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rization and pharmaceutical/
pharmacological applications of ibuprofen
conjugates based on hydroxyethylcellulose†

Khawar Abbas,a Muhammad Amin,a Muhammad Ajaz Hussain, *a Muhammad Sher,a

Syed Nasir Abbas Bukhari b and Kevin J. Edgar c

We synthesized polymeric prodrugs in which ibuprofen (IBU) was conjugated in a one-pot preparation to

the hydrophilic polysaccharide hydroxyethylcellulose (HEC). The amphiphilic conjugates formed

nanoparticles of 450–700 nm diameter at a water/DMSO interface. Synthesized HEC-IBU conjugates

showed significant anti-inflammatory (44–77% inhibition) and immunomodulatory potential in paw-

edema and cytokine release assays, respectively. Cell viability studies on L929 cell lines were performed

for HEC-IBU prodrugs. Pharmacokinetic studies in rabbit models revealed that IBU from the conjugate

reaches a peak plasma concentration (Cmax) of 20 mg mL�1 in 4 h while the plasma half-life was noted to

be 5.82 h mg mL�1.
1 Introduction

Ibuprofen (IBU) belongs to the class of propanoic acid deriva-
tives of non-steroidal anti-inammatory drugs (NSAIDs)1 and is
widely used to treat pain, fever and inammation. The carboxyl
acid group of these NSAIDs is thought to be responsible for side
effects including supercial stomach erosion, vomiting,
dyspepsia, abdominal discomfort, serious bleeding, or activa-
tion of peptic ulcer and diarrhea,2–4 especially upon prolonged
administration. IBU is also relatively poorly soluble, ca.
10 mg mL�1 even aer carboxyl ionization at pH 6.8 (small
intestine pH).5 So, it is desirable to modify the IBU carboxylic
acid group6 to form bioreversible derivatives that may prevent
IBU-associated side effects.

Prodrug formation is a promising strategy for reducing the
gastric side effects of NSAIDs. This concept involves conversion
of drug to a therapeutically inactive form that is capable of
releasing active drug at site of action aer chemical and/or
enzymatic transformation.7 In one realization of this concept,
many investigators have appended drugs onto therapeutically
inert polymeric backbones, thereby providing reservoirs for
slow release of drug that are termed “polymeric prodrugs”.8

Researchers have explored polysaccharide frameworks to
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tion (ESI) available. See DOI:

9

produce polymeric prodrugs because of their suitable charac-
teristics, including low toxicity, low bioavailability of the poly-
saccharide itself (especially useful for oral administration), and
the availability of multiple hydroxyl groups as “handles” for
drug attachment. Polysaccharide-based prodrugs may possess
advantages including increased drug bioavailability, improved
distribution, and enhanced patient compliance. Properly
designed polymeric prodrugs may also reduce exposure of the
drug to the stomach contents, thereby reducing or eliminating
stomach irritation or acidic and enzymatic drug degradation, in
cases where these would otherwise be problematic.9–13

Recently, cellulose ethers have been used to synthesize
polymeric prodrugs. Cellulose ethers are particularly well-suited
to this task since they are frequently used in oral drug formu-
lations already. Hydroxyalkyl ethers are especially suitable since
they have DS(OH) of 3.0, and since the terminal alcohols of the
oligo(hydroxyalkyl) chains are less sterically encumbered than
the glucose hydroxyls.14,15 The hydroxyl functions of
polysaccharide-based materials can be easily modied to
synthesize ester prodrugs of NSAIDs and antibiotics16–18 which
can act as substrates for endogenous esterase enzymes, making
them suitably labile in vivo.19,20 Polysaccharide-based IBU pro-
drugs may also improve IBU bioavailability, and prevent
stomach release, thereby reducing their ulcerogenic potential.
Polymeric IBU prodrugs have been previously reported,21–23 but
they have typically been appended to synthetic polymers, and
typically by polymerization of an IBU-containing monomer.
Such methods do not enjoy the benets of a polysaccharide
backbone, and could raise concerns about residual monomers,
or side reactions during polymerization.

Our aim in this work was to attach IBU to the water-soluble,
versatile cellulose ether hydroxyethyl cellulose (HEC). We
This journal is © The Royal Society of Chemistry 2017
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hypothesize that HEC-IBU conjugates will afford enhanced
therapeutic IBU levels and maintain IBU plasma level for
a longer time period vs. unmodied drug. Therefore we also
report results of bioavailability studies of the HEC-IBU conju-
gates in rabbit models. Moreover, pharmacological properties
of the synthesized polymeric prodrugs were evaluated through
anti-inammatory, immunomodulatory and cytotoxicity studies
to assess their potential for clinical efficacy.

2 Materials and methods
2.1 Materials

IBU was of US Pharmacopoeia standard. Imidazole and 4-
methylbenzenesulfonyl chloride (syn: tosyl chloride) were ob-
tained from Sigma-Aldrich. N,N0-Dimethylacetamide (DMAc),
dimethylsulfoxide (DMSO) and diethyl ether were obtained
from Fluka and used as received. HEC (DS 1.50, MS 2.50, Mw 3.6
� 105 g mol�1) was procured from Ashland Inc., Covington, KY,
USA and vacuum dried at 110 �C overnight. Regenerated cellu-
lose dialysis membrane (21.0 mm diameter; MWCO 12000–
14000 Da) was from Cellu$Sep® T4, USA. Sterile disposable
syringes (Injekt®, B. Braun) were used for blood sampling
during bioavailability studies.

2.2 Measurements

IR Prestige-21 (Shimadzu, Japan) instrument was used for
recording FT-IR spectra. All spectra were recorded in trans-
mittance mode using KBr pellets (3 mg sample/100 mg KBr).
Structures of IBU and HEC-IBU conjugates were investigated by
13C (500 MHz, z5000 scans) and 1H (500 MHz, 16–64 scans)
NMR spectroscopy on Bruker Avance II instruments. A Phar-
maspec UV-1700 (Shimadzu, Japan) instrument was used for
determination of drug contents (DC) of the HEC-IBU conju-
gates. Nano-assemblies of HEC-IBU conjugates were observed
on Philips 420 transmission electron microscope operating at
120 kV. Bioavailability studies were carried out using an HPLC/
UV technique on Agilent (1200 Series, Germany) instrument
having Shim-Pack column (ODS 5 mm; 4.6 � 250 mm), pump
(G1311A), degasser (G1322A) and UV-vis detector (G1315B
DAD).

2.3 Example synthesis: HEC-IBU conjugate 3

HEC (1.0 g, 3.62 mmol) was added to pre-heated DMAc (30 mL,
80 �C) and stirred for 30 min to obtain a clear solution. Imid-
azole (1.97 g, 28.96 mmol) was added to the HEC solution fol-
lowed by tosyl chloride (2.76 g, 14.48 mmol). IBU (2.99 g, 14.48
mmol) was then added in portions and the reactionmixture was
stirred at 80 �C for 8 h. HEC-IBU conjugate 3 was precipitated by
adding the reaction mixture to diethyl ether (150 mL), and
isolating the product by ltration. Impurities were removed by
thorough washing of the precipitates using diethyl ether
(100 mL) and products (off-white powder) were vacuum dried at
50 �C before further analysis.

DS(IBU) ¼ 1.85 by UV/vis spectrophotometry; yield: 1.80 g
(79%); FTIR (KBr): 2964–3132 (OH), 2855 (CH), 1728 (COEster),
1445 (CH2), 1036 (COC) cm�1; 1H NMR (d ppm, 500 MHz,
This journal is © The Royal Society of Chemistry 2017
DMSO-d6): 7.10–7.21 (H 12, 13, 15, 16), 3.25–4.49 (H 1–8), 3.59
(H 10), 2.38 (H 17), 1.76 (H 18), 1.31 (H 21), 0.82 (H 19, 20); 13C
NMR (d ppm, 500 MHz, DMSO-d6, NS 5000): 170.67 (C 9),
127.29–140.06 (C 11–16), 102.19–103.49 (C 1), 80.05–83.15 (C 2–
4), 71.96–74.95 (C 5), 68.99–70.25 (C 6, 7), 60.67 (C 8), 44.57 (C
17), 30.02 (C 18), 22.56 (C 19, 20).

2.3.1 Analytical data for HEC-IBU conjugate 1. DS(IBU) ¼
0.51 by UV/vis spectrophotometry; yield: 1.10 g (82%); FTIR
(KBr): 2975–3183 (OH), 1725 (COEster), 1441 (CH2), 1049
(COC) cm�1.

2.3.2 Analytical data for HEC-IBU conjugate 2. DS(IBU) ¼
1.10 by UV/vis spectrophotometry; yield: 1.35 g (77%); FTIR
(KBr): 2970–3195 (OH), 1736 (COEster), 1443 (CH2), 1043
(COC) cm�1.

1H and 13C NMR spectra of HEC-IBU conjugates 1 and 2
showed chemical shi values comparable to those of conjugate
3. We selected HEC-IBU conjugate 3 for further study because it
had the highest IBU content.

2.4 Determination of DC by UV/vis spectrophotometric
analysis

DC of HEC-IBU conjugate 1–3 were calculated from the UV/vis
spectrophotometric analysis. For this purpose, standard solu-
tions of IBU were prepared in 0.1 N aq. NaOH and a calibration
curve was plotted. HEC-IBU conjugates 1–3 (10 mg each) were
then separately dissolved in 0.1 N aq. NaOH (10 mL) and heated
at 80 �C for 10 h. Aer hydrolysis, sample volume was made up
to 10 mL using 0.1 N aq. NaOH and absorbance was recorded at
222 nm (lmax) aer suitable dilution (to stay within the range of
calibration curve). DC was calculated by comparing absorbance
with the standard calibration curve.

2.5 Transmission electron microscopic (TEM) analysis

For recording of TEM images, HEC-IBU conjugate 3 (10 mg) was
added to DMSO (10 mL) and dialysed against milli-Q water for 3
days, with frequent water replacement. The resultant slurry in
the dialysis tube was drop casted on TEM grid (Cu) and its
morphology was observed.

2.6 High performance liquid chromatography (HPLC/UV)
method development

An HPLC/UV method was developed and validated for deter-
mination of IBU in rabbit plasma samples following adminis-
tration of HEC-IBU conjugate 3 according to a reported
method.13 Results for HPLC/UV parameters of IBU are shown in
the ESI (Table S1†).

2.7 Pharmacokinetic studies

2.7.1 Participants and study design. Bioequivalence
studies of HEC-IBU conjugate 3 were carried out in white albino
rabbits. In a typical study, twelve male rabbits (z2 kg each)
were selected and divided into test and control groups. The
animals were kept under alternating light and dark cycles and
fasted for 10 h before sample administration. For analysis, the
control group was given IBU (60 mg kg�1 body weight) while the
RSC Adv., 2017, 7, 50672–50679 | 50673
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test group was given HEC-IBU conjugate 3 (206 mg; equivalent
to 60 mg drug per kg body weight) as an aqueous suspension
(10 mL) by per oral route. Both groups were given ad libitum
access to water 1 h aer dosing, and standard green food 5 h
aer dosing.

Experimental and postoperative care were followed as per
protocols issued by the National Institute of Health's Guidelines
for the Care and Use of Laboratory Animals. Approval of
protocols for animal studies was granted by the Pharmacy
Research Ethics Committee, University of Sargodha, Sargodha,
Pakistan (Ref no. 17-2016/PREC).

2.7.2 Specimen collection and storage. Disposable syringes
were used for collecting blood samples (3–5 mL) from the
jugular vein of control and test group rabbits before and aer
dosing at 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 12.0 and 18.0 h. Plasma
was separated by centrifugation of collected blood samples at
3000g for 5 min and extraction of the supernatant by micropi-
pette. Plasma samples were placed in test tubes, wrapped in
aluminium foil and stored at �10 �C until the HPLC/UV assay
was performed.

2.7.3 Pharmacokinetic parameters. Acetonitrile and meth-
anol (1.0 mL each) were added to plasma samples and mixtures
were centrifuged at 3000g for 5 min to precipitate proteins.
Clear supernatant was extracted using a micropipette, ltered
through a 0.45 m nylon syringe lter and used for HPLC/UV
analysis.

Plasma concentration of IBU at different intervals of dose
administration was plotted against time and area under the
curve (AUC) was calculated. Kinetic parameters like clearance
(Cl), half-life of drug (t1/2), peak drug concentration (Cmax) and
volume of distribution (Vd) were calculated using the linear
trapezoidal method.24

2.8 In vitro drug release study

A drug release study was carried out in a USP dissolution
apparatus using simulated gastric uid (SGF, pH 1.2) and
simulated intestinal uid (SIF, pH 7.2). The sample, i.e., HEC-
IBU conjugate 3 (172 mg; equivalent to 50 mg IBU) was placed
in a cellophane bag which was in turn placed in a dissolution
vessel containing 900 mL release medium. The medium was
stirred at 50 rpm and held at 37 �C. The experiment was per-
formed at pH 1.2 for 2 h, then the medium was removed and
replaced by pH 7.2 medium for 6 h, mimicking the gastro-
intestinal tract (GIT) pH and residence time. Aliquots (5 mL)
were withdrawn at specic time intervals, ltered and absor-
bance was measured at 221 (for pH 1.2) and 220 nm (for pH 7.2)
using a UV-vis spectrophotometer. An amount of the appropriate
release medium equal to the removed sample volume was added
to the dissolution medium immediately aer taking the sample.

2.9 Bioassays

2.9.1 Carrageenan-induced paw edema. Anti-inammatory
properties of HEC-IBU conjugate 3 were determined using the
paw edema test.25 For a typical study, 18 BALB/c mice (20–25 g
each) were selected and divided into three groups. Mice were
acclimated for 10 days in stainless steel cages in an animal
50674 | RSC Adv., 2017, 7, 50672–50679
house at 25 �C at constant humidity (50–60%). Free access to
standard rodent food and water was provided. They were kept
under light and dark cycle for 12 h before conduction of paw
edema studies. One group of animals was administered (by
gavage tube) with HEC-IBU conjugate 3 (equivalent to 60 mg kg�1

body weight, 1 mL per animal)26 while the control group was
given distilled water (0.5 mL per animal). A third group of
animals was treated with IBU (60 mg kg�1 body weight, 1 mL per
animal). A saline suspension of carrageenan (1%, 0.1 mL) was
injected in the right hind paw of animals aer 1 h and paw
volume was measured using a plethysmometer (Basile, Comerio,
Italy) at 1, 2, 3, 4 and 6 h past injection. Percentage inhibition of
edema and percentage swelling were calculated from the volume
difference between normal and swollen paws.

2.9.2 In vitro cytotoxicity assay. 3-(4,5-Dimethylthiazole-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay27 was used
for evaluation of the cytotoxic prole28 of HEC-IBU conjugate 3.
For the assay, L929 cell lines were incubated at 37 �C in a culture
medium containing a-MEM, Amphotericin B (Fungizone®)
(2.5 mg mL�1), 1% penicillin and streptomycin and fetal bovine
serum (10% v/v). HEC-IBU conjugate 3 solution (2, 4, 6, 8 or
10 mM) was then added to the culture wells (divided into three
groups) and allowed to stand for 24, 48 or 72 h. Aer a specied
time interval, supernatant from each culture plate was replaced
with an equal amount of MTT solution (10 mL, 0.5 mg mL�1).
The plates were incubated at 37 �C for 4 h andMTT solution was
replaced with DMSO (100 mL). Absorbance was then recorded at
570 nm using a PowerWave™ Microplate spectrophotometer
(BioTek, USA) and percentage of cell viability was calculated
using eqn (1).

% viability ¼ AT

AC

� 100 (1)

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

2.9.3 Cytokine release assay. Cytokine release assay was
performed to determine immunomodulatory potential of HEC-
IBU conjugate 3. For this purpose, THP-1 cell lines were
cultured for 24 h in phenyl mercuric acetate (PMA, 10 ng mL�1)
and incubated in RPMI-1640 comprising 100 mg of strepto-
mycin per mL with 10% fetal bovine serum, 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2 mM
L-glutamine and 100 mg of penicillin per mL. Cells were then
allowed to differentiate by placing in 100 nM PMA for 24 h,
adherent cells were washed with RPMI and incubated in 10%
fetal bovine serum with and without lipopolysaccharide (LPS).
Differentiated cells were placed in wells at 37 �C for 30 min
containing test compounds or vehicle (0.5% DMSO). Finally,
20 mL of LPS (10 mg mL�1) was added to a nal concentration of
1 mg mL�1 and cytokine release was measured by ELISA kits
(R&D Systems, MN, USA) according to the manufacturer's
instructions.
2.10 Statistical analyses

GraphPad Prism 5.0 (GraphPad Soware Inc., La Jolla, CA, USA)
was used for statistical analyses and data analysis was carried
This journal is © The Royal Society of Chemistry 2017
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out using two-way ANOVA trailed bymultiple-comparison test. A
p value < 0.05 was considered statistically signicant as denoted
by asterisks in the respective Figures.
3 Results and discussion
3.1 Synthesis and characterization of HEC-IBU prodrugs

A one pot and homogeneous reactionmethodology was used for
synthesis of HEC-IBU conjugates 1–3. The IBU carboxylic acid
group was activated using tosyl chloride and further reacted
with the hydroxyl groups of the HEC backbone in the presence
of imidazole base to give conjugates 1–3. Mole ratios of drug to
polymer were varied to tune DS(IBU). This synthesis strategy
resulted in high yields (77–82%) with moderate to high DS(IBU)
(0.51–1.85).

Conditions and results of reactions are given in Table 1,
while reaction methodology is depicted in Scheme 1.

FT-IR spectra of HEC-IBU conjugates 1–3 showed ester
signals in the range of 1725–1736 cm�1 which indicated acyla-
tion of HEC by IBU. For example, the FT-IR spectrum of HEC-
IBU conjugate 3 displays shiing of the carbonyl stretch from
1711 (IBU carboxyl) to 1728 cm�1 (ester carbonyl of 3). Methy-
lene signals of the conjugates were detectable at 1445 cm�1. The
COC group of the HEC backbone was detected at 1036 cm�1. As
a typical example, overlay spectra of IBU and HEC-IBU conju-
gate 3 are shown in Fig. 1.

1H NMR (500 MHz, DMSO-d6) spectra were recorded to
establish the structure of HEC-IBU conjugates 1–3. For example,
with HEC-IBU conjugate 3 protons of the aromatic system were
detected in the range of d 7.10–7.21 (H 12, 13, 15, 16) ppm.
Protons of CH2 groups of IBU were observed at d 2.38 (H 17)
while its CH3 protons were detected at 0.82 (H 19, 20) and 1.31
(H 21) ppm. Protons of the isobutyl CH groups appeared at
d 1.76 (H 18) and 3.59 (H 10). Broad signals of the HEC back-
bone were observed in the range of 3.25–4.49 (H 1–8) ppm.
Overlay 1H NMR spectra of IBU and HEC-IBU conjugate 3 are
Table 1 Reaction conditions and results for synthesis of HEC-IBU conju

HEC-IBU conjugate Molar ratioa DCb

1 1 : 1 : 1 : 2 29
2 1 : 2 : 2 : 4 43
3 1 : 4 : 4 : 8 56

a HEC repeating unit (HRU) : IBU : tosyl chloride : imidazole. b DC (mg dru
in terms of substituted groups per HRU from DC.

Scheme 1 Synthesis of HEC-IBU conjugates using tosyl chloride.

This journal is © The Royal Society of Chemistry 2017
shown in Fig. 2a and b. For comparison, FT-IR (Fig. S1†) and 1H
NMR (Fig. S2†) spectra of HEC are given in ESI.†

In the 13C NMR (500 MHz, DMSO-d6) spectrum of HEC-IBU
conjugate 3, the resonance at d 170.67 ppm was assigned to
the ester carbonyl moiety (C 9). Carbons of the aromatic
system were observed at d 127.29–140.06 (C 11–16) while
carbons of the isobutyl group were present at 44.57 (C 17),
30.02 (C 18) and 22.56 (C 19, 20) ppm. The IBU carbon
adjacent to the carbonyl group (C 10) resonated at d 44.57 and
the IBU methyl carbon (C 21) resonated at 18.91 ppm. Poly-
mer backbone carbons appeared at d 102.19–103.49 (C 1),
80.05–83.15 (C 2–4), 71.96–74.95 (C 5), 68.99–70.25 (C 6, 7)
and 60.67 (C 8) ppm. The presence of characteristic drug and
polymer signals along with the new ester signals further
conrmed successful synthesis of HEC-IBU conjugate 3.
Overlay 13C NMR spectra of IBU and HEC-IBU conjugate 3 are
shown in Fig. 2c and d.
3.2 Transmission electron microscopic (TEM) analysis

HEC-IBU conjugates were synthesized with a range of DS(IBU)
values in order to tune the hydrophilic/hydrophobic balance
(amphiphilic character). Previous investigators have shown that
colloidal forms of drugs and prodrugs could be highly advan-
tageous drug delivery systems to achieve dened drug release
and improved pharmacokinetic proles.29 Among the three
polymeric prodrugs prepared, only HEC-IBU-conjugate 3
showed self assembly behaviour due to its balanced
hydrophobic/hydrophilic character. Dialysis of a DMSO solu-
tion of 3 against milli Q water afforded nanoparticles of the
HEC-IBU conjugate, with diameter ranging from 450–700 nm
(Fig. 3). Conjugates 1 and 2 did not form well-dened
morphologies; their lower DS(IBU) values apparently were
insufficient to provide balanced hydrophobicity and hydrophi-
licity that would lead to self-assembly.
gates

DSc Yield (%) Solubility

0.51 82 DMSO, DMAc, H2O
1.10 77 DMF, DMSO, DMAc
1.85 79 DMF, DMSO, DMAc

g/100 mg of conjugate) calculated by UV/vis spectroscopy. c DS assessed

RSC Adv., 2017, 7, 50672–50679 | 50675
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Fig. 1 FT-IR (transmittance, KBr) spectra of IBU and HEC-IBU conjugate 3.

Fig. 2 1H NMR (500 MHz, DMSO-d6, ppm) and 13C NMR (500 MHz, 5000 scans, DMSO-d6, ppm) spectra: (a) 1H and (c) 13C NMR spectra of IBU,
(b) 1H and (d) 13C NMR spectra of HEC-IBU conjugate 3.

50676 | RSC Adv., 2017, 7, 50672–50679 This journal is © The Royal Society of Chemistry 2017
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Fig. 3 TEM images of the HEC-IBU conjugate 3.

Table 2 Pharmacokinetic data of HEC-IBU conjugate 3 after a single
oral dose of 206 mg

Parameter IBU
IBU from HEC-IBU
conjugate 3

tmax (h) 2.0 4.0
Cmax (mg mL�1) 22.23 � 2.29 20.12 � 3.41
t1/2 (h) 1.73 � 1.21 5.82 � 0.87
AUC0–N (h mg mL�1) 163 � 4.23 256.43 � 6.77
Vd (L kg�1) 0.61 � 0.41 1.31 � 0.1
Cl (L h�1) 0.24 � 0.07 0.16 � 0.04
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3.3 Pharmacokinetic studies

A validated reversed phase HPLC/UV method was used for
determination of plasma levels of IBU from HEC-IBU conjugate
3. Results of method validation and values of different param-
eters are shown in the ESI (see Table S1†).

A single oral dose (206 mg, equivalent to 120 mg IBU) of HEC-
IBU conjugate 3 was given to albino rabbits and blood samples
were collected at specic time intervals. The plasma concentra-
tion vs. time curve showed AUC0–N of 256.43 h mg mL�1 and
Cmax value of 20.12 mg mL�1. HEC-IBU conjugate 3 showed
signicantly delayed IBU release, with tmax of 4.0 h vs.
unmodied IBU with tmax of 2.1 h. This is also reected in the
plasma half-life (t1/2) values, which are ca. 3� longer for HEC-
IBU conjugate 3 (5.82 h) than for IBU itself (1.73 h). The
relative AUC values indicated that bioavailability of IBU from
conjugate 3 was approximately 1.5� higher than that from
unmodied drug. Moreover, the HEC-IBU conjugate had
delayed release properties; these show potential to be exploi-
ted to achieve sustained plasma levels of IBU and reduced
dosage frequency. Plasma concentration of IBU at different
time points is shown in Fig. 4 while pharmacokinetic param-
eters are summarized in Table 2.

3.4 In vitro drug release

We carried out an in vitro drug release study in a manner
mimicking the GIT environment that would be experienced by
Fig. 4 Plasma concentration vs. time curve of IBU from HEC-IBU
conjugate 3 following single oral dose of 206 mg.

This journal is © The Royal Society of Chemistry 2017
the conjugate in vivo; rst exposure to gastric pH for 2 h, then
changing dissolution media to intestinal pH for 6 h (Fig. 5). It
was observed that only 8% drug was released at pH 1.2 in 2 h
from HEC-IBU conjugate 3. The minimal release indicated that
the HEC-IBU conjugate is relatively stable to acid-catalyzed
hydrolysis, thereby supporting our concept that the prodrug
might minimize IBU-stomach exposure. Aer 6 h at pH 7.2, 85%
IBU was released. This is consistent with the fact that poly-
saccharide ester hydrolysis is much faster at alkaline than at
acidic pH.30 For comparison, a physical mixture of HEC and IBU
(50 mg each) was used as a control and IBU was completely
released from this mixture within 1.5 h at pH 1.2.
3.5 Carrageenan-induced paw edema

Inhibition of carrageenan-induced paw edema was used to
evaluate the anti-inammatory potential of HEC-IBU conjugate
3. The results are plotted in Fig. 6 as % inhibition of swelling for
animals orally administered with HEC-IBU conjugate 3 and
compared with % inhibition of unmodied IBU. Although the
volume of the injected paws of the animals dosed with HEC-IBU
conjugate 3 increased gradually up to 4 h, signicantly less
swelling (expressed as % inhibition, reaching 77% aer 4 h) was
observed. Unmodied IBU showed higher % inhibition in the
rst 2 h than HEC-IBU conjugate 3, but lower inhibition was
observed from 3 h onwards, consistent with slower release from
the polymeric prodrug. These results indicated that anti-
inammatory properties of IBU were retained and sustained
Fig. 5 In vitro release of IBU and HEC-IBU conjugate 3 in SGF and SIF.

RSC Adv., 2017, 7, 50672–50679 | 50677
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Fig. 6 Carrageenan induced paw edema inhibition vs. time for orally
administered IBU and HEC-IBU conjugate 3 (% inhibition vs. water-
only control). Statistically significant when compared to control indi-
cated with *p < 0.05.
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effects were observed aer its attachment to HEC as HEC-IBU
conjugate 3.
3.6 In vitro cytotoxicity assay

The MTT assay was used to evaluate cytotoxicity of HEC-IBU
conjugate 3 up to 72 h exposure (Fig. 7) and showed no
Fig. 7 Cytotoxic effects (percent inhibition) by different concentra-
tions of HEC-IBU conjugate 3 and IBU control on the L929 cell line
after 24 (a), 48 (b) and 72 h (c). *p < 0.05 is considered significant when
compared to control.

50678 | RSC Adv., 2017, 7, 50672–50679
toxicity against L929 cell lines up to 24 h in the concentration
range of 2–10 mM. However, there was signicant reduction in
the mitochondrial enzymes on prolonged exposure (48 and
72 h). Since these time ranges are higher than clearance time of
IBU, the prodrug was considered to be non-cytotoxic, hence
biocompatible within the time it is likely to remain in the
human body.
3.7 Cytokine release assay

NSAIDs are known to execute their anti-inammatory effects
through inhibition of cyclooxygenase (COX) enzymes. NSAIDs
that can regulate cytokine release are known to be effective COX
inhibitors. Therefore, the effect of HEC-IBU conjugate 3 on
release of tumor necrosis factor-a (TNF-a) and interleukin 6 (IL-
6) from stimulated macrophages was investigated to determine
its immunomodulatory potential. Levels of cytokines like TNF-
a and IL-6 were taken from supernatant collected from THP-1
cultures. HEC-IBU conjugate 3 showed a 30 and 31% inhibi-
tion in the level of TNF-a and IL-6, respectively which is
comparable with IBU (29 and 31%, respectively). These results
conrmed that HEC-IBU conjugate 3 is as effective an immu-
nomodulatory agent as is IBU. It is inferred from this data that
the activity of IBU aer conjugate formation with HEC was
retained, as expected.
4 Conclusions

Amphiphilic prodrugs of IBU appended through ester linkages
to HEC were synthesized in a simple, efficient, one-pot process.
The pharmacokinetic prole of an HEC-IBU prodrug conrms
the original hypothesis that ester hydrolysis from the prodrug
can afford slow IBU release and higher bioavailability, while
delaying release long enough to minimize stomach exposure.
The prodrugs showed signicant anti-inammatory properties
along with immunomodulatory potential. It is important to
underscore this result; there was no guarantee that the prodrug
ester linkage would hydrolyze quickly enough under gastroin-
testinal conditions, but these in vivo results clearly prove that
the combination of attachment at the more accessible, distal
end of the oligohydroxyethyl chain and the relatively labile ester
linkage are sufficient to get rather complete release (since
bioavailability actually goes up for the conjugate vs. an IBU dose
containing an equivalent amount of drug). The enhanced
bioavailability is very interesting and worthy of further study. It
may indicate that these amphiphilic conjugates are effective at
preventing IBU crystallization aer release, thus permitting
supersaturation in the small intestine; however, further study is
needed to conrm or refute this or any other mechanistic
hypothesis. Preliminary acute toxicity assessment by MTT assay
was encouraging, indicating no signicant excess toxicity vs.
IBU over the normal exposure time to IBU. Minimization of
stomach exposure to IBU may reduce NSAID associated gastric
side-effects; higher bioavailability may also permit dose reduc-
tion, potentially further reducing NSAID side effects. It was
inferred from the study that cellulose ethers like HEC could be
exploited to produce polymeric prodrugs for achieving extended
This journal is © The Royal Society of Chemistry 2017
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release of NSAIDs (and likely other drugs), thereby avoiding
degradation of acid sensitive drugs in the acidic environment of
the stomach, as well as exposure of the stomach to drugs that
may cause stomach irritation or other problems. In conclusion,
synthesized MPDs of IBU appear to be robust systems that are
easy to manufacture and capable of modulating drug dose,
kinetics of drug release, and administration frequency.
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