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The present study reveals the syntheses of hydroxypropylcellulose (HPC) and hydroxyethylcellulose (HEC)
basedmacromolecular prodrugs (MPDs) of ciprofloxacin (CIP) using homogeneous reactionmethodology. Cova-
lently loaded drug content (DC) of each prodrug was quantified using UV–Vis spectrophotometry to determine
degree of substitution (DS). HPC-ciprofloxacin (HPC-CIP) conjugates showed DS of CIP in the range 0.87–1.15
whereas HEC-ciprofloxacin (HEC-CIP) conjugates showedDS range 0.51–0.75. Transmission electronmicroscopy
revealed that HPC-CIP conjugate 2 and HEC-CIP conjugate 6 self-assembled into nanoparticles of 150–300 and
180–250 nm, respectively. Size exclusion chromatography revealed HPC-CIP conjugate 2 and HEC-CIP conjugate
6 asmonodisperse systems. In vitro drug release studies indicated 15 and 43%CIP release fromHPC-CIP conjugate
2 after 6 h in simulated gastric and simulated intestinal fluids (SGF and SIF), respectively. HEC-CIP conjugate 6
showed 16% and 46% release after 6 h in SGF and SIF, respectively. HPC-CIP conjugate 2 and HEC-CIP conjugate
6 exhibited half-lives of 10.87 and 11.71 h, respectively with area under the curve values of 164 and 175 h
μg mL−1, respectively, indicating enhanced bioavailability and improved pharmacokinetic profiles in animal
model. Equal antibacterial activities to that of unmodified CIP confirmed their competitive efficacies. Cytotoxicity
studies supported their non-toxic nature and biocompatibility.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Fluoroquinolone antibiotics [1] are very important therapeutics, and
ciprofloxacin (CIP) in particular is themost widely prescribed antibiotic
worldwide due to its broad spectrum of activity against various gram
positive and gram negative bacteria [2–5]. Ciprofloxacin being zwitter-
ionic exhibits pH dependent solubility and its hydrochloride (HCl)
form shows its highest solubility at pH 4–5, with poor solubility in neu-
tral water. Nevertheless, CIP solubility increases with increasing pH
value [6]. Partition coefficient (log P) values of CIP have been reported
as−0.94 and −1.70 in n octanol sodium phosphate buffer of pH 7.0 at
37 °C and pH 7.2 at 25 °C, respectively [7,8]. Ciprofloxacin is probably
absorbed by passive diffusion in the upper GI tract, up to the jejunum
[9]. CIP bioavailability is dose and route dependent. It was observed
that CIP Cmax value upon oral administration increased with increasing
dose up to a certain level [10,11] because higher dose (750 mg kg−1)
showed identical bioavailability to that of 200 mg kg−1 dosage (69%
vs. 69.1%) but with longer time to reach maximum concentration
(tmax; 1.38 h vs. 0.69 h) indicating delayed absorption [12].
.

Therefore, it is of great importance to design CIP prodrugs to address
the issues such as poor hydrophilicity, short half-life, poor systemic dis-
tribution, and low oral bioavailability of CIP [13–17].

Recently, macromolecular prodrugs (MPDs) of several therapeutic
agents based on polysaccharides have been reported. These prodrugs
offer a number of benefits, such as increased solubility of hydrophobic
drug molecules [18], reduced dosage frequency [19,20], and improved
pharmacokinetic profiles [21].

Among polysaccharides, cellulose ether derivatives have advantages
as polymers from which to append drugs, to develop MPDs of different
therapeutic agents for potential pharmaceutical applications [22–26].
The terminal hydroxyl groups of oligo(hydroxyalkyl) substituents on
cellulose hydroxyalkyl ethers, i.e., hydroxypropylcellulose (HPC) and
hydroxyethylcellulose (HEC), have wider approach angles than do the
hydroxyls of themain cellulose chain, and can be esterifiedwith carbox-
ylic acid functional group-containingdrugs [23,27]. TheseMPDsmay act
as substrates to esterase enzymes in vivo, and release active therapeutic
agents after hydrolysis of ester linkages that are acid-, base-, and
enzyme-labile [27–30]. Additionally, HPC andHEC are non-ionic, hydro-
philic cellulose ether derivativeswith low toxicity, biodegradable at cer-
tain DS and MS levels of substituent, and biocompatible in contact with
the gastrointestinal (GI) tract. Therefore they find wide applications in
the fields of pharmaceutics and drug delivery [23,31]. We hypothesize
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that HPC- and HEC-based prodrugs of CIP will have enhanced solubility
vs. drug itself, will provide extended release enabled by hydrolysis of
the ester linkage of drug to polymer, and will thereby afford enhanced
CIP bioavailability.

The present work reports our efforts to synthesize HPC and HEC
based MPDs of CIP. We also report a drug release study to establish
these novel MPDs of CIP as sustained release vehicles. In addition, we
describe pharmacokinetic studies of both conjugates in rabbit models.
Antimicrobial activity and cytotoxicity of these novel conjugates were
also investigated to establish their therapeutic efficacy and safety.

2. Materials and methods

2.1. Materials

US Pharmacopoeia standard CIP was acquired from Beijing
Mesochem Technology Co, Ltd. Beijing, China. HPC (DS(HP) 3.00, MS
(HP) 3.46) was obtained from Nanjing Yeshun Industry and Interna-
tional Trading Co. Ltd., Jiangsu, China. HEC (Natrosol™ HEC: DS(HE)
1.5, MS(HE) 2.5) was obtained from Ashland Inc., Covington, KY, USA.
Polymers were dried under vacuum at 50 °C for 5 h before use. 4-
Methylbenzenesulfonyl chloride (TsCl), triethylamine (TEA), N,N
′ dimethylacetamide (DMAc), simulated gastric fluid (SGF, pH 1.2),
and simulated intestinal fluid (SIF, pH 7.4) were purchased from
Sigma-Aldrich. Diethyl ether and ethanol were obtained from Riedel-
de Haën. All organic solvents and reagents used during syntheses
were of analytical grade and used without further purification. TEM
grids (Cu-200 CK) were acquired from Pacific Grid Tech, San Francisco,
CA, USA. Cellu•Sep® dialysis membranes were obtained from Mem-
brane Filtration Products, Inc. Seguin, TX, USA. Disposable Injekt™ sy-
ringes were of B. Braun Medical Inc. USA. VACUETTE® blood collection
tubes were of Greiner Bio-One North America, Inc. Sartorius™ polyam-
ide (nylon) membrane filters (0.45 μm × 115 μm × 90 mm) and
Target2™ nylon syringe filters (0.45 μm × 30 mm) for HPLC were ob-
tained from Fisher Scientific, Pittsburgh, PA, USA.

2.2. Measurements

FT-IR spectroscopy was carried out using an IR-Prestige 21 instru-
ment (Shimadzu, Japan). The sample pellets were dried at 50 °C under
vacuum before analysis. 1H NMR spectra (16–64 scans) were acquired
on a Bruker Avance II instrument operating at 500 MHz in deuterated
solvents using TMS as an internal standard. 13C NMR spectra
(5000 scans at 50 °C) were acquired on an Agilent U4-DD2 instrument
(400 MHz). MestReNova-8.0.2 software was used to process the spec-
tral data. A PharmaSpec UV-1700 spectrophotometer (Shimadzu,
Japan) was employed to estimate drug content (DC) of each conjugate.
Standard and sample solutionswere prepared in 0.1 N aq. NaOH and ab-
sorbance was recorded at λmax (272 nm) of CIP. Nano-assembly behav-
iour of MPDs of CIP was studied at the DMSO/H2O interface using a
Philips 420 transmission electron microscope with accelerated voltage
of 120 kV. Agilent Technologies 1200 (Germany) series size exclusion
chromatography (SEC) equipment was used for molecular weight de-
termination. The SEC instrument was equipped with a refractive index
detector (G-1362A), G1311A quaternary pump, G1322A Degasser,
G1315B DAD variable wavelength UV detector and 1200 system con-
troller (all from Agilent, Germany).

In vitro release profile of CIP from conjugateswas studied on a PT-DT
USP Dissolution II Apparatus (PharmaTest, Germany) using simulated
gastric and intestinal fluids (SGF; pH 1.2 and SIF; pH 7.4) to mimic
in vivo drug release profile. Pharmacokinetic profiles of CIP MPDs
were investigated by a simple, rapid, reverse phase HPLC/UV method
that was also validated as per ICH guidelines. The HPLC instrument
(Agilent Technologies 1200 Series, Germany) was equipped with
G1322Adegasser, G1311APump, andG1315BDADvariablewavelength
UV detector.
2.3. Syntheses of HPC- and HEC-CIP conjugates

2.3.1. Typical procedure for the synthesis of HPC-CIP conjugate (Sample 2)
Pre-driedHPC (1.0 g, 2.75mmol)was dissolved in DMAc (30mL) by

stirring for 30min at 80 °C. TEA (2.30mL, 16.52mmol) and TsCl (1.58 g,
8.26 mmol) were added to the HPC solution followed by the addition of
CIP (2.74 g, 8.26mmol). The solutionwas stirred for 24 h under nitrogen
at 80 °C. The cooled reaction mixture was added to diethyl ether
(200 mL) for precipitation and isolation (filtration) of the product. The
precipitates were washed with ethanol (100 mL) thrice and dried
under vacuum for 24 h at 50 °C.

Yield = 1.76 g, 88%; DS(CIP) = 1.15.

FT-IR = 1731 cm−1 (COEster), 2812–3051 cm−1 (CH and free OH),
1468 cm−1 (CH2).
1H NMR (δ ppm, 500 MHz, DMSO d6) = 0.992 (H-9), 8.62 (H−10),
7.87 (H−11), 7.54 (H−12), 3.37 (H−13), 3.06 (H-14), 3.76 (H-
15), 1.10 (H-16), 1.28 (H-17), 2.06 (H-18), 2.85–4.74 (HPC repeating
unit-H-1-8).
13C NMR (δ ppm, 400 MHz, DMSO d6, NS 5000) = 102.69 (C-1),
74.91 (C-2 and C-7), 65.45 (C-6 and C-8), 76.53–82.78 (C-3-5),
21.49 (C-9), 111.56 (C-10), 154.62 (C-11), 139.46 (C-12), 107.55
(C-13,17), 148.56 (C-14), 119.63(C-15), 176.80 (C-16), 144.39 (C-
18), 163.74 (C-19), 36.32 (C-20), 8.00 (C-21,22), 49.190 (C-23,26),
8.57 (C-23), 46.03 (C-24,25).

Spectroscopic data of HPC-CIP conjugates 1, 3 and 4 is shown in sup-
plementary information.

2.3.5. Typical procedure for synthesis of HEC-CIP conjugates (Sample 6)
CIP (3.60 g, 10.86 mmol) was added in parts to an HEC (1.0 g,

3.62 mmol) solution in DMAc (30 mL) containing TEA (3.03 mL,
21.72mmol) and tosyl chloride (2.07 g, 10.86mmol). The reactionmix-
ture was stirred for 24 h at 80 °C under a nitrogen atmosphere. The
cooled reaction mixture was added to diethyl ether (200mL) to precip-
itate the product, which was isolated by filtration, washed thrice with
ethanol (100 mL), and dried under vacuum for 24 h at 50 °C.

Yield = 1.60 g, 86%; DS(CIP) = 0.75.

FT-IR = 1737 cm−1 (COEster), 2870–3082 cm−1 (aromatic and non-
aromatic CH Stretch), 1458 cm−1 (CH2 bend), 3189–3600 cm−1

(OH stretch of H-bonded groups).
1H NMR (δ ppm, 500 MHz, DMSO d6) = 8.66 (H-10), 7.86 (H-11),
7.51 (H-12), 3.65 (H-13), 3.36 (H-14), 3.78 (H-15), 1.19 (H-16),
1.32 (H-17), 2.01 (H-18), 3.05–4.78 (HEC repeating unit-H-1-9).
13C NMR (δ ppm, 400MHz, DMSO d6, NS 5000)=102.15–103.04 (C-
1), 78.14–82.83 (C-2-4), 74.72.-72.77 (C-5,8), 70.08 (C-6,7), 60.67
(C-9), 111.43 (C-10), 154.36 (C-11), 139.54 (C-12), 107.13 (C-
13,17), 148.50 (C-14), 119.24 (C-15), 176.77 (C-16), 145.37 (C-18),
164.21 (C-19), 36.35 (C-20), 8.06 (C-21,22), 49.20–49.67 (C-
23,26), 46.03 (C-24,25).

Spectroscopic data of HEC-CIP conjugates 5, 7 and 8 is shown in sup-
plementary information.

2.4. Methods

2.4.1. Determination of DC of HPC- and HEC-CIP conjugates by UV–Vis
spectrophotometry

DC (mg of drug/100 mg of prodrug) of conjugates was calculated
using UV–Vis spectrophotometry. In a typical procedure, standard solu-
tions of CIP were prepared in 0.1 N aq. NaOH to construct a calibration
curve at 272 nm (λmax of CIP). Then each conjugate (10mg)was hydro-
lyzed in 0.1 N aq. NaOH (10mL) for 8 h at 80 °Cwith continuous stirring.
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The solution was filtered and the volume of the filtrate was made up to
10 mL with 0.1 N aq. NaOH solution. Different dilutions of hydrolyzed
sample were made with 0.1 N aq. NaOH solution and their UV absor-
bance values were recorded. DC of each CIP prodrug was determined
using the standard calibration curve.

2.4.2. Determination of DS of conjugates by acid-base titration
Acid-base titrimetry was used to calculate DS(CIP) of HPC and HEC

conjugates. In this method, an accurately weighed amount (100 mg)
of each prodrug was hydrolyzed in 0.1 N aq. NaOH (100 mL) at 80 °C
overnight. The saponified reaction mixture was titrated against HCl
(0.01M) to the colorimetric end point using phenolphthalein indicator.
DS was then calculated using Eq. (1);

DS ¼ nNaOH �MwRU

MS− MwE � nNaOHð Þ ð1Þ

where, n.NaOH is number of moles of NaOH left after saponification,
MwRU is the molar mass of the polymer repeat unit, Ms. is the mass of
sample, and MwE is the molar mass of ester functionality.

2.4.3. Transmission electron microscopy (TEM)
Self-assembly behavior of CIP prodrugs at a DMSO/H2O interface

was investigated by TEM. In a typical experiment, a weighed amount
(20 mg) of conjugate was dissolved in DMSO (5 mL) and dialysed
against milli-Q water (18.2 MΩ at 25 °C) for 3 days. The suspension ob-
tainedwas dilutedwithmilli-Qwater and drop-casted on carbon coated
TEM grids (Cu-200 CK) for characterization using a Philips EM420 elec-
tron microscope.

2.4.4. Size exclusion chromatography (SEC)
Molecular weight distributions of HPC- and HEC-CIP conjugates

were determined using SEC. A mixture of 0.05 M NaH2PO4 and 0.25 M
NaCl with pH 7 was used as eluent with flow rate of 0.5 mL min−1. PL
Aquagel-OH 40 and PL Aquagel-OH 60 8 μm columns (Agilent) were
used with pullulan as an internal standard.

2.4.5. CIP release from HPC- and HEC-CIP conjugates and release kinetics
A dialysis bag method was used to study CIP release from prodrugs.

In a typical procedure, an accurately weighed quantity (50 mg) of
prodrug was dissolved separately in simulated gastric and intestinal
fluids (SGF; pH 1.2 & SIF; pH 7.4, 5 mL) and sealed in separate cello-
phane dialysis bags (MWCO 14 kDa). Dialysis of each bag was per-
formed against SIF and SGF (900 mL each) separately in a USP II
dissolution apparatus maintained at 37 °C and stirring at 100 rpm. At
specific time points, sample (2 mL) was withdrawn from the dialysate
and sink conditions were maintained by adding an equal volume of
fresh release medium. Withdrawn aliquots were suitably diluted and
absorbance was recorded at 276 nm for SGF and 270 nm for SIF on a
UV–Vis spectrophotometer. Cumulative CIP released from prodrugs
was determined from calibration curve of standard. Each hydrolytic
drug release experiment was performed thrice to present average
values. Pseudo first order kinetic model [32] was applied to hydrolytic
drug release data which is shown in Eq. (2).

ln qe−qtð Þ ¼ lnqe−kt ð2Þ

where qe and qt represent equilibrium concentration and concentration
at time t, respectively while k is the rate constant.

A dissolution experiment of pure CIP (control) was also executed
under similar conditions.
2.5. Pharmacokinetic studies

2.5.1. Participants and study design
Most common animal models for in vivo studies of newly synthe-

sized oral dosage forms of drugs include rabbits, pigs, dogs and pri-
mates. Among these animals, rabbits are more readily available and
less costly [33]. Eighteen healthy male albino rabbits (≈2 kg each)
were selected for pharmacokinetic studies of HPC-CIP conjugate 2 and
HEC-CIP conjugate 6. Rabbits were divided into three groups; each
group with six rabbits. All the rabbits were kept under 12 h light and
dark periods and kept under fasting overnight (10 h)with ad libitumac-
cess to water. The first group of rabbits was dosed orally with CIP (con-
trol; 40 mg), the second and third groups were given 80 and 87 mg of
prodrug 2 and 6, respectively (each containing 40 mg of CIP), using ga-
vage tubes. All animals were kept under observation. They were
allowed to take water after 1 h of drug administration and standard
green food after 5 h. Ethical protocols of animal studies were approved
by the Institutional Animal Ethics Committee, Faculty of Pharmacy, Uni-
versity of Sargodha, Pakistan.

2.5.2. Specimen collection and storage
Blood samples (3–5 mL) from the jugular vein of each rabbit were

collected using heparinized disposable syringes at zero time (control
group) and at 0.17, 0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 8.0, 12.0, 24.0, 36.0 h (test
groups). Each blood sample was centrifuged at 3500 × g for 5 min to
precipitate blood cells. Supernatant plasma was collected in labeled
test tubes whichwere wrapped in aluminum foil and stored in a freezer
at−10 °C before further processing.

2.5.3. Plasma sample preparation
Plasma samples were thawed and to each was added acetonitrile

and methanol (1.0 mL each) to precipitate plasma proteins, then the
sample was stored for 15 min. Plasma proteins were then separated
by centrifugation 3000× g and clear supernatantwas extracted by ami-
cropipette and filtered through 0.45 μ nylon syringe filters before pro-
cessing for HPLC/UV analysis.

2.5.4. Evaluation of bioavailability and pharmacokinetics
Plasma concentration vs. time curves were plotted using Microsoft

Excel® 2010. The linear trapezoidal method [34] was used to calculate
different pharmacokinetic parameters such as area under the curve
from time zero to time t (AUC0−t), area under the curve from time
zero to time infinity (AUC0-∞), peak drug concentration (Cmax), time to
peak drug concentration (tmax), half-life of the drug (t½), volume of dis-
tribution (Vd), and clearance (Cl).

2.6. Antibacterial activity

Antibacterial activity of prodrugs 2 and 6 was investigated against
six bacterial strains; Staphylococcus aureus (American Type Culture Col-
lection [ATCC] 25,923), Staphylococcus epidermidis (ATCC 12228), Strep-
tococcus pneumoniae (ATCC 49619), Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853) and Bacillus subtilis (ATCC
6633) using the paper disc diffusion method [35]. Clinical and Labora-
tory Standards Institute guidelines were followed for the antibacterial
assay. MHA (Mueller-Hilton agar) medium was used for the growth of
bacteria. Bacterial suspensions (McFarland standard turbidity = 0.5)
were diluted (up to 108 cfu ml−1) with sterile physiological solution.
MHA discs (10 cm in diameter) were tagged and soaked homoge-
neously with respective bacterial suspensions (100 μL) and dried for
5 min. Sterilized Whatman filter paper discs (6 mm in diameter) were
soaked with solutions of CIP (control) and prodrugs (test) and placed
on the surface of a MHA disc, each disc having a different bacterial cul-
ture. The inoculated plates were initially incubated at 4 °C for 2 h and
then at 37 °C for 24 h. The antibacterial activity of each sample (control
& test) was examined by measuring the diameter (mm) of the



Table 1
Reaction conditions and results of synthesis of HPC-CIP (1–4) and HEC-CIP (5–8) conjugates.

Conjugate Molar Ratioa Yield (%) DCb DS(CIP)c DS(CIP)d Solubility

1 1:2:2:4 81 43 0.87 0.85 H2O, DMF, DMSO, DMAc
2 1:3:3:6 88 50 1.15 1.13 H2O, DMF, DMSO, DMAc
3 1:4:4:8 85 47 1.02 1.01 H2O, DMF, DMSO, DMAc
4 1:5:5:10 83 45 0.94 0.92 H2O, DMF, DMSO, DMAc
5 1:2:2:4 80 37 0.51 0.48 H2O, DMF, DMSO, DMAc
6 1:3:3:6 86 46 0.75 0.72 H2O, DMF, DMSO, DMAc
7 1:4:4:8 84 39 0.61 0.58 H2O, DMF, DMSO, DMAc
8 1:5:5:10 82 41 0.56 0.54 H2O, DMF, DMSO, DMAc

a HPC/HEC:CIP:TsCl:TEA.
b DC calcd. by UV–Vis spectroscopy at λmax 272 nm.
c DS calcd. from UV–Vis data. DS.
d Calcd. by acid base titration.
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inhibition zone formed. The assay was performed thrice and results are
presented as means with standard errors.
2.7. Cytotoxicity study

Cytotoxicity profiles [36] of the prodrugs 2 and 6 were examined
using a 3-(4, 5 dimethylthiazole 2 yl) 2, 5 diphenyltetrazolium bromide
(MTT) assay [37]. In a typical experiment, cell lines (L929, fibroblasts)
were nurtured in a mixture of αMEM, 1% penicillin and streptomycin
solution, fetal bovine serum (10% (v/v), and fungizone (2.5 μg mL−1).
L929 Cells were seeded (3 × 103 cells per well) in 96-well culture plates
and subsequently incubated in a humidified incubator at 37 °C with 5%
CO2 atmosphere. Culture plates were inoculatedwith aqueous solutions
of prodrugs 2 and 6 (50, 100, 150, 200 and 250 μg mL−1) for 24, 48 and
72 h. After the specified time intervals, supernatants from each well
were removed and 10 μL of MTT solution (0.5 mg mL−1) was added to
each well. The culture plates were again incubated at 37 °C for 4 h.
After incubation, MTT solution was removed from each well and
DMSO (100 μL) was added to dissolve crystals of formazan. Then absor-
bance of each sample solution was recorded at 570 nm on a
PowerWave™ Microplate spectrophotometer (BioTek, USA). The
Scheme 1. Synthesis of CIP prodrugs as HPC-
viability percentage of cells was calculated by using Eq. (3).

%Viability ¼ AT

AC
� 100 ð3Þ

where, AT and AC are the optical densities of treated and control cells,
respectively.

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism 5.0
(GraphPad Software Inc., La Jolla, CA, USA) and data analyses were exe-
cuted with one-way ANOVA followed by Dunnett's multiple-
comparison test. P-values b 0.05 were considered to be statistically sig-
nificant. All data was expressed as mean ± SD.

3. Results and discussion

3.1. Prodrug synthesis and spectroscopic characterization

MPDs (1–8) were prepared by reacting CIP with the hydrophilic cel-
lulose ether derivatives HPC and HEC. TsCl was used as carboxylic acid
CIP (1–4) and HEC-CIP (5–8) conjugates.



Fig. 1. Overlay FT-IR (KBr) spectra of CIP (a) HPC-CIP conjugate 2 (b) and HEC-CIP conjugate 6 (c).
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activating agent for synthesis of the CIP esters, with TEA used as acid
scavenger. All CIP MPDs (1–8) were soluble in water and various or-
ganic solvents.

HPC–CIP conjugates 1–4 contained CIP DC of 43–50mg/100mg con-
jugate by UV–Vis spectrometry, using a standard curve, corresponding
to DS(CIP) values of 0.87–1.15. Likewise, HEC–CIP conjugates 5–8
showed had DC 37–46 mg/100 mg conjugate, corresponding to DS
(CIP) of 0.51–0.75. DC values were also measured using an HPLC/UV
method and were found to be in good agreement with those obtained
Fig. 2. 1H NMR spectra (500 MHz, DMSO d6) of CIP (a), H
by UV–Vis method. DS(CIP) of HPC and HEC conjugates (1–8) was
also evaluated by an acid-base titration method. HPC-CIP conjugates
(1–4) showed DS(CIP) 0.85–1.13, whereas HEC-CIP conjugates (5–8)
had DS(CIP) of 0.48–0.72. Table 1 summarizes yield, DC, DS, and solubil-
ity of CIP conjugates synthesized using different drug to polymer mole
ratios, and reaction strategy is summarized in Scheme 1.

FT-IR spectra of the CIP conjugates showed distinctive ester carbonyl
stretch absorbances in the range of 1729–1733 cm−1 (HPC-CIP, 1–4),
and 1732–1737 cm−1 (HEC-CIP, 5–8). Carbonyl stretches of the free
PC-CIP conjugate 2 (b) and HEC-CIP conjugate 6 (c).
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CIP carboxylic acid were observed at 1707 cm−1 whereas, carbonyl ab-
sorbances of the esters were noted at 1731 and 1737 cm−1 in HPC-CIP
conjugate 2 and HEC-CIP conjugate 6, respectively. Fig. 1 displays over-
lay FT-IR spectra of CIP, HPC-CIP conjugate 2 and HEC-CIP conjugate 6.

In the 1H NMR (500MHz, DMSO d6) spectrum of HPC-CIP conjugate
2, aromatic protons (H-10, H-11 and H-12) of CIP appeared at δ 8.62,
7.87 and 7.54 ppm, respectively. Piperazine ring proton (H-13, H-14
andH-15) signals were found at δ 3.37, 3.06 and 3.76 ppm, respectively,
overlapped with HPC backbone protons at δ 2.85–4.74 ppm, whereas
cyclopropyl ring proton (H-16 and H-17) signals appeared at δ 1.10
and 1.28 ppm, respectively, overlapping with H-9 of HPC at δ
0.99 ppm. H-18 of the cyclopropyl ring appeared further downfield, at
δ 2.06 ppm, analogous to CIP itself and due to greater proximity to
electron-poor carbons. The 1H NMR spectrum (DMSO d6) of HEC-CIP
conjugate 6 showed aromatic ring protons (H-10, 11 and 12) of CIP at
δ 8.66, 7.86 and 7.51 ppm, respectively. Piperazine ring proton (H-13,
14 and 15) signals appeared at δ 3.65, 3.36 and 3.78 ppm overlapping
with the HEC backbone proton region at δ 3.05–4.75 ppm. Cyclopropyl
ring protons (H-16 and H-17) signals were detected at δ 1.19 and
1.32 ppm, respectivelywhile H-18 of the cyclopropyl ringwas again fur-
ther downfield at δ 2.01 ppm. 1H NMR spectra of CIP, HPC-CIP conjugate
2, and HEC-CIP conjugate 6 are given in Fig. 2a, b and c, respectively for
comparison. The absence of carboxylic group proton signals in the spec-
tra of conjugates 2 and 6 also confirmed successful esterification of CIP
with HPC and HEC.

In the 13C NMR spectrum of HPC-CIP conjugate 2, shifting of the acid
carbonyl (C-19) resonance from δ 166.63 to 163.74 ppm confirms for-
mation of the prodrug ester linkage. The ketone carbonyl (C-16) was
observed at δ 176.80 ppm. Carbon signals of the aromatic region of CIP
Fig. 3. 13C NMR spectra (400 MHz, DMSO d6, ca. 5000 scans) of C
in HPC-CIP conjugate 2 were detected at δ 111.56–148.56 (C-10-18)
ppm (Fig. 3b). Carbon signals of the HPC repeating unit appeared at δ
102.69 (C-1), 65.45 (C-6 and C-8), 74.91 (C-2 and C-7), 76.53–82.78
(C-3-5) ppm. Moreover, carbon signals of the methyl groups of the
HPC repeating unit were measurable at δ 21.49–20.67 ppm. Likewise,
in the 13C NMR spectrum of HEC-CIP conjugate 6, the upfield shift of
the acid carbonyl (C-19) signal from δ 166.63 to 164.21 ppm as an
ester carbonyl showed successful esterification of CIP with HEC. Carbon
signals of conjugated CIP and HEC were also detectable and are shown
in a self-explanatory way in the spectra. 13C NMR spectra of CIP, HPC-
CIP conjugate 2 and HEC-CIP conjugate 6 are given in Fig. 3a–c for
comparison.

3.2. Transmission electron microscopy

Conjugation of hydrophobic drug molecules with hydrophilic bio-
polymers such as HPC and HEC leads to the formation of amphiphilic
prodrugs which exhibit self-assembly behaviour at a DMSO/H2O inter-
face. The hydrophobic/hydrophilic balance of HPC-CIP andHEC-CIP con-
jugates was tuned by varying the mole ratios of appended drug, to
observe the impact upon their self-assembly behaviour. Among HPC-
CIP conjugates, only conjugate 2 showed defined nanoparticulate self-
assembly behavior. Fig. 4a and b show TEM images of nanoparticles in
the range 150–300 nm for conjugate 2 at the solvent interface. Among
HEC-CIP conjugates, only conjugate 6 showed distinct nano-assembly
behavior (Fig. 4c and d). TEM images confirm the fabrication of nano-
particles for conjugate 6 in the size range 180–250 nm. Self-
assembling of these conjugates to nanoparticles may be attributed to
their balanced amphiphilic nature.
IP (a), HPC-CIP conjugate 2 (b) and HEC-CIP conjugate 6 (b).



Fig. 4. TEM images of HPC-CIP conjugate 2 (a, b) and HEC-CIP conjugate 6 (c, d).
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3.3. Size exclusion chromatography

SEC was performed to study molecular mass distributions of HPC,
HEC, HPC-CIP conjugate 2, and HEC-CIP conjugate 6. TheMw values cal-
culated for conjugate 2 and 6 were 1.097 × 105 and 3.1 × 105 g mol−1,
respectively, whereas unmodified HPC and HEC showed MW values of
1.16 × 105 and 3.6 × 105 g mol−1, respectively. Degree of polymeriza-
tion (DP) values were found to be 152 and 607 for conjugates 2 and 6,
respectively. SE chromatograms of HPC, HEC, conjugates 2 and 6 are
shown in Fig. 5.

3.4. In vitro drug release and kinetics

In vitro release of CIP from HPC-CIP conjugate 2 and HEC-CIP conju-
gate 6 was performed in SGF (pH 1.2) and SIF (pH 7.4) at 37 °C using a
dialysis bag method. HPC-CIP conjugate 2 releaased substantially more
CIP (43%) in SIF than in SGF (15%) in the first 6 h. HEC-CIP conjugate 6
showed similar behavior over that time frame, releasing only 16% CIP
in SGF as compared to 46% in SIF. The hydrolytic release profiles of CIP
a)

HPC

HPC-CIP conjugate 2

Fig. 5. SE chromatograms of HPC, HPC-CIP conjug
from conjugates 2 and 6 in SGF and SIF are shown in Fig. 6a and b, re-
spectively. These CIP release profiles were consistent with reported re-
lease profiles of other polysaccharide based conjugates [38–40].
Higher drug release rate at pH 7.4 from conjugates 2 and 6 suggests po-
tential for intestine targeted prodrug design for CIP. The dissolution pro-
file of pure CIP powderwas also investigated under the same conditions,
and it was noted that N90% drug dissolved within 10 min, in contrast to
the slower CIP release profiles of the esterifiedMPDs, indicating that the
dialysis membrane did not delay the release of pure drug.

A pseudo first order kinetic model was applied to the hydrolytic re-
lease data of conjugate 2 and 6. The linearity of the graphs plotted of ln
(qe − qt) vs. time established the good fit of the model to the release
data. Moreover, release of CIP from conjugate 2 and 6 increased with
passage of time. Fig. 6c and d displays the pseudo first order release ki-
netic plots of conjugates 2 and 6, respectively. Fig. 6e and f elucidate the
simulated release profile of CIP from conjugates 2 and 6, respectively at
pH 1.2, 6.8 and 7.4. Conjugate 2 showed about 4, 39 and 73% CIP release
at pH 1.2, 6.8 and 7.4, respectively. Similarly, conjugate 6 exhibited al-
most 4, 41 and 74% release at pH 1.2, 6.8 and 7.4, respectively.
b)

HEC

HEC-CIP conjugate 6

ate 2 (a) and HEC, HEC-CIP conjugate 6 (b).



Fig. 6. Overlay plots of (a, b) CIP release in SGF and SIF, (c, d) Pseudo first order kinetics of hydrolytic release of CIP in SGF and SIF and (e, f) simulated release of CIP at pH 1.2, 6.8 and 7.4
from HPC-CIP conjugate 2 and HEC-CIP conjugate 6, respectively.
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3.5. Pharmacokinetic studies

A reverse phase HPLC method was developed and validated as per
ICH guidelines for bioavailability and pharmacokinetic studies of CIP re-
lease from the CIP conjugates in a rabbitmodel, using CIP as control. The
method validation parameters evaluated are listed in Table S1.

The overlay plots of plasma concentration vs. time for CIP, HPC-CIP
conjugate 2, and HEC-CIP conjugate 6 are shown in Fig. 7.
Fig. 7.Mean plasma concentrations vs. time curves after oral administration of CIP, HPC-
CIP conjugate 2, and HEC-CIP conjugate 6 to rabbits.
HPC-CIP conjugate 2 had tmax 4.0 and t1/2 10.87 h; much higher as
compared to those for CIP (1.5 h (tmax) and 4.16 h (t1/2)). The significant
increase in half-life value of CIP from conjugate 2 supports the value of
the conjugate for sustained CIP release. The AUC0-∞ value of conjugate 2
was 164.53 ± 5.13 h μg mL−1, almost double that of the pure drug
(90.16±3.21 h μgmL−1). Thus, CIP bioavailabilitywas also strongly en-
hanced from HPC-CIP conjugate 2. HEC-CIP conjugate 6 had tmax 4.0 h,
and t1/2 11.71 h, surprisingly similar to the values for theHEC conjugate.
Conjugate 6 afforded an AUC0-∞ value of 175.78 ± 6.19 h μg mL−1, or a
nearly two-fold enhancement of bioavailability vs. pure CIP. Full phar-
macokinetic data for each conjugate can be found in Table 2. The longer
t1/2 of CIP from conjugate 2 and 6 also indicates that it provides levels
above the MIC (minimum inhibitory concentration) for longer time in-
terval hence providing the benefit of lower dosage frequency. Neither
HPC nor HEC, being high molecular weight cellulose ether derivatives
Table 2
Pharmacokinetic data after single oral doses of HPC-CIP conjugate 2 (80 mg) and HEC-CIP
conjugate 6 (87 mg) containing amounts of CIP equal to that in pure drug (40 mg).

Parameter CIP CIP from HPC-CIP
conjugate 2

CIP from HEC-CIP
conjugate 6

tmax (h) 1.5 4.0 4.0
Cmax (μg mL−1) 8.63 ± 0.26 9.59 ± 0.36 9.63 ± 0.72
t1/2 (h) 4.16 ± 0.53 10.87 ± 0.87 11.71 ± 0.81
AUC0−∞ (h μg mL−1) 90.16 ± 3.21 164.53 ± 5.13 175.78 ± 6.19
Vd (L kg−1) 3.95 ± 0.8 2.86 ± 0.07 2.88 ± 0.04
Cl (L h−1) 0.33 ± 0.13 0.18 ± 0.01 0.17 ± 0.01



Fig. 9. Cytotoxic effect (% inhibition) of different concentrations of CIP, HPC-CIP conjugate 2
andHEC-CIP conjugate 6 on cell line L929 after (a) 24, (b) 48 and (c) 72 h incubation periods.

Fig. 8. Inhibitory zones (radial diameters) of CIP, HPC-CIP conjugate 2 and HEC-CIP
conjugate 6 against different bacterial strains.
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withmanyhydrogen bonddonors and acceptors, do not have the ability
to permeate through the epithelium, hence the drugmust enter circula-
tion after the prodrug hydrolyzes in the small intestine. Moreover, we
postulate that dissolution and hydrolysis rates of prodrug determine
its pharmacokinetic profile. The nearly equal Cmax values observed for
the two prodrugs vs. that of pure CIP are interesting given the slower re-
lease from the prodrugs, and could be due to higher dissolution rates of
the prodrugs than for the more hydrophobic pure CIP.

3.6. Bioassays

3.6.1. In vitro antibacterial activity
The antibacterial activities of HPC-CIP conjugate 2 and HEC-CIP con-

jugate 6 were tested using a disc diffusion method. Each prodrug had
antimicrobial activity equivalent to that of unmodified CIP against bac-
teria including S. aureus, E. coli, B. subtilis, P. aeruginosa, S. epidermidis,
and S. pneumoniae. Fig. 8 shows the inhibiting zone diameters of un-
modified CIP and prodrugs 2 and 6 against these bacterial strains. The
results indicate that the biological activity of CIP is not compromised
by conjugation to HPC and HEC. All experiments were performed in
triplicate and mean values with standard error are given in Table 3.

3.6.2. In vitro cytotoxicity assay
In vitro cytotoxicity of HPC-CIP conjugate 2 andHEC-CIP conjugate 6

was assessed by MTT assay, a colorimetric method used to measure the
metabolic activity of cells. L929 (fibroblasts) cell lines were exposed to
different concentrations of conjugate 2 and 6 for 24, 48 and 72 h.
Fig. 9a–c shows cytotoxicity results in terms of percent inhibition of mi-
tochondrial oxidoreductase enzyme. It was observed that both conju-
gates showed no cytotoxicity at 150 μg mL−1 concentration even after
72 h. Nevertheless, higher concentrations of both conjugates exhibited
substantial reductions in cell viability. Since the tested concentrations
(50–250 μg mL−1) are higher than those achieved after recommended
oral dosage form of CIP, these prodrugs can be considered safe for use
at normal CIP doses.

4. Conclusion

One pot reaction methodology was adopted for the syntheses of
HPC- and HEC-based MPDs of CIP, resulting in water- and organic-
Table 3
Antibacterial activity in terms of inhibition zone diameter (mm) of CIP, HPC-CIP conjugate 2, a

Sample S. aureus E. coli B. subtilis

CIP 30 ± 3 40 ± 4 28 ± 1
Conjugate 2 29 ± 4 39 ± 2 28 ± 3
Conjugate 6 30 ± 2 41 ± 3 29 ± 2
soluble prodrugs. Pharmacokinetic profiles of orally administered
prodrugs to rabbits revealed higher CIP bioavailability due to their de-
layed and extended release behavior. Their in vitro and in vivo CIP re-
lease profiles suggest that these prodrugs are promising candidates for
ileum and colon targeted drug delivery. The prodrugs were relatively
stable at acidic stomach pH, due to slower acid catalyzed ester hydroly-
sis. This could also be a valuable property in some cases by reducing in-
teraction with co-administered proton pump inhibitors or other
antacids. Preliminary cytotoxicity studies indicated the non-toxic na-
ture of these conjugates at normal CIP dosing levels. Antibacterial assays
confirmed that conjugation of CIP with HPC and HEC did not hamper its
antibacterial activity. The higher bioavailability of CIP from prodrugs
makes them plausible for once-daily formulations.
nd HEC-CIP conjugate 6 using disc diffusion method.

P. aeruginosa S. epidermidis S. pneumoniae

33 ± 3 28 ± 3 14 ± 2
33 ± 4 27 ± 1 14 ± 2
32 ± 3 29 ± 2 13 ± 1
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