited
effectiveness because of its toxicity and inactiveness in serum.
It is a leading drug for pancreatic cancer treatment but has
limited efficiency due to the fast deamination of N-4 amine, thus
making it inactive in blood plasma.9−11 A great variety of
gemcitabine prodrugs have been investigated and developed to
protect GEM from deamination; still, the clinical application of
such prodrugs has been restricted due to their toxicity.12−14

When gemcitabine is combined with the FOLFIRINOX, the
regimen has been found to increase its activity even in case of
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metastatic pancreatic cancer, but also sufficiently increases the
toxic effect manifold, thus leading to the patient being in an
adverse condition.15−17 Therefore, a great deal of research has
increasingly been carried out in the past few decades to improve
the drug delivery system of GEM.17−20 A phase III clinical trial
of gemcitabine in combination with erlotinib reported a slight
improvement in overa l l surv iva l (6 .24 vs 5 .91
months).15,16,21−28 Likewise, the phase II trial of ACOSOG
Z5041 showed positive results when gemcitabine was given
along with erlotinib.11 However, the scattered or arbitrary
medical trial LAP07 reported that the combination of drugGEM
failed to enhance survival despite patient consent.12 The
multicenter scattered phase III trial CONKO-005 disclosed
almost no change in the universal survival from pancreatic
cancer. In fact, most of the medical trials have highlighted the
adverse effects due to the use of the combination chemo-
therapeutic drug.8−14 Encapsulating cancer drugs within nano-
particles (NPs) can lessen their side effects through selected
delivery and guided release. The U.S. Food and Drug
Administration (FDA) and the European Medicines Evaluation
Agency (EMEA) have approved polylactic-co-glycolic acid
(PLGA) NPs as drug delivery systems. PLGA has various
supreme properties such as surface tunability, biocompatibility,
biodegradability, and controlled release.15−17 Jaidev et al.
evaluated the biophysical and photophysical properties of
gemcitabine-loaded PLGA nanocavities in vitro,18 and Aggarwal
et al. prepared PLGA-poly(ethylene glycol) (PEG) NPs layered
with the anti-EGFR monoclonal antibody for sustained delivery
to malignant cells.19 However, one limitation these NPs suffer is
that they are acknowledged by the reticuloendothelial system as
foreign particles and are subsequently partly removed by the
immune cells.20 Recently, camouflaged NPs have been
developed and investigated for the sustained release of drugs.
Although a great variety of work has been reported, this
technique has not been standardized for a large population.
Again, cost effectiveness is also a serious concern as half of the
world’s population suffering badly from cancer come from
underdeveloped nations.1,2 Furthermore, the treatment of
cancer with cancer drugs may cause the additional difficulty of
eroding the immune system and in some cases may even lead to
immunodeficiency. Therefore, cancer patients undergoing
chemotherapy treatment are more susceptible to acquire
different kinds of microbial infections. According to various
reports, microbial infections are among the major reasons of
mortality among malignant patients.4 Thus, there is an absolute
need for a drug that has anticancer properties along with
antibacterial properties. Gemcitabine fits very well in this
criterion.21−26 However, the rapid decrease in gemcitabine
concentration in blood plasma requires excess doses of the drug
in chemotherapy treatment. Also, as mentioned above, there is
an urgent requirement to develop a delivery system that can
enhance its sustained release with decreased rate of deamination
alongside retaining/enhancing its antimicrobial property. A drug
with such potential application could decrease the secondary
effect and increase the probability of rapid recovery and
ultimately the survival of cancer patients. Hence, considering
all of the above conditions, we have synthesized an inclusion
complex of GEM with β-cyclodextrin (β-CD) as a vast
investigation on various drugs’ encapsulation by cyclodextrins
has already been done in the past few decades.31−34 Among the
variety of host molecules used for the purpose, the common
compounds are cyclodextrins, cucurbiturils, and calixarenes.
Cyclodextrins (CDs) are known for their ability of sustained

release of drug molecules by forming an inclusion complex, thus
leading to the increased bioavailability and biocompatibility of
the compound.29−31 CDs are also found to enhance the
chemical stability by shielding the drug and increasing
solubility.29−33 CDs are cyclic oligosaccharides with six (α-
CD), seven (β-CD), and eight (γ-CD) glucopyranose units,
joined by α-1,4-linkages. They are endowed with a hydrophobic
cavity internally and a hydrophilic surface externally. The
hydrophobic part of the drug gets encapsulated partially/
completely into the hydrophobic cavity.34 Therefore, CDs have
various applications in diverse fields like drug delivery,
pharmaceuticals, textile industry, pesticides, supramolecular
host-guest chemistry, food stuffs, molecular encapsulation, toilet
articles etc.30−33

Here we report for the first time the incorporation of
gemcitabine (GEM), an approved anticancer drug molecule,
within the cavity of β-CD in aqueous medium. As cancer is the
most significant reason for death all over the world, anticancer
drugs find a very important place in the past, present, and future
research. Thus, it is of great significance to enhance the
biocompatibility of such molecules by the available nontoxic
methods. In the present work we have tried to enhance/retain
the bioavailability of GEM by decreasing its toxicity and
increasing its photostability toward healthy cells through
encapsulation with β-CD. Job’s plot from UV−visible studies
has shown 1:1 encapsulation. We employed the absorption
(UV−visible) spectroscopic technique to calculate the associ-
ation constant along with thermodynamic parameters. The
GEM-β-CD IC thus prepared was characterized by Fourier
transform infrared (FT-IR) spectroscopy, high-resolution mass
spectrometry (HRMS), 1H nuclear magnetic resonance (NMR)
spectroscopy, X-ray diffraction technique, and scanning electron
microscopy (SEM). Molecular docking study was done to
understand the plausible interaction between GEM and β-CD.
Antibacterial study against a great variety of pathogens was also
carried out to investigate the advantages of GEM encapsulation
in the biocompatibility of GEM. Photostability study was also
carried out to understand the further application of encapsulated
GEM.

2. EXPERIMENTAL SECTION
2.1. Materials. Gemcitabine (purity >98%) and β-cyclo-

dextrin with purity 98% were acquired from TCI chemicals and
Sigma-Aldrich, India, respectively, and further analysis was
carried out as received. Human cell lines were procured from the
National Centre for Cell Science, Pune, India. The medium and
other materials used for animal cells were procured from Hi-
media Laboratory Pvt. Ltd. MTT was bought from Hi-media,
India, and DCDF dye was procured from Sigma India Pvt. Ltd.
All materials and solvents utilized in the study were of analytical
grade and were obtained from Hi-media, India; Sisco Research
Laboratories, India; TCI Chemicals, India; Sigma India Pvt.
Ltd.; and E. Merck, Germany.

2.2. Methods. The Agilent 8453 UV−vis spectrophotom-
eter was utilized to record the UV−visible spectra. The
temperature of the cell was kept fixed by an automated
thermostat.
The Bruker Avance 300 MHz NMR spectrometer was used

for 1H-NMR measurements with D2O as a solvent at 298.15 K.
HRMS spectra were recorded with positive-mode electro-

spray ionization in high-resolution Q-TOF instrument.
The Perkin-Elmer FT-IR spectrometer was used to measure

the IR spectra using the KBr disk method at room temperature.
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The Bruker D8 advance powder X-ray diffractometer was
used to record powder XRD experiments. A JSM-6360 scanning
electron microscope (SEM) was used for the surface
morphological analysis.

2.3. Preparation of the Inclusion Complex. The solid
inclusion complex (IC) (GEM-β-CD) was synthesized by
employing the co-precipitation method.35 GEM and β-CD were
mixed in 1:1 molar ratio; 1.0 mmol β-CD and GEM were
separately dissolved in 20 and 25 mL of distilled water, and then
GEM solution was added dropwise to the β-CD solution with
constant stirring. The solution was continuously stirred for 48 h
at 45 °C. After this, the solution was made concentrated by slow
evaporation; the thus-obtained solid mass was then filtered and
washed thoroughly with ethanol and water simultaneously for a
couple of times to remove the unreacted β-CD and GEM.
Thereafter, the purified mass was desiccated in an oven at 50 °C
for 20 h. Ultimately, the solid IC powder was received and kept
in vacuum desiccators for additional advanced analysis.

2.4. Absorption Spectral Titrations. The UV−visible
spectral titration method36,37 was employed to study the
inclusion complex IC (GEM-β-CD) formation of β-CD with
drug GEM in aqueous solution.46,47 A 1.0 mL (80 μM) solution
of GEM was taken in a cuvette and then, varied concentrations
ranging from 1.0 to 5.0 mM of a 1.0 mL β-CD solution was
added to it, such that the concentration of GEM was 40 μM for
the (GEM) + (β-CD) system in all cases.

2.5. Job’s Method for Stoichiometric Determination of
the Inclusion Complex. The best method available to resolve
the stoichiometry of the host and guest in supramolecular
chemistry is Job’s method, commonly known as the continuous
variation method. This method was employed here using the
UV−visible spectroscopic technique.35−37 Job plot was derived
by plottingΔA × R versus R (where R = [GEM]/([GEM] + [β-
CD] and ΔA) denotes the difference in absorbance of GEM in
the absence and presence of β-CD). A series of solutions of
GEM and β-CD were prepared in such a way that the total
concentration, [GEM] + [CD], remains constant while themole
fraction of GEM varies in the range of 0−1 at 298.15 K (Tables
S1). The maxima on the plot indicates the stoichiometry of the
prepared inclusion complex and in the present work, it is
observed at R = 0.5, clearly indicating the 1:1 stoichiometric
ratio of IC (Figure 1).34 Absorbance values were evaluated at
λmax = 268 nm.

2.6. Preparation of 3D Structures of GEM and β-CD.
The three-dimensional structure of GEM was obtained from
PubChem website (http://pubchem.ncbi.nlm.nih.gov). β-CD
was obtained with deposit number CCDC ID: 762697 from the
Cambridge Crystal Data Centre (CCDC).38 The missing
hydrogen atoms and atomic charges were added to β-CD as
well as GEM, and the structures were optimized using the DFT-
B3LYP method with Gaussian 09 software prior to carrying out
the computational studies.39

2.7. Molecular Docking Study. Molecular docking is a
computational method that is used to predict the preferable
binding mode of a guest within a host.40 An established docking
protocol for a host-guest system implemented in PyRx was
applied.41 Prior to docking, all PDB files are converted into
PDBQT format, and atomic coordinates were generated
employing PyRx docking software. The grid box center values
were set as center_x = 8.2006, center_y = 24.1273, and center_z
= 1.2165, and dimension values as size_x = 19.3813, size_y =
19.2330, and size_z = 17.7765 for all of the three coordinates.
The grid box size was made around the binding pocket of β-CD

(receptor) such that GEM (ligand) moves freely in the space.
According to the docking score, the lowest-energy conformer
was selected and visualization was made using Discovery Studio
Visualizer, v21.1.0.20298, BIOVIA.42

2.8. Antimicrobial Activity Assay. The potential anti-
bacterial activity of GEM and the GEM-β-CD complex (IC) was
determined by the classical disc diffusion approach as described
by Bauer et al.43 In the disc diffusion assay, a loopful of
overnight-grown bacterial colony was inoculated into tryptone
soya broth medium for exponential growth. After 6−8 h growth
on a rotary shaker (150 rpm), the total cell concentration was
adjusted approximately to 108/mL with sterile saline, and these
cultures were used for surface spreading using a sterile swab on
sterile Mueller-Hinton agar plates. Both the test drugs were
dissolved separately in the sterile double-distilled water, and
stock solutions of the drug were sterilized using a 0.22 μm
syringe filter. After 15 min, the plates were impregnated with
sterile Whatman no. 1 filter paper discs (6.0 mm diam.)
containing desired concentrations of the test drugs (the residual
solvent was completely evaporated in the laminar air flow, and
the discs were aseptically placed on the Mueller-Hinton agar
surface). Discs with chloramphenicol 30 μg/mL were used as a
positive control for antibacterial activity assay. After 24 h of
incubation at 37 °C, the inhibitory activity of the test drugs was
determined by measuring the zone of inhibition (ZOI in nearest
mm), including disc diameter.

2.9. Cell Line Culture.The normal human cell line was used
to study the cytotoxicity activity of GEM and the prepared
inclusion complex (GEM-β-CD IC). The cell line was procured
from Cell Repository, National Centre for Cell Sciences
(NCCS), Pune, India. These cells were cultured to reach
confluence in Dulbecco’s Modified Eagle Medium (Ham F-12
culture medium) maintained at 37 °C in a humidified
atmosphere in a 5% CO2 incubator.

2.10. In Vitro Cell Viability Assay. The cell viability of
GEM and the synthesized inclusion complex (IC GEM-β-CD)
was assessed by the MTT assay, as described by Mosmann.44

Human cells were trypsinized and aseptically collected, counted,
and adjusted to a final concentration of 5 × 103 cells/well, to be
inoculated on 96-well plates containing sterilized 100 μL of

Figure 1. Job plot of the GEM-β-CD system at 298.15 K in H2O at λmax
= 268 nm. ΔA = difference in absorbance of GEM in the absence and
presence of β-CD, R = [GEM]/([GEM] + [β-CD]).
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DMEM (Dulbecco’s Modified Eagle Medium) Ham F-12
culture medium. After 24 h of observation, the cells were treated
with increasing concentrations (50−450 μM) of GEM and the
inclusion complex (IC GEM-β-CD) for 48 h. Thereafter, before
the incubation time, a 1:10 volume ofMTT solution (5mg/mL)
was added to each well and incubated for the next 3 h in dark.
Then the medium was cautiously separated and the formazan
produced in the wells was solvated in 50 μL of isopropanol for
homogeneous measurement; then, the plates were kept on a
plate shaker for 3−5 min. The absorbance peak was measured at
600 nm using an ELISA (microplate) reader (SPECTRO
starNano, Germany). For the control, Ham F-12 culture
medium (pH 7.4) and Dulbecco’s PBS were used in place of
the tested compounds. The percentage of cell toxicity was
calculated as {(U−T)/U× 100}, where “U” is the mean optical
density of control (untreated cells) and “T” is the mean optical
density of the treated cells with different drug concentrations. All
experiments were performed in three replicates (n = 3).

2.11. Statistical Analysis. All data furnished in this work
are the mean ± SD of in vitro experiments recorded with three
test samples. The analysis of variance technique was used to
analyze the results for statistical measurements. A P value <0.05
was regarded as statistically important. All analytical tests were
performed using Origin Pro 8.5 and SPSS software.

3. RESULTS AND DISCUSSION
3.1. Determination of the Stoichiometric Ratio of the

Inclusion Complex by Job’s Method. ΔA × R against R was
plotted to generate Job’s plot (where ΔA is the change in the
absorbance of GEM with and without β-CD), and R = [GEM]/
([GEM] + [β-CD]). The maximum peak value of R on the plot
confirms the stoichiometry of complexation. From Figure 1, the
observed maximum value of ΔA × R at R = 0.5 establishes that
the inclusion complex of GEM with β-CD is formed with a
stoichiometric ratio of 1:1.

3.2. Absorption Spectral Analysis.The tendency of GEM
to bind with β-CD was determined through binding constant
(Ka) measurement with the help of UV−visible spectroscopic
analysis.45 The continuous increase in GEM absorbance
confirms the encapsulation of the drug into the hydrophobic
β-CD cavity. A hyperchromic shift is observed because β-CD
molecules capture the drug (GEM)molecule within its orifice to
form the inclusion complex, thereby decreasing the polar
environment around the GEM molecule.46 The association
constant (Ka) of IC at 298.15 K was computed from the
variation in the absorbance (ΔA) of GEM (at λmax = 268 nm)
with the increasing CD concentration by applying Benesi-
Hildebrand equation (Tables S2). By employing the Benesi-
Hildebrand equation (eq 2), a double reciprocal plot was
obtained for the 1:1 complex formation as follows

=
[ ] [ ]

+
[ ]A K

1 1
GEM

1
CD

1
GEMa (1)

The plot of 1/ΔA against 1/[CD] (Figure S1) shows a good
linear correlation [R2 = 0.99691 for IC (GEM-β-CD)],
indicating the 1:1 stoichiometry of the GEM-β-CD complex.
The binding constant (Ka) for the 1:1 GEM-β-CD complex,
evaluated from the Benesi-Hildebrand plot using eq 1, was
calculated as 19.4 × 103 M−1 for IC (GEM-β-CD). In order to
understand the encapsulation process between β-CD and GEM,
the Gibb’s free energy of binding (ΔG) was calculated with the
help of the value of binding constant Ka at 298.15 K using eq 2.

=G KRT ln a (2)

The value of ΔG was −5.85 kcal/mol for the GEM-β-CD
complex (IC) at 298.15 K, which confirms the encapsulation
process is spontaneous.

3.3. 1H-NMR Analysis. The mechanism of encapsulation of
GEM into the β-CD cavity could be best analyzed by 1H-NMR
study. In this work, a detailed analysis was performed and the
information thus obtained ascertains the successful complex-
ation. Upon encapsulation of the drug molecule within the CD
pocket, upfield chemical shifts were observed for both the guest
and the CD protons. This is mainly due to mutual shielding
between the drug molecule and β-CD, thus resulting in
enclosure of the former by the electron density of β-CD.47,48
β-CD has H-5 and H-3 hydrogen atoms inside the cavity,
whereas the remaining H-4, H-2, andH-1 hydrogen atoms lie on
the exterior side of the surface. Thus, H-5 is placed in the vicinity
of the narrower rim, whereas H-3 lies near the wider rim (Figure
S7). Here, encapsulation of GEM with β-CD was investigated
through 1H-NMR spectroscopy and various other spectroscopic
techniques. The 1H-NMR spectra of β-CD, GEM, and GEM-β-
CD are displayed jointly in Figure S2 and the corresponding
chemical shifts (Δδ) are given in Table S3. After the inclusion of
the drug, it is observed that the outer H-4, H-2, and H-1 protons
of CD suffer very negligible changes in chemical shifts but the
inner H-5 (Δδ = −0.07) and H-3 (Δδ = −0.092) protons in the
GEM-β-CD system experience a relatively greater change in
chemical shift, thus suggesting the successful insertion of GEM
within the CD cavity (Figure S2). As observed in Figure S2, H-3
protons experienced a remarkable upfield shift as compared to
H-5 protons (Tables S3); it is proposed that the encapsulation
occurred through the wider rim of the CD cavity. A comparative
1H-NMR analysis of GEMwith the GEM-β-CD complex reveals
the considerable upfield shift in values of H-e (Δδ = −0.05) and
H-f (Δδ = −0.06) protons, whereas the H-a, H-c, and H-d
protons suffer negligible shift (Tables S3). Again, H-b also
shows a slight upfield shift (Δδ = −0.013), indicating that H-b,
H-e, and H-f protons are involved in interaction with the inner
protons of β-CD during encapsulation (Figure S2 and Tables
S3). These findings clearly suggest that β-CD cavity
encapsulates the drug molecule (GEM) through the five-
membered ring containing oxygen (GEM) from the wider side
of the rim (Figure S7).

3.4. ESI-MS Studies. The stoichiometric ratio between the
drug and β-CD in the solid GEM-β-CD inclusion complex was
further verified using the well-known electrospray ionization
mass spectroscopy method in a solution of methanol (ESI-
MS).49 The peaks at m/z values 1398.44 and 264.07
corresponding to the molecular ions [GEM + β-CD]+ and
[GEM]+ (Figure S3) markedly indicate that the host-guest in
the GEM-β-CD inclusion complex has 1:1 stoichiometric ratio,
thus certifying the results deduced from Job’s method.

3.5. Analysis of FT-IR Spectra. The synthesized solid
inclusion complex was further inspected through a very
important and conclusive FT-IR spectroscopic method. The
noncovalent molecular interaction between the host and the
guest during inclusion was fully supported by the FT-IR spectral
analysis.50 The inclusion phenomena led to changes in the peak
intensity, shape, position, and also the disappearance of some
peaks in the FT-IR spectra of both drug and the host, certainly
due to the change in electron density in their vicinity.51 The
infrared spectra of β-CD, GEM, and GEM-β-CD complex are
depicted in Figure 2 and their chemical bonds along with the
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Figure 2. FT-IR spectra of the solid GEM-β-CD inclusion complex.

Figure 3. PXRD profiles of β-CD, GEM, and GEM-β-CD IC.

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

https://doi.org/10.1021/acsomega.3c02783
ACS Omega 2023, 8, 29388−29400

29392

https://pubs.acs.org/doi/10.1021/acsomega.3c02783?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02783?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02783?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02783?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02783?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02783?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02783?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02783?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


corresponding vibrational frequencies are outlined in Table S4.
A sharp peak at 3443.10 cm−1 is observed in IC (GEM-β-CD),
whereas a broad peak was recorded for both β-CD (3406.01
cm−1 corresponding to −OH stretching frequency) and GEM
(3449.28 cm−1 corresponding to −OH and −NH2 stretching
frequency). The complete change in the nature of the peak may
be attributed to the involvement of−OHbonds of both the drug
and the host in interaction during complex formation. Again, the
presence of a sharp peak in IC clearly indicates that the free
−NH2 bond is not involved in interaction with the host, thus
supporting the findings of 1H-NMR that the encapsulation
happened through the five-membered ring, keeping the six-
membered ring bearing the −NH2 of GEM relatively free. This
finding was further supported by the complete disappearance of
the−OHbending frequency of both GEM (observed at 1133.33
cm−1) and β-CD (observed at 1646.34 cm−1) in IC. The C�O
stretching frequency of the >CO moiety in GEM observed at
1650.62 cm−1 is shifted to 1648.40 cm−1 in IC. The slight change
in −NH2 bending frequency from 1522.70 cm−1 in GEM to
1524.77 cm−1 in IC also confirms that the -NH2 bond in the six-
membered ring is free and is not involved in the interaction with
the host during encapsulation. This further indicates the possible
insertion of GEM through five-membered rings. This is also
supported by the appearance of C−N vibrations at the same
position (1384.65 cm−1) in both GEM and IC. The C−H and
C−C−O stretching frequencies in β-CD previously observed at
2921.79 and 1026.13 cm−1 are found to be shifted to 2921.7 and

1030.25 cm−1, respectively, in IC. The skeletal vibration arising
due to the α-1,4-linkage at 951.95 cm−1 in β-CD is shifted to
939.52 cm−1 in the inclusion complex, which is mostly because
of the introduction of GEM into the β-CD cavity. All of the
above findings related to the intensities and shifts in the IR
spectra convincingly present proof in support of inclusion
complex formation and are in good agreement with the 1H-
NMR observations.

3.6. Powder XRD Analysis. The inclusion complex
formation of GEM was further analyzed by the powder XRD
technique.52 A diagram consisting of the XRD patterns of β-CD,
GEM, and the GEM-β-CD complex (IC) is shown in Figure 3.
The crystalline diffractogram of β-CD exhibits sharp peaks at
4.52°, 9.02°, 10.47°, 19.50°, 20.82°, 22.83°, 24.21°, 25.62°,
27.13°, 31.10°, 31.93°, and 35.72°. The drug GEM also shows a
well-defined sharp peak at 6.96, 9.55, 15.89, 16.27,16.95, 18.87,
19.11, 19.87, 20.20, 22.37°, 23.95°, 24.48°, 26.06°, 27.84°,
28.42°, 31.99°, 32.53°, 34.53°, 37.13°, 40.08°, 42.79°, 44.05°,
and 49.98°, showing the presence of GEM in a crystalline state.
Again, the XRD diffractogram of the GEM-β-CD complex
presents a broad profile with changed 2θ value and decreased
intensity of peaks. This is probably because the GEM got
encapsulated inside the pocket of β-CD, resulting in a change in
the vicinity of GEM and β-CD. Many characteristic peaks
(15.87°, 19.11°, 23.95°, 32.53°, 34.53°, 37.13°, 40.79°, 44.05°,
and 49.98°) present in the diffractogram of GEM have
disappeared in the GEM-β-CD complex (IC). This observation

Figure 4. SEM images of (a) GEM, (b) β-CD, (c) GEM-β-CD complex (IC), and (d) physical mixture.
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clearly indicates the change in the structure of GEM, thereby
suggesting the formation of the inclusion complex. New
diffraction peaks at 2θ ≃ 12.60°, 12.83°, 17.19°, 17.84°, and
18.10° have appeared in the powder XRD spectrum of GEM-β-
CD. Further, the appearance of broader diffraction peaks with
less intensity suggests that a new GEM-β-CD inclusion complex
is formed and has attained a new crystalline structure.

3.7. SEM Analysis. The SEM study on host-guest chemistry
is complementary evidence in support of inclusion complex
formation.50 This method provides a qualitative analysis on the
morphology of the synthesized inclusion complex. This
technique delivers an additional proof in support of inclusion
complex formation by investigating the surface morphology of
the host (β-CD), guest (GEM), GEM-β-CD IC, and the
physical mixture of GEM and β-CD.53 Figure 4 shows the SEM
microphotographs of GEM, β-CD, IC, and the physical mixture
of GEM and β-CD. Figure 4a shows a rod-like crystal structure
of GEM, while the host β-CD (Figure 4b) shows crystalline
irregular cubic particles having large features. The IC in Figure
4c shows long cylindrical rod-like dimensions linked together to
form a cage type of structure, whereas the physical mixture

(Figure 4d) shows distribution of particles of β-CD on the GEM
surface, i.e., the original surface nature of both GEM and β-CD
was present in the physical mixture, but in IC a newmorphology
was observed. Such marked improvement was observed in the
surface morphology after the formation of the complex. Hence,
the above results also reaffirm the encapsulation of GEM into
the β-CD cavity to the form the solid GEM-β-CD inclusion
complex.

3.8. Molecular Docking Evaluation. The molecular
docking study is used to predict the orientation of the guest
within the host cavity.54 The docking is carried out between
GEM and β-CD by employing PyRx software. The chief docked
configuration of the GEM-β-CD complex is represented in
Figure 5 (a, side view; b, top view). The minimum negative
binding energy (ΔG) value for the best stable docked
configuration of the GEM-β-CD complex is obtained as −5.40
kcal/mol, which is found to be very close to that for GEM-β-CD
(≃ −5.84973 kcal/mol) obtained using UV−visible spectro-
scopic studies. This finding clearly suggests that the binding
energy derived from docking correlates well with the data
received from UV−visible absorption study. The docked

Figure 5. Geometry optimization of the molecules: (a) top and (b) side views of GEM-β-CD.

Figure 6. Comparative study of the photostabilities of GEM and IC (GEM-β-CD).
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conformation of the GEM-β-CD complex shows that the
deoxycytidine moiety of GEM was included into the hydrophobic
pocket of β-CD near the wider rim, while the pyrimidine moiety
of GEM was found to be present outside the wider rim of the β-
CD cavity. Further, the docked conformation is stabilized by the
strong hydrogen bonding of the fluoride atoms of GEMwith the
H-3 protons of β-CD. These interactions of GEM with β-CD
observed in the docking study analysis show good correlation
with those of 1H-NMR and FT-IR analysis.

3.9. Photostability Analysis of the Inclusion Complex.
The above observations clearly indicate that a stable inclusion
complex with 1:1 stoichiometry of GEM with β-CD has been
formed. Therefore, it is very important to investigate its stability
with regard to UV−visible light. The improvement in photo-
stability of GEM through complexation would assuredly
enhance its use in vast therapeutic and optical fields. UV−vis
spectrophotometric measurements were used to study the
photostability of the drug and that of the complex in water
solutions. GEM and IC were irradiated in sunlight continuously
for more than 5 h and at a regular interval of 45 min their
absorption spectra were taken. For this purpose, 100 μM
solutions of GEM (6.5 mg in 100 mL) and IC GEM-β-CD (6.18
mg in 50mL) were prepared. The solutions were left for 1 h with
continuous stirring to attain equilibrium. Thereafter, a series of
absorption spectra were recorded for both GEM and IC
solutions before irradiation and subsequently after (at 45 min
regular interval) irradiation with the sunlight by taking a 3 mL
solution each time. A regular decrease in the absorbance (at 268
nm) for all solutions was observed upon irradiation. Evaluation
of spectral data revealed that the photostability of GEM was
increased manifold by complexation with β-CD. Tomeasure the
stability, photodegradation efficiency was evaluated using
following eq 3

= [ ] ×A A A% of degradation ( )/ 1000 T 0 (3)

whereA0 is the initial absorbance andAT is the absorbance of the
sample irradiated at time interval T in minutes.
A comparative study of the photostability of GEM with IC is

shown in Figure 6. A critical analysis of the figures displays that
the photostability of GEM has been improved upon complex-
ation and IC is more stable to UV−visible light when exposed to
sunlight. The degradation percentage for GEM and that of IC
are found to be 13.00 and 4.00%, respectively, as calculated using
eq 3. Hence, nearly 3.5 times increase in the stability has been
achieved through IC formation. This finding is indeed an
absolute indication of the greater photostability of IC over
GEM. The incredible boost in stability of GEM upon
encapsulation with CDs may be assigned to the shielding laid
by the β-CD cavity owing to the encapsulation, subsequently
reducing the degradation due to UV-light effects when
compared with the free drug.55,56

3.10. In Vitro Studies of Biological Activity. 3.10.1. In
Vitro Antiproliferative Assay. GEM and GEM-β-CD IC were
assayed for their potential antiproliferative activity against the
normal human cell line using MTT assay. The effect of GEM
and inclusion complex IC (GEM-β-CD) on human cells was
highly significant and both the compounds exhibited pro-
nounced antiproliferative activity in a dose-dependent manner
(Figure S4). The strongest antiproliferative activity was
demonstrated by GEM, and in comparison, a slightly decreased
activity was observed for IC (GEM-β-CD). This in vitro result
suggests that, upon formation of the inclusion complex of GEM,
IC (GEM-β-CD) may decrease the cytotoxicity in normal

human cells at all tested concentrations. Due to this precise
decrease in toxicity against normal human cells exhibited by IC
(GEM-β-CD), it has been identified as a promising drug
candidate suitable for clinical use. Further studies are therefore
needed to evaluate the contributing role of the inclusion
complex IC (GEM-β-CD) in exhibiting reduced cytotoxicity (p
< 0.05) against normal human cells relative to the parent
compound GEM. The results of the present study will have
potential direct impacts on human health and clinical
applications as reduced cytotoxicity complements to reduced
side effects. Recent research on the inclusion complex brings
evidence that the most plausible mechanisms of action involve
the sustained release of GEM from the cavity of β-CD, thereby
decreasing the magnitude of toxicity of GEM through
encapsulation with β-CD.57 In the present study, it was found
that the IC (GEM-β-CD) (IC50 = 11.35 μM) complex exhibited
slight increase in activity, manifesting a less cytotoxic character
than pure GEM (IC50 = 11.52 μM) toward the human cell line,
suggesting that inclusion has diminished the side effects of GEM
to a certain level. The concrete mechanism of the action of
toxicity against the healthy test cell line is not established in the
present study, but previous studies suggest that such reduction is
due to the drug complexation. Further, the interaction study of
IC and GEM with CT-DNA in this work suggests improved
interaction after complexation compared with GEM, indicating
that complexation of GEM in β-CD is one of the ways to
decrease toxicity. The larger binding constant for DNA-(GEM-
β-CD) (8.1575 × 1010) as compared to DNA-(GEM)
(5.954579 ×108) strongly supports the drug-DNA binding
mode that is observed in the studied compound GEM-β-CD.

3.10.2. In Vitro Antibacterial Activity Studies. Prolonged use
of chemotherapy drugs may lead patients to a risk of infection by
weakening the immune systems. Repeated hospitalization
during chemotherapy treatment may induce bacterial infection,
thus declining the survival rate among patients. Many
antimicrobial and antibacterial therapies have been developed
in the past few decades. But, due to the antibacterial resistance
slowly developed by these species, the currently available
antibiotics has limited application.58−63 Under such scenario, it
is very urgent to design and develop an effective antibacterial
agent to be used in such therapies. Hence, it is of utmost
importance for an anticancer drug to possess antibacterial effect
such that it reduces the side effect of cancer treatment. The
results obtained from the disc diffusion assay showed that there
has been a significant increasing effect of GEM and the GEM-β-
CD complex (GEM-β-CD) on bacterial growth inhibition
(Tables S5 and S6). The drugs with increasing concentration
from 3.9 to 1000 μMexhibited a broad-spectrum activity against
all of the tested organisms. Staphylococcus aureus, a Gram-
positive bacterium, showed the highest sensitivity in the disc
diffusion test when treated with 1000 μM of GEM and the
GEM-β-CD complex, and the inhibition zones recorded were
38.66 and 39.66 mm, respectively. Likewise, the recorded
inhibition zones of Klebsiella pneumoniae, a Gram-negative
bacterium, when treated with 1000 μM of GEM and the GEM-
β-CD complex resulted in an inhibition of 32.33 and 34.33 mm,
respectively. The lowest zone of inhibition (ZOI) was recorded
in GEM at a concentration of 3.9 μMwith an inhibition zone of
16 mm against S. aureus. Comparatively, the GEM-β-CD
complex was found to remain highly effective even at the lowest
tested concentration of 3.9 μM with inhibition zones of 7.33,
8.66, and 8.66 mm against S. aureus, B. cereus, and S. pneumoniae,
respectively. At present, however, there has been no specific
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cutoff value reported as a gold standard for analyzing the
antibacterial activity of GEM and the GEM-β-CD complex
(GEM-β-CD). A 1/2 dilution within the test cutoff concen-
tration value of 1000 μM exhibited active antibacterial activity
even at 1/16 dilution in case of the GEM-β-CD complex against
S. aureus, B. cereus, and S. pneumoniae, and this prominent
biological activity of the synthesized drug warrants further
investigation as a substitute for novel anti-infective agents. Thus,
it is evident from the present study that GEM and the GEM-β-
CD complex showed comparable antimicrobial activities with
chloramphenicol as a reference standard (Tables S5 and S6)
(Figures S5 and S6). With these inhibitory properties, it is
rational for a researcher to develop newer antibacterial drugs
through conversion of the parent drug in use to replenish the
depleted pipeline of the antibacterial drugs with a new structural
property. Around the globe, antimicrobial resistance relegates
many miracle drugs currently in use to the dust heap. Therefore,
biomedical science needs other inexpensive designer drugs to
take their place, and the properties demonstrated by the GEM-
β-CD complex in the present study cannot be ruled out.

3.11. CT-DNA Interaction Study with Gemcitabine and
the Prepared IC. The intensive laboratory research on drug-
DNA interactions has generated much experimental data, which

could enhance our understanding of drug-DNA interactions at
the molecular level. Such interaction studies have vast
applications in clinical research and have been in prime focus
to design new efficient drug delivery systems.64−66 Studies on
drugs complexed with cyclodextrins (CDs) revealed that CDs
play a pivotal role in drug delivery, which can enhance the
biocompatibility of various drug molecules in transmembrane
transport.63 The present investigation clearly revealed that GEM
and the inclusion complex ICGEM-β-CD had significant in vitro
biological activity. One of the key mechanisms for the efficient
CT-DNA interaction relates to the lipophilic nature of GEM,
which allows it to overcome membrane barriers and thereby
facilitates its entry inside the cell with help of nucleoside
membrane transporters. The studies by other workers have
reported that GEM undergoes phosphorylation and eventually
interferes with the replication machinery by competing with the
cytidine derivatives. GEM triphosphate at higher concentrations
is believed to hinder the function of cytidine triphosphate
(CTP) synthetase and cytidine monophosphate (CMP)
deaminase, which results in low CTP concentrations.67 It is
well established that GEM exerts its biological activity involving
two mechanistic pathways.68 The first mechanism involves the
integration of GEM into DNA during the repair process, in

Figure 7.UV−visible spectra of CT-DNA at different concentrations of (a) GEM, (b) IC (GEM-β-CD), and (c) comparison of CT-DNA interaction
with GEM and IC (GEM-β-CD).
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which the base excision enzymes fail to remove the GEM
triphosphate, thereby blocking DNA synthesis.67,69 The second
mechanism of GEM triphosphate involves the inhibition of an
enzyme namely ribonucleotide reductase that is responsible for
nascent DNA strand synthesis.67,69 To verify the CT-DNA
interactions with GEM andGEM-β-CD, a fixed concentration of
calf thymus-DNA (0.11 μg/mL) was prepared in a fresh solution
of Tris-HCl buffer (0.01 M, pH 7.0), to which different
concentrations of GEM and GEM-β-CD were added in a
reaction tube. We evaluated the absorption spectra of each
reaction mixture incubated at 37 °C after 30 min (Figure 7). A
double reciprocal graph was plotted using Benesi-Hildebrand
equation (eq 4) and intrinsic binding constants (Ka) were
calculated (Table 1). A hyperchromic shift was observed with

the continuous increase of concentrations of GEM and GEM-β-
CD to DNA solution, which was due to the conformational
changes caused by DNA-GEM and DNA-(GEM-β-CD)
interactions. The results in this study distinctly show an
enhancement in molar absorptivity (hyperchromism), which is
due to the structural reorganization of CT-DNA as discussed
above. Interactions of DNA with GEM and GEM-β-CD at the
level of 0.11 μg/mL and its subsequent hyperchromic shift
clearly show that the formation of the inclusion complex may
improve the biological property of GEM (Figure 7). The
enhancement in absorptivity of mixtures might partly be
assigned to the disturbance of forces binding the double helical
structure, thereby disrupting the double helix, which finally leads
to the generation of single strands. The binding constant of
GEMwith CT-DNA has been found to increase many folds after
complexation (Table 1). In this study, IC (GEM-β-CD)
exhibited reduced toxicity toward healthy human cells as
compared to free GEM. Remarkably, the higher binding
constant clearly suggests the interaction to be groove binding.
Thus, the high binding constant in IC (GEM-β-CD) seems to
suggest that owing to the inclusion complex formation, the
interaction of GEM with CT-DNA has improved as compared
to that between free GEM and CT-DNA. In the present study,
we found that the interaction of DNA with both GEM and
GEM-β-CD is groove binding, as evident from the binding
constant value (Table 1). Generally, they have a crescent shape
complementing the shape of the groove,70 which makes binding
much easier by stimulating van der Waals interactions. Since
GEM has furan moiety (Figure S8) connected through bonds
having torsional freedom, it can form hydrogen bonds with
bases, especially to those with sequences rich in adenine/
thymine. In such compounds, the drug fits comfortably into the
groove and replaces the hydration layer. In the complex
structure, the helical twist is altered from the uncomplexed
alternating DNA. One of the bases of DNA rotates to facilitate
hydrogen bonding with the drug, or the bonding is supported
through a water molecule in between the drug and the DNA,
where water is serving as a balancing force. Additionally, the
normal Watson/Crick geometry of the DNA helix structure
remarkably suffers major perturbation through van der Waals
forces. Apart from the changes in structure of DNA, these
interactions also initiate the changes in the conformation of the

drug due to groove binding. Thus, the increase in interaction and
binding constant may be attributed to the sustained release of
the drug after inclusion complex formation. Inclusion complex
formation may increase groove binding by stabilizing the drug-
DNA interaction with proper orientation (Figure 5). Thus,
preclinical studies on DNA interaction activity using various in
vivo models will be needed to confirm the mechanism of
enhancement of DNA interaction through inclusion complex
formation for therapeutic application.
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where Δε is the difference in molar absorption coefficient of
DNA in the presence and absence of GEM and ICs. From theKa
values it is evident that the interaction follows the following
order

>DNA (GEM CD) DNA GEM

4. CONCLUSIONS
Herein, we have reported the successful formation of the
inclusion complex of gemcitabine with β-cyclodextrin both in
solid and in solution phase. The preparation of the inclusion
complex has successfully reduced the toxicity of GEM by
maintaining the sustained release of the drug. The results of 1H-
NMR, ESI-MS, FT-IR, SEM, PXRD, and UV−vis spectroscopic
analysis clearly indicate that gemcitabine was efficiently
incorporated in the complexation with β-cyclodextrin. The
ESI-MS experiment and Job’s plot confirmed the 1:1
stoichiometry of the IC complex. Determination of the binding
constant value (Ka = 19.4 × 103 M−1) for IC (GEM-β-CD) and
negative Gibb’s free energy change (ΔG) confirmed the
thermodynamic spontaneity of the binding process. 1H-NMR,
FT-IR, and computational studies revealed the formation of a
stable inclusion complex of GEM with β-CD, where the GEM is
inserted into the cavity of β-CD. SEM and PXRD analysis
suggested that the synthesized complex IC (GEM-β-CD) has
crystalline morphology, which is distinctly different from that of
GEM and β-CD. Based on the photodegradation profiles of IC
(GEM-β-CD), our percentage of photodegradation of GEM has
been improved significantly from 13% in free GEM to 4% IC
(GEM-β-CD), which in turn clearly indicates the higher stability
of GEM toward ultraviolet light after the inclusion phenomena.
Consequently, this observation not only supports the possible
application of gemcitabine in optical field but also proves that it
may show increased efficacy when used as a chemotherapy drug.
In vitro antibacterial test showed that the activity was improved,
as displayed by GEM after its complexation with β-CD.
However, IC (GEM-β-CD) showed similar antibacterial activity
against some pathogens as that shown by GEM. However, IC
(GEM-β-CD) showed comparable antibacterial activity against
bacterial pathogens to that shown by GEM. Apparently, as
shown by antibacterial assay, IC (GEM-β-CD) could be a
promising drug alternative for bacterial pathogens that have
acquired resistance against GEM. Further, it has been
established that the participation of gemcitabine in complex-
ation with β-CD effectively inhibited bacterial growth in
comparison to its free form. To define the potency of the
GEM and inclusion complexes, the IC50 was determined. The
IC50 value represent the concentration resulting in 50% cell
growth inhibition of the cell line tested. In the present study, it
was recorded that the IC (GEM-β-CD) (IC50 = 11.35 μM)

Table 1. Binding Constants of CT-DNA Interaction with
GEM and IC (GEM-β-CD)

binding constant (M−1) GEM IC (GEM-β-CD)
Ka 5.95 × 108 8.16 × 1010
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complex exhibited slightly increased activity, manifesting a less
cytotoxic character than pure GEM (IC50 = 11.52 μM) toward
the human cell line and suggesting that inclusion has sufficiently
decreased the side effect of GEM to a certain level. The exact
mechanism of reduction in toxicity against the healthy test cell
line is not fully established in the present study, but previous
studies imply that such reduction is facilitated by drug
complexation. Importantly, the interaction study of IC and
GEM with CT-DNA in this work further revealed improved
interaction after complexation compared with GEM, suggesting
that complexation of GEM in β-CD is essential. The larger
binding constant for DNA-(GEM-β-CD) (8.1575 × 1010) as
compared to DNA-(GEM) (5.954579× 108) strongly favors the
drug-DNA binding mode that is observed in the compound
GEM-β-CD studied herein.
To conclude, the formation of the inclusion complex of GEM

with β-CD has opened a new paradigm for novel formulation of
GEM in drug delivery and optical application, thus expanding or
preserving the spectrum of medical application of GEM in
pharmaceutical industries and biomedical sciences with
decreased toxicity.
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