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ABSTRACT: Understanding the intermolecular interactions
between antibiotic drugs and hemoglobin is crucial in biological
systems. The current study aimed to investigate the preparation of
chitosan/polysorbate-80/tripolyphosphate (CS-PS/TPP) nano-
composite as a potential drug carrier for Ciprofloxacin-HCI drug
(CFX), intended for controlled release formulation and further
used to interact with bovine hemoglobin. Fourier transform
infrared (FT-IR) spectroscopy, thermogravimetric analysis—differ-
ential thermal analysis (TGA-DTA), scanning electron microscopy
(SEM), dynamic light scattering (DLS), and X-ray diffraction
analyses were used to characterize the CS-PS/TPP nanocomposite and its CFX-loaded nanocomposite. The second series of
biophysical properties were performed on the Ciprofloxacin-loaded CS-PS/TPP (NCEFX) for interaction with bovine hemoglobin
(BHD). The interactions of (CFX and NCFX) with redox protein hemoglobin were investigated for the first time through a series of
in vitro experimental techniques to provide comprehensive knowledge of the drug—protein binding interactions. Additionally, the
effect of inclusion of PS-80 on the CFX-BHb interaction was also studied at different concentrations using fluorescence
spectroscopy, ultraviolet—visible (UV—Vis) spectroscopy, and circular dichroism (CD) under physiological conditions. The binding
process of CFX and NCFX was spontaneous, and the fluorescence of BHb was quenched due to the static mechanism formation of
the (CFX/BHb) and (NCFX/BHb) complexes. Thermodynamic parameters AG, AH, and AS at various temperatures indicate that
the hydrogen bonding and van der Waals forces play a major role in the CFX-BHDb association.

1. INTRODUCTION Hb can reversibly bind several endogenous and exogenous
molecules and thus act as a drug carrier for effective delivery to
the required physiological site for drug therapy in treating
diseases. Therefore, knowledge of the binding characteristics of
these therapeutically important antibiotics with Hb is critical for
understanding their possible use in delivery and consequent
availability in the required tissues. Bovine hemoglobin (BHb)
has been reported as a model protein that is 90% homologous to
human hemoglobin concerning amino acid sequence, a better
oxygen carrier, and less exothermic oxygen binding capacity.” It
has already been confirmed that antibiotic compounds can form
strong intermolecular complexes with proteins; therefore, this
work investigates how to minimize the amount of ciprofloxacin
by using it in nano form. Ciprofloxacin (CFX) drug in its nano
form could be used effectively to escape the side effects of
accumulation due to use. On the other hand, hemoglobin (BHb)

In recent years, the development of new drug delivery systems
has received considerable attention from researchers to
overcome deficiencies in traditional pharmaceutical compo-
nents aiming to achieve patient compliance and clinical efficacy.'
Polysaccharides-based natural polymers are suitable for drug
applications due to their biocompatibility, biodegradability, and
low immunogenicity.” The development of biopolymer-based
nanocomposites used as base materials in pharmaceutical
applications is necessary to achieve the controlled release of
therapeutics excellently.”* Most antibiotic drugs are hydro-
phobic, and delivering them effectively to their target is a huge
challenge. Further, studies on the interaction between antibiotic
drugs and biological macromolecules could improve the
understanding of the absorption, transportation,s'6 distribution,
metabolism behaviors, and possible mechanism of these drugs,
thereby helpful in designing, improving, and modifying drug
molecules.” Human hemoglobin (Hb) is a protein known for the
transport of oxygen (O,) from the lungs to different respiring
tissues.” Structurally, this molecule contains two (a-globin) and
two (f-globin) subunits, noncovalently associated with
erythrocytes as a tetramer; each a-chain contains 141 amino
acid residues and each f-chain includes 146 amino acid residues.
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Figure 1. (a) Scheme representing the encapsulation routes of CFX in the presence and absence of PS-80. (b) Molecular structure of a ciprofloxacin—

HCL

serves as a carrier molecule for multiple drugs and the
interaction of CFX/NCFX with BHbD is not characterized so
far. Consequently, the investigation of transport processes in
ciprofloxacin—protein system is highly significant in the
pharmacological field.'”"" The hydrophobic interaction of
nonionic surfactants with proteins has been considered as one
of the key factors for preventing aggregation and the agitation-
induced denaturation of proteins during biotechnological
processes.”~ Hemoglobin molecules can also act as binders for
drugs. The interaction studies of bovine hemoglobin with
antibiotics drugs,"® flavonoids'* heteropolyacids,"'® artemisi-
nins,"” herbicides, surfactants, hematoporphyrins,18 and in-
secticides have been reported. However, the interaction of CFX
and NCEX with BHb has not been investigated, especially the
effect of the polysorbate-80 surfactant on the binding of drugs to
BHb. Protein surfactant-based interactions are remarkably
dependent on the surfactants’ features (functional groups). It
is a well-observed binding of surfactants with proteins that may
induce either stabilization or denaturation of the protein
structure. Surfactants also affect protein aggregation, sometimes
perturbating proteins’ biological functions.'”*° In this regard,
the present work deals with the effect of surfactant (PS-80) upon
loading CFX drug into chitosan/tripolyphosphate (CS-TPP)
nanocomposite to evaluate the interaction binding of drug
released with BHb. The surfactant PS-80 helps in the controlled
release of NCFX. Therefore, more amount of NCFX is freely
released, which is available to the targeted tissues as compared to
CFX released from plasma. This facilitates NCFX to deliver its
optimum medicinal effects in tiny amounts. In addition, the
physicochemical parameters of an encapsulated drug, such as
molecular docking, quenching constants, binding constants, and
number of binding sites, were discussed (Figure 1).
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2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Bovine hemoglobin (BHb)
(ref number: H2500, lyophilized powder) was supplied from
Sigma and was used as such. Ciprofloxacin—HCI standard was
supplied from Cipla Ltd., India. Tripolyphosphate (TPP),
chitosan (C.S.) with a low deacetylation degree, DD: 81% and
high molecular weight, My,: 425 kDa, and Polysorbate-80 (P.S.)
were supplied from (Merck. Co., India). The concentration of
hemoglobin has been fixed at 10 uM during this study.”' All
other reagents used were of analytical grade. Deionized water
was used in the entire experiment.

The chitosan nanocapsules (C.S./PS-TPP) were developed
through ionotropic gelation of chitosan with PS/TPP. Different
concentrations of chitosan (0.5—1%) were dissolved in 100 mL
of 2% v/v acetic acid. Tripolyphosphate (TPP) solution (0.5%)
was prepared by adding 500 mg of TPP in 100 mL of 5%
(polysorbate—80) to prevent particle aggregation. Individually,
15 mg of CFX dissolved in deionized water was added into the
PS-80/TPP mixture and placed in the ultrasonic bath for 1 h.
Finally, the PS-80/TPP@CFX mixture was added dropwise into
C.S. solution and stirred for 3 h on the homogenizer. The C.S./
PS-TPP@CEFX nanocapsule production started spontaneously
via the ionic gelation mechanism. The C.S./PS-TPP@CEX
nanocapsules were kept overnight in the dark to homogenate,
then centrifuged at 10,000 for 20 min, and freeze-dried before
further analysis.”*

2.2. Drug Entrapment Efficiency. The suspensions of
CFX-loaded C.S./PS-TPP were centrifuged at 5000 rpm for 20
min, and the supernatant liquid was determined spectrophoto-
metrically, allowing the determination of the drug entrapment
efficiency.”” The drug entrapment efficiency (DEE %) was
estimated using the following equation:

https://doi.org/10.1021/acsomega.3c04632
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amount of drug actually present (jg)

DEE (%) = X 100

(1)

All analyses were performed in triplicate measurements. All
measurements were investigated with a double beam (R Beam
Att, S Beam Att, 60 mm sphere) in the 200—800 nm wavelength
range at 25 °C.

2.3. Drug Release. The nanocomposite loaded drug
suspension was prepared by taking 25 mg of CFX@CS/PS-
TPP nanocomposite and placing it in 25 mL of phosphate-
buffered saline (PBS) with various pH values on sink conditions.
The entire system was kept at 25 °C while being shaken in an
incubator for 2 days. The amount of Ciprofloxacin released from
the nanocomposite (NCFX) was analyzed by UV—Vis measure-
ment. The % drug release (NCFX) was determined by the
following equation:™*

theoretical drugload expected

C
drug release % = — x 100
Co )

To evaluate the accumulative release of NCFX drug, the
solution (1 mL) was extracted at different time intervals, and
fresh PBS (1 mL) was added to the release solution for
continuing incubation. The NCFX release experiments were
repeated three times.

2.4, Quenching Constant. The interactions of NCFX,
CEX, CFX-PS;, and CFX-PS, with BHb were studied using
fluorescence spectroscopy with varied concentrations of drug
from 0.5 to 5.0 X 10~ M. The quenching mechanisms were
analyzed by the well-known Stern—Volmer equation

£y

= =1+ Kg[Q =1 + kg7[Q] (3)
where F;, and F denote the steady-state fluorescence intensities
in the absence and presence of a quencher (CFX), respectively,
Ky is the Stern—Volmer quenching constant, and [Q] is the
concentration of the quencher regression of a plot of Fy/F
against [Q].”

Fluorescence spectra were recorded by exciting the
hemoglobin solution at 280 nm and keeping excitation and
emission slit widths at S nm each. Scans were performed in the
220—650 nm range at a rate scan of 1500 nm min~'. All
experimental results of fluorescence intensities for ligand and
BHb were studied by using the equation of the inner filter
correction as follows:

E)bserveleO(A280+A340)/2 (4)
where F_ . .ceq and Fypereq are the corrected and observed
fluorescence intensities, respectively; D is the dilution factor;
and A,g, nm and A;,, nm are the sum of the absorbance of BHb
and ligand at the excitation 280 nm and emission (340 nm)
wavelengths, respectively.”**’

2.5. Binding Constant. The usefulness of the drugs in the
biological system is essentially subjected to their binding ability,
which can also impact the drug stability and toxicity during their
chemotherapeutic process. In addition, the drug—protein
complex may be considered an excellent miniature model for
gaining insights into the general drug—protein interaction. The
fluorescence intensity data determined the binding constant
values to calculate the binding interaction between CFX@CS/
PS-TPP nanocomposite, PS1-CFX, PS2-CFX, and CFX pure
with hemoglobin. When small molecules bind independently to

P;orrected =
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the asset of equivalent sites on a macromolecule, the equilibrium
between free and bound molecules is given by the following
equation:

Iog[

E - F

} = log K, + nlog[Q] )

where (K,) is the binding constant used to calculate the
standard free energy change AG® of the drug binding to BHb
from the relationship in eq 3.°° The interaction between
biomacromolecules and drugs is categorized into four types of
bonding forces: hydrogen bonds, electrostatic, weak Van der
Waals, and hydrophobic, which can be evaluated using the
thermodynamic parameters via enthalpy change (AH), free
energy change (AG), and entropy change (AS). These
parameters can be calculated using Van’t Hoff thermodynamic
equations.

low K AH° N AS°

o = —

8 2303RT  2.303R (6)
AG® = —RT InK, = AH® — TAS® (7)

where K, is the binding constant at the corresponding
temperature T (K) and R (1.987 cal K™' mol) is the gas
constant.”” The negative value of AG reveals that the interaction
proceeds spontaneously in the standard state.

2.6. Synchronous Spectroscopy. Synchronous spectra of
BHb with CFX, NCFX, and CFX/PS in different concentrations
at 298 K were studied, and the wavelength difference (AX)
between excitation wavelength (4.,) and emission wavelength
(Aem) was fixed at 15 and 60 nm, respectively, in the wavelength
range 200—500 nm.

2.7. Energy Transfer to CFX and NCFX. The energy (E)
transfer between (CFX and NCFX) and BHb was studied by
scanning the fluorescence spectra of BHb and absorption spectra
of CFX and NCEFX in the wavelength range between 250 and
450 nm at 25 °C. According to Forster’s theory, the efficiency of
energy transfer (E) is calculated using the following equation:™°

F RS
- X = 0

E - _ 0
E, R06+r6

- (8)

where F; and F are the fluorescence intensities of BHb in the
absence and presence of drug, respectively, r is the distance
between the donor and the acceptor molecules, and R, is the
critical distance for 50% transfer efliciency, which can be
calculated by the following equation:

R,® = 8.8 X 107 2k*n*®J (9)

where k* is the spatial orientation factor of the dipole, kK> =2/3; n
is the refractive index of the medium, n = 1.36; @ is the
fluorescence quantum yield of the donor, ® = 0.062 for BHb;"'
and ] is the overlap integral of the emission spectrum of the
donor and the absorption spectrum of the acceptor, which can
be calculated by the following equation:

_ Y FE(W)e(M)A*Al

J= Y F(A)AL (10)

where F(1) is the fluorescence intensity of the fluorescence
donor at wavelength A and &(1) is the molar absorption
coefficient of the acceptor at this wavelength. The absorption
spectra were obtained at a constant BHb concentration (5 M)
and varying CFX and NCFX concentrations from 0 to 3.5 uM.

https://doi.org/10.1021/acsomega.3c04632
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Table 1. Conditions of Synthesis for Various Concentrations of Chitosan/PS-TPP Nanocomposites

s.no. sample-I sample-II sample-IIT sample-IV sample-V sample-VI
CS (g/L) 0.50 0.50 0.50 0.75 1.00 0.5
polysorbate-80 (5%) %v/v 10 20 S0 10 10
TPP (g/L) 0.45 0.40 0.25 0.45 0.45 0.50
CFX loaded (0.15 g/L) 59.4% 49.8% 45.7% 44.7% 47.3% 34.9%
&0 CSITW-TPP a
—— Ciprofloxacin b
CS/TW-TPP | A——
—— CIP/ CS/TW—TPPI /
60 n
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2
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Wavenumber (cm™) 20

Figure 2. (a) FT-IR spectra of CFX, CFX@CS/PS-TPP, and CS/PS-TPP; (b) XRD patterns of CFX and CS/PS-TPP before and after loading of CFX

2.8. Circular Dichroism (CD). The influence of Cipro-
floxacin on the secondary structure of BHb was performed using
circular dichroism spectroscopy in varied molar ratios of drug to
protein (0, 1:1, and 2:1) at room temperature. Circular
dichroism spectral results are quantitatively analyzed by
calculating the % a-helicity using the following relationships.
The mean residue ellipticity (MRE) is given as follows:

b d CD (md
MRE (deg em™" dmol ') = opserve (mdeg)

nl X [Cp] X 10 (11)
—(MRE,,, — 3000
a-helix (%) = (MRE ) 10
36 000 — 3000 (12)

where the observed CD indicates ellipticity at 222 nm, L is the
optical path length (here / = 0.1 cm), and 7 is the number of
amino acid residues in the protein for BHb n = 574.

2.9. Docking Studies. The docking studies have been
investigated by employing AutoDock 4.2 Vina software and
AutoDock Tools (ADT) using the Lamarckian genetic
algorithm. The crystal structure of BHb (PDB ID: 1G09) was
downloaded from Brookhaven Protein Data Bank, and the
three-dimensional structure of CFX (CID = 2764) was retrieved
from PubChem. During the preparation of protein files with
AutoDock Tools, polar hydrogens and Kollman charges were
assigned. The AutoDock run utilized the following parameters:
G.A. population size, 150; maximum energy evolutions, 2.5 X
10%. Grid box size 90 A x 90 A x 90 A along %, y, and z axes
covering whole protein with a grid-point spacing of 0.708 A were
assigned. For visualization and identification of the residues
involved, Discovery Studio 3.5 was utilized. Different site-
specific probes, Warfarin for site I and ibuprofen for site II, were
utilized for performing displacement studies.
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3. RESULTS AND DISCUSSION

The current study tried to mimic the in vivo conditions, such as
physiological hemoglobin concentrations, bufter, blood pH
value, and human body temperature. During this experiment,
the value of pH was kept constant at 7.4 using phosphate buffer;
this value is similar to the pH value of blood. Finally, CFX, CFX-
PS1, CFX-PS2, and NCFX were mixed individually with BHDb at
body temperatures of 25—37 °C. Therefore, the experimental
conditions are close to the conditions in vivo. The conditions of
synthesis for various concentrations of chitosan/PS-TPP
nanocomposites in the presence and absence of CFX drug are
presented in Table 1. The addition of surfactant polysorbate-80
(P.S.)5% into the chitosan/TPP system enhanced the stability
and loading efficiency and reduced the size of nanoparticles.
Polysorbate-80 surfactant is well known for its hydrophilic
nature and would interact strongly with chitosan molecules.
Chin et al. found that the presence of surfactants during the
precipitation process could have limited the growth of chitosan
nanoparticles, and thus the observed particles of reduced mean
sizes.”” The in vitro drug release study was conducted on all
preparations (2, 4, 6, 8, and 10% drug-loaded samples). The
optimum ratio containing chitosan/PS/TPP (1:0.1:0.9) was
selected for drug loading.

3.1.FT-IR, XRD, and Thermal Stability. The peak values of
FT-IR analysis, which confirmed the presence of functional
groups of chitosan, TPP, polysorbate-80, and CFX are shown in
Figure 2a. Chitosan peak values were characterized with specific
peaks at 1643, 903, and 3456 cm™', which may be singed to
function groups of amide (CO—NH,), anhydro glucosidic ring,
and primary amine (—NH,), respectively. From the intensity
peaks of the nanocomposite, the observed peaks at 1643 and
3456 cm™" show a slightly shifted to lower-wavenumber region
at 1636 and 3410 cm ™. The reduction in stretching frequency
could be attributed to the TPP interaction with the ammonium
group of chitosan and more hydrogen bonding in the CEX@
CS/PS—TPP complex.*

https://doi.org/10.1021/acsomega.3c04632
ACS Omega 2024, 9, 6339—-6354
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Figure 3. (a) TGA-DTA studies of CS/PS-TPP. (b) TGA-DTA analysis of CEX@CS/PS-TPP

Figure 4. SEM images of CS/PS-TPP before (a) and after (b) loading with CFX.

Figure 2b shows the wide-angle X-ray diffractograms of CS/
PS-TPP, Ciprofloxacin (CFX), and the CFX@CS/PS-TPP
nanocomposite. To ensure the availability of CFX on CS/PS-
TPP, XRD was recorded under identical conditions for CS/PS-
TPP and CEX@CS/PS-TPP to confirm the loading of
Ciprofloxacin. The XRD pattern of the CS/PS-TPP has a
broad peak centered at 19.46° which is attributed to the
presence of the two components C.S. and TPP, while two small
peaks at (25 and 28°) may be due to the loading of drug into
chitosan capsule.

The thermal decomposition (TGA) and (DTA) character-
istics of CS/PS-TPP and CEX@PS-TPP are shown in Figure
3a,b respectively. Weight loss was observed when the composite
was heated from room temperature to 200 °C. This region is
related to water and organic species evaporation, which is
associated with weight loss of about 16 and 26% for CS/PS-TPP
and CEX @ CS/PS-TPP, respectively.”* The composites were
shown to be thermally stable at lower than 200 °C due to
intermolecular spaces between the chitosan chain and P.S. and
TPP, which subsequently decreased the H-bond interactions
between the chains as suggested by Martins et al.”> The increase
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of temperature in the region 210—500 °C shows continuous
decomposition of CS/PS-TPP and CEX@CS/PS—TPP accom-
panied with weight loss 50 and 36.73% for CS/PS-TPP and
CFX-loaded CS/PS-TPP, respectively, attributed to the
degradation and deacetylation of chitosan.”® The activation
energy (E,) of CFX @CS/PS-TPP and CS/PS-TPP were
estimated using the method of Broido.””*® The values indicated
that the activation energy value increased by loading of CFX
from 17.4 to 24.5 (k] mol™") due to an increase in the broken
bonds between the CEX — CS/PS-TPP composite. The results
of DTA curves were supported by TGA. The DTA curve of CS/
PS-TPP showed an endothermic peak with a maximum at 200
°C due to dehydration reaction, while in the case of CEX@CS/
PS-TPP composite, an exothermic broad peak occurred at 200
°C due to the encapsulation of CFX.

3.2. Morphology and Particle Size Analysis. Scanning
electron microscopy was carried out to evaluate the surface
morphology of CS/PS-TPP nanocomposite before loading the
drug (Figure 4a) and after loading (Figure 4b), which displayed
a spherical-shaped nanocomposite material. Dynamic light
scattering (DLS) diagrams of nanomaterials obtained from

https://doi.org/10.1021/acsomega.3c04632
ACS Omega 2024, 9, 6339—-6354
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CS-PS/TPP and CFX-loaded CS-PS/TPP, respectively, are
shown in Figure 5a,b. The differences in the size of particles at
peaks 1 and 2 for CS/PS-TPP are less compared with CEX@
CS/PS-TPP. The sample loaded with the drug gives almost
spherical-shaped particles (as shown in scanning electron
microscopy (SEM) images) with satisfactory size dispersion.

3.3. In Vitro Drug Release Behavior. The in vitro release
profiles of CFX are listed in Figure 6a. During the first 8 h, the %
drug release was about 27, 33, and 47% for pH 7.4, 3.4, and 5.0,
respectively. Such an initial burst of release was mainly due to the
drug originally absorbed on the tight surface of the nano-
composite. After 8 h, the initial burst slightly decreased, and the
cumulative drug release profiles maintained a sustained release.
The CFX-loaded CS/PS-TPP nanocomposite exhibits a
remarkable sustained-release property for all samples. However,
the release rate of drug-loaded nanocomposite began to increase
rapicaiiy after 40 h, which might be due to the degradation of
CsS.

This work suggests that the administration route of the drug
delivery system is oral. Because nanodrugs show higher oral
bioavailability, they exhibit typical uptake mechanisms of
absorptive endocytosis. Nanodrugs stay in the blood circulatory
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system for a prolonged period and enable the release of
amalgamated drugs, as per the specified dose. Thus, they cause
fewer plasma fluctuations with reduced adverse effects.

3.4. Fluorescence Quenching Mechanism. The fluo-
rescence quenching of BHb-CFX, BHb-NCFX, and BHb-PS-
CEX systems was analyzed using eq 3, and their corresponding
Stern—Volmer plots of Fy/F vs [CFX], [NCFX], and [PS-CFX]
are displayed in Figure 7a—d.

BHD possesses six tryptophan molecules (a-14 Trp, -15 Trp,
and f-37 Trp in each of the a and S chains). Intrinsic
fluorescence of BHb primarily belongs to -37 Trp located at
a,p, interfaces as explained by Akram et al.*’ However,
hemoglobin shows low fluorescence intensity in water as the
efficient energy transfer from Trp to BHDb significantly quenches
the protein’s fluorescence. The drug molecules (CFX)
quenched the fluorescence intensity of Trp in the microenviron-
ment system, accompanied by a red shift in the 1, of about 8
nm (Figure 7a). It is clear from fluorescence spectra (Figure 7b)
that the increase in the concentration of NCFX causes a decrease
in the intensity of BHb without any shift. For CFX-PS1 and
CFX-PS2 systems, the anticipated results indicate that the
fluorescence intensity of BHb increased after the addition of
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polysorbate-80 (P.S.) (Figure 7c,d). In the presence of
surfactant, hydrophobic interactions come into play that cause
its hydrophobic chains to interact with the hydrophobic heme
cavity of hemoglobin. Thus, increased distance between the Trp
and heme reduces the quenching reaction between them,
causing an enhancement in the quenching constants of the
interaction CFX with BHDb in the presence of “PS1 and PS2”.
The decrease in fluorescence intensity at A4 = 345 nm with blue
shift (5 nm) revealed that the interaction of CFX with protein in
the presence of polysorbate-80 resulted in an alteration
microenvironment around tryptophan residue and moved it to
a less hydrophobic environment.”" On the other hand, at 10
higher concentrations of the quencher, the fluorescence
intensity of BHb becomes almost constant. This is an outcome
of the complete solubilization of heme in the micellar aggregates.

3.5. Binding and Quenching Constants. On the basis of
pharmacokinetics, the binding affinity can be determined to
know the bioavailability of drugs in the biological system. In
general, K, of more than 10,000 indicates that the binding is
firm. The binding constant values of CFX, NCFX, CFX-PS2,
and CFX-PS2 to BHb were 2.16 X 107°, 1.60 X 1075, 5.75 X
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107%,and 9.90 X 10™> mol L7}, respectively, as listed in Table 2,
indicating that there was a strong binding interaction of all
systems with BHb. The drug in nano form NCFX has shown less
binding affinity to BHb, which means that the absorption and

distribution of the drug to various tissues would be higher due to

Table 2. Binding Parameters of the Interaction for Different
Systems between BHb and Drugs 4., = 280 nm, pH 7.4

Ky
T(K) (L 'mol) x 107° n

R? s.d.”

CFX-BHb 298 2.16 1.16 0.998 0.077
304 1.09 1.09 0.999 0.016

310 0.72 1.08 0.998 0.013

NCFX-BHb 298 1.60 1.3 0.990 0.200
304 0.78 1.27 0.988 0.210

310 0.50 1.28 0.996 0.120

CFX—-BHb-PS; 298 5.75 1.28 0.999 0.014
CFX—-BHb-PS, 298 9.90 1.36 0.995 0.036

“Standard deviation.
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Table 3. Stern—Volmer Equation Constants and Bimolecular Quenching Rate Constants for the Interaction of CFX and NCFX

with BHb at Various Temperatures, 1,,,, (280); pH (7.4)

T (K) Ky (L7 mol) x 107*
CFX-BHb 298 4.60
304 3.71
310 327
NCEX-BHb 298 0.63
304 0.43
310 0.30
CFX—BHb-PS, 298 3.62
CFX—BHb-PS, 298 3.09

“Standard deviation.

kg (L mol™" §'7) x 107" R? s.d.?
4.60 0.996 0.0260
3.71 0.998 0.0116
327 0.997 0.0142
0.71 0.991 0.0056
0.43 0.991 0.0053
0.30 0.997 0.0030
3.62 0.991 0.0320
3.09 0.993 0.0230

the stability of the NCFX-BHb complex being lower those of the
CFX-BHb and CFX-PS-BHb complexes.*

The number of binding sites (n) can also be measured
according to the fluorescence quenching experiments. The
practical results indicated that BHb might have only one
equivalent binding site for all cases (CFX, NCFX, CFX-PS2, and
CFX-PS2), suggesting a complex formation between the drug
and BHb in 1:1 mol L™" concentration ratios.

As shown in Figure 8a,b, the plot exhibited an excellent linear
relationship within the investigated concentrations of all
systems. The value of Stern—Volmer quenching constants Ky
were obtained from the slope of the linear plot, and their values
are listed in Table 3. In the presence of (PS1) and (PS2), the Kgy
values were found to be smaller as compared to in its absence.
This observation suggested that the Polysorbate-80 assists the
release of CFX in a controlled manner because in the presence of
ciprofloxacin, a fraction of CFX is bound to it, and weaker
binding of CFX and Polysorbate-80 freely released more drug to
the tissues as compared to the drug released from plasma.

3.6. Synchronous Fluorescence. Conformational changes
that occurred in the structure of hemoglobin upon binding with
CFX, NCFX, and CFX/PS were evaluated by using synchronous
fluorescence. Synchronous fluorescence technique was used to
provide the details about Tyr residues or Trp residues of BHb.*
Since the interval (A1) values between the excitation (1,,) and
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emission (4,,,) wavelengths are adjusted at 15 or 60 nm, all of
the changes occurring around the amino acids Tyr and Trp
residues can be observed from the emission shift of synchronous
fluorescence spectra.’” BHb contains three Trp residues and
three Tyr residues in each a f dimer. The Trp and Tyr residues
are symmetric, with the BHb cavity as the symmetry center. The
synchronous spectra of BHb when the A4 was 60 and 15 nm, in
the absence and presence of increasing drug to BHb (from 0.5 to
4.0 X 1075 M), were shown in (Figure 9a—f). The fluorescence
intensity of BHb (Tyr and Trp) residues gradually decreases in
all cases on the addition of CFX (Figure 9a,b), NCFX (Figure
9¢,d), and in the system CEFX-PS (Figure ¢ f). These results in
Figure 9a—f revealed that the fluorescence of tyrosine and
tryptophan residues in BHb was quenched by CFX, NCFX, and
CEX/PS, indicating that the molecules could enter the three-
dimensional structure of BHb, not only could directly destroy
the fluorescence of tryptophan residues but also could block the
energy transfer between tyrosine and tryptophan. At the same
time, with the increase of CFX concentration, a slight red shift
(10 nm) was found at the maximum (A,,) of Trp residues, as
shown in Figure 9b, while in the case of the CFX-PS system
(Figure 9f), a slight red shift (S nm) was lower compared to the
CEX-BHb system due to the presence of surfactant at the
maximum A, of Trp residues. In the NCFX system, the
maximum A, Trp residue was not changed. The maximum A,
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Figure 9. Synchronous fluorescence spectra of (a) BHb-CFX at A4 = 15 nm, (b) BHb-CFX at A4 = 60 nm, (c) BHb-NCFX at A4 = 15 nm, (d) BHb-
NCFX at Al = 60 nm, (e) BHb-PS-CFX at A4 = 15 nm, and (f) BHb-PS-CFX at A4 = 60 nm.

of Tyr residues almost did not change in all cases, indicating that
the slight decrease in the hydrophobicity surrounding Tyr
residues but almost no change in the hydrophobicity
surrounding Tyr residues except in NCFX case might be due
to the size of molecules; these results revealed that the
conformation of BHb was changed.

3.7. Thermodynamic Studies. Thermodynamic studies
and Van’t Hoff equation were explored by two methods, and

plots of Fy/F against [Q] and also log[F"_ F] versus log[ Q] for
CEFX and NCFX as quenchers with BHb at different temper-
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atures (298—310 K) are shown in Figure 10a—d, respectively,
indicating the excellent linearity relationship and the corre-
sponding values of Ky were calculated from the slope of curves.
The quenching of fluorescence is known to occur by two
procedures, namely, dynamic (collisional) quenching and/or
static quenching, since the formation of a complex between the
quencher (drug) and the fluorophore.™*

The experimental results indicated that the Ky values were
increased with increasing temperature. The k, values were found
to be greater than the maximum scattering collision quenching
rate constant (2.0 X 10'° L mol™" §'7) as listed in Table 3. The
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UM at various temperatures (pH = 7.4).

Van’t Hoff plot for the temperature dependence of Kgy and K
values was calculated from fluorescence quenching of BHb with
CFX and NCFX as listed in Table 4, and their plots are shown in
Figure S1, indicating that the fluorescence quenching mecha-
nisms were a static process, which suggested that the BHb—drug
complex is probably formed during the interaction.

As reported by Ross and Subramanian, the signs and
magnitudes of the thermodynamic parameters (AH and AS)

Table 4. Thermodynamic Parameters Interactions of CFX
and NCFX with BHb

T AH AS
(K) AG((K) (Kmol™") (J/molK) R s.d.
CFX-BHb 298  —30.51
304 —29.30 —72.17 —1408 099  0.17
310 —2846
NCEX-BHb 298  —29.52
304 —28.60 —74.7 -151.6 098 057
310 —25.70
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are associated with various individual kinds of interaction that
may occur in the protein association process.** That is, if AH > 0
and AS > 0, the main force is hydrophobic interaction. If AH < 0
and AS < 0, van der Waals and hydrogen bonding interactions
play significant roles in the reaction, while the negative AH’ and
positive AS° values are considered as evidence for electrostatic
interactions between ionic species in aqueous solution. This
study listed thermodynamic parameters in Table 4; the negative
values of AG indicated the spontaneity of the binding
interactions between CFX and NCFX with BHb. However,
the negative signs of AH and AS suggested that the hydrogen
bonding and van der Waals forces interactions play a significant
role in the reaction. The structural changes of BHb by adding
various systems CFX, CFX-PS, and NCFX were studied.

3.8. FRET Analysis. The overlap of the absorbance spectra of
CFX and NCFX with the emission spectrum of HBb (4, = 280
nm) is presented in Figure 11a,b. In a proteinous environment,
the proximity of the ligand molecule to the tryptophan moiety is
often determined through a FRET study.

The J, E, Ry, and r parameters were calculated using eqs 9, 10,
and 11 and listed in Table 5. An essential criterion for the
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Figure 11. (a,b) Overlapping of the absorbance spectra of CFX and NCFX with the emission spectrum of HBb (4, = 280 nm). (c, d) UV—vis spectra
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Table 5. FRET Parameters Obtained from CFX and NCFX
Binding to BHb

system J (cm® L mol™") E (%) R, (nm) r (nm)
BHb-CEX 1.99 x 1071 0.199 245 1.71
BHb-NCFX 3.93x 1071 0.210 2.73 1.73

« »

binding distance “r” between donor and acceptor must be r < 7
nm and 0.5R, < r < 1.5R, and the values of distance “r” obtained
were found to be 1.71 and 1.73 nm for CFX and NCFX,
respectively. The results indicated that the energy transferred
from BHb to CFX and NCFX occurred with a high possibility.”*
Further, the energy transfer phenomena also suggested that CFX
and NCEFX could strongly quench the intrinsic fluorescence of
BHb by a static quenching mechanism.*

3.9. UV-Vis Studies. The UV—vis absorption spectra of
BHDb in the presence and absence of CFX and NCFX drugs are
shown in Figure 11lc,d. The spectra show an electronic band
(globin band) at around 280 nm due to the phenyl group of Trp
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and Tyr residues. The value of A, at about 406 nm, Soret peak
due to heme group, is observed. Furthermore, the £-band at 349
nm and oxy-band or Q-band at around 540 and 576 nm are also
observed.*® The absorption intensity of BHb at around 406 nm
was decreased with increasing CFX and NCFX concentrations.
These results suggested that compound formation rather than
dynamic collision initiated the probable quenching mechanism
of the Ciprofloxacin—HCI drug with -BHb binding reaction.
The blue shift of CFX-BHb and NCFX-BHb complexes (280
nm) revealed that the conformation and/or microenvironment
of BHb were altered in the presence of CFX.

3.10. CD Analysis. Circular dichroism (CD) analyses were
carried out in the presence of different CFX, NCFX, and CFX/
PS concentrations to ascertain the secondary structure changes
of BHb molecules quantitatively (Figure 12a—c). There were
two main negative bands in the far-UV region at 208 and 222
nm, which is characteristic of the a-helical structure of BHb. The
CD results quantitatively demonstrate a perturbation of the
secondary structure of BHb following interaction with CFX as
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Figure 12. CD spectra of (A) HBA (10 M) in pH 7.40 phosphate buffer at different concentrations of (a) CFX, (b) NCFX, and (c) CFX/PS at 298 K.

evidenced by a loss in the a-helicity content (from ~43.3 (£2)
% in native BHb (in the absence of CFX) to ~37 (£2) % in the
presence of S0 uM CFX, Figure 12a). For NCFX (Figure 12b),
the loss in a-helicity content was 34 (+2) % in the presence of
50 uM NCEX. The content of a-helix in BHb was calculated
using (eq 12) and the corresponding values are summarized in
Table 6.

Table 6. Secondary Structural Analysis of the Varied Molar
Ratio of CFX and NCFX Drugs with BSA (10 M) from CD
Data (pH 7.4, T = 298 K)

system CFX NCEX mole ratio [BHb: drug]
a-helix (%) 43.449 43.449 0 uM
38.943 38.430 1:0.2
37.254 34.437 1:0.4

3.11. Three-Dimensional (3D) Analysis. The contour
map and 3D emission spectra of BHb in the absence and
presence of CFX, NCFX, and CFX-PS are shown in Figure 13a—
d. The corresponding characteristic parameters are given in
Table 7. As shown in Figure 13a, the 3D emission spectra of
BHb show three peaks: peaks 1, a, and b. Peak 1 is the first-order
Rayleigh scattering peak (Aep, & Aoy). Peak a (Ao = 280 nm) is
mainly attributed to the characteristic intrinsic emission spectral
behavior of Trp and Tyr residues. It must be noted that the
absorption spectrum of BHb (Figure 13a) shows an absorption
maximum at 440 nm due to pi—pi* transition of aromatic amino
acid residues, viz., Trp, Tyr, and phenylalanine (Phe) that occur
in the binding cavity of BHb. Peak b (A, = 330 nm) in BHb is
mainly caused by the characteristic transition of n—pi* of the
polypeptide backbone. The 3D emission for the BHb-CFX
system (Figure 13b) shows a new peak belonging to CFX,
revealing that the polarity of the microenvironment around Tyr
and Trp residues and the conformation of BHb were changed.

3.12. Molecular Docking. It can be seen from Figure 14A
that CFX preferentially binds to the hydrophobic cavity formed
by a1, a2, and 2 subunits of BHb. Moreover, Tyr-144 B can be
seen interacting with the two aromatic rings of CFX through
71— interaction. It should be noted that it is the Trp and Tyr
residues that are responsible for the absorbance peak of the
globin band of BHb and the direct interaction (7—1) of Tyr-144
(Figure 14A) with the two aromatic rings that appraise the origin
of the absorbance enhancement in the globin band. The BHb-
CEX system has two hydrogen bonds between CFX and BHb
amino acid residues. Hydrogen bonds were established between
oxygen of ketone and carboxyl groups of CFX with Asn107 and
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GIn130 amino acid residues, while van der Waals forces were
between CFX and amino acids residues of Pro37, Lys131,
LeulO4, and Vall33. Moreover, the hydrophobic interactions
among CFX and Lys103 (mixed z—alkyl hydrophobic forces),
Phe36 (7—n hydrophobic forces), and Alal34 (z—c) amino
acid residues of BHb were observed. The binding energy of
CFX-BHb was found to be —7.1 kcal mol™ (—29.7 k] mol™")
(Table S1) which is close to the experimental results of AG®
binding (—30.5 kJ mol™"). Furthermore, the docking findings
provide an excellent structural basis to explain the efficient
fluorescence quenching of the fluorophore, which was found to
be about 76%.

4. CHARACTERIZATION

All biophysical investigations were conducted with reproduci-
bility and a standard deviation approach for obtained results. An
F-2700 FL spectrophotometer with scan rate (1500 nm/min),
EX slit S nm was used for synchronous and fluorescence
studies.”” UV—Vis measurements were recorded by a
PerkinElmer U.V Win Lab 6.0.4.0738/1.61.00 Lambda 800
spectrometer. FT-IR analysis was performed in a moisture-free
atmosphere using PerkinElmer electronic. TGA—DTA analyses
of the samples have been studied by a PerkinElmer instrument,
with temperature ranging from room temperature to 800 °Cina
nitrogen chamber at a heating rate of 5 °C/min. XRD patterns
were performed using a Lab X, SHIMADZU XRD-6100
instrument (Japan). The instrument was equipped with a
rotation anode operating using copper-filtered Ka radiation at
40 kV*®* and 30 mA. The size of nanoparticles was measured
by using dynamic light scattering (DLS), a digital correlation
system (Malvern2008-V 2.3 (Zetasizer)-Hellma, GmbH, and
U.K.). The samples’ morphology was recorded using a scanning
electron microscope (SEM) JEOL (Japan) JSM-6510 with an
accelerating voltage of 15 kV.

5. CONCLUSIONS

The ciprofloxacin-HCI drug was successfully encapsulated on
the surface of the CS/PS-TPP nanocomposite, and it was further
used for drug delivery application. A biophysical investigation
was conducted to understand the interaction of CFX and NCFX
with bovine hemoglobin. The effects of polysorbate-80 inclusion
on release drug and CFX binding with BHb were studied. The
results suggested that the binding of CFX was reduced with BHb
when delivered from micellar media, indicating that the presence
of surfactant improved the loading and release of the CFX drug.
The binding constants of CFX, NCEX, and CFX/PS with BHb
were found to have values of 2.16 X 10°, 1.6 X 10°, 5.75 X 10°,
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Figure 13. Three-dimensional fluorescence diagrams of (a) BHb only, (b) CFX-BHb system, (c) CFX/PS-BHb system, and (d) NCFX-BHb system.

Table 7. 3D Fluorescence Spectral Characteristic Parameters
of BHb and CFX-BHDb Systems

system CFX (uM) peak (nm) intensity (a.u.)
BHb 0 270/440 15.0
BHb 0 280/335 75.0
BHb—CFX 2.5 270/450 267.3
BHb—CFX 2.5 325/450 245.9
BHb—NCFX 2.5 270/450 23.33
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and 9.90 X 10° mol L7}, respectively. The results revealed that
the mechanism of fluorescence quenching of BHb by CFX and
NCEX was found to be statically together with a spontaneous
binding process and enthalpically driven, involving both
hydrogen bonding and van der Waals forces. Synchronous
fluorescence spectra showed an alteration in the microenviron-
ment around tryptophan and tyrosine residues. The binding of
BHb and CFX or NCFX induced the microenvironment around
amino acid residues in BHb. The 3D emission spectra of the
BHb — CFX system showing new peaks belonging to CFX
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CFX-BHb system; (C) 2D binding for CFX-BHb system; and (D) 3D binding sites for CFX on BHb.
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