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Abstract 

Ibuprofen (IBU) is a non-steroidal anti-inflammatory drug (NSAID) commonly used in the treatment of 

pain, fever and inflammation. However, the administration of IBU in its free carboxylic acid form is 

strongly dependent on its limited solubility in aqueous solution. This mandates for an increased drug 

concentration to reach the therapeutic window, and promotes the alternative use of IBU sodium salt, 

even if this latter form poses significant constraints in terms of tunable release due to its uncontrolled 

and rapid diffusion. A potential solution is represented by oral administration through physical 

encapsulation of ibuprofen in designed carriers, despite this route limits the application of this 

therapeutic. In this work, we propose the covalent tethering of ibuprofen to a hydrogel matrix via 

esterification reaction. Exploiting the cleavability of the ester bond under physiological conditions, we 

propose a controlled drug delivery system where the whole drug payload can be released, thus 

overcoming the questioned aspects of over-dosage and solubility-dependent administration. In 

particular, we tested the biological activity of cleaved ibuprofen in terms of cyclooxygenase inhibition, 

reporting that chemical tethering did not alter the efficiency of the NSAID. Moreover, due to the sol-

gel transition of the hydrogel matrix, these ibuprofen-functionalized hydrogels could be used as 

injectable tools in several clinical scenarios, performing a localized drug release and opening advanced 

avenues for in situ treatments.    
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1. Introduction 

The clinical scenario regarding inflammatory response, mild-to-moderate pain, fever and post-op 

recovery is generally addressed using non-steroidal anti-inflammatory drugs (NSAID). Ibuprofen 

(IBU) represents a common NSAID thanks to its anti-inflammatory, analgesic and antipyretic 

properties[1]. Its mechanism of action regards the inhibition of the cyclooxygenase isoenzymes (COX) 

responsible for the conversion of arachidonic acid into prostaglandins, autacoids with a leading role in 

promoting pain, inflammation and fever. In particular, COX-2 is related to inflammation and activated 

immune response [2, 3]. However, standard administration routes of ibuprofen are characterized by 

some constraints regarding the drug dosage and its solubility in physiological environment. In details, 

due to its first-pass metabolism and its limited absorption, ibuprofen is currently administered using a 

drug concentration 10 times higher than the required dosage for a therapeutic benefit, and the oral route 

is preferentially selected, through the use of capsules, tablets or dispersions[4, 5]. Moreover, the poor 

water-solubility and low dissolution rate of IBU reduce its biological availability at the target site, 

resulting in an accumulation in other districts which leads to severe adverse consequences, including 

gastrointestinal or kidney disorders: gastritis, dyspepsia, epigastric pain, peptic ulcer, hypertension, 

bronchospasm and heart burn[1, 6-8]. Different strategies have been proposed to overcome the critical 

issues of IBU solubility and guarantee a controlled drug delivery. Surfactants[9], block copolymers[10, 

11] and dendrimers[12] have been added to the drug suspensions in order to enhance IBU 

hydrophilicity, through the reciprocal physical, polar and ionic interactions[13-15]. However, the 

resulting formulations appear sensitive to temperature and pH variations, setting a system of improved 

drug solubility essentially in physiological conditions[16]. Furthermore, the tuning of drug release 

requires a niche capable of drug protection and release under specific external stimuli[17, 18].  
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The design of polymeric scaffolds as drug carriers with specific physical and chemical features could 

represent an advanced approach to ensure IBU biodistribution and would overcome the rapid and 

unwanted in vivo clearance of the administered drug. As is generally known, hydrogels play a leading 

role in drug delivery: they are three-dimensional networks of chemically or physically cross-linked 

polymer chains, and as such, they are characterized by porous structures allowing the diffusion of 

metabolites, ions, nutrients, active principles and signaling molecules to and from the surrounding 

environment to maintain the biological balance[19, 20]. Moreover, the outward/inward diffusion of 

biomolecules in hydrogels occurs preserving the network physical structure[21]. The entrapment of 

IBU within a hydrogel matrix is a facile method to protect the drug and to perform its release in a 

confined area, but controlled drug diffusion mechanism, improved drug solubility and availability need 

to be addressed through chemical functionalization strategies[22-25]. The smart and reversible 

modification of the terminal carboxyl group of IBU and its subsequent tether to a polymeric scaffold 

represent a promising solution to overcome the critical issues limiting the versatile application of IBU-

based treatment in a wide range of clinical scenarios. In this work, we propose the synthesis of IBU-

tethered agarose hydrogels via esterification strategy. In particular, to promote the formation of ester 

bonds between the drug and the hydrogel matrix, a validated formulation[26, 27]  has been modified by 

the addition of 1,3-propanediol, that has been introduced in a microwave-assisted synthetic route to 

become an integral part of the scaffold design. At physiological conditions, ester is a cleavable bond 

and promotes release of the drug in its pristine form. The chemical functionalization of a therapeutic 

molecule is generally a questionable aspect: the partial modification of the molecular structure could 

affect its pharmacokinetics, purity, biocompatibility and efficacy, hampering its application. For these 

reasons, we evaluated the released IBU in terms of COX inhibition potential, reporting an anti-

inflammatory performance comparable to pristine IBU in aqueous medium, ruling out potential 

drawbacks related to IBU chemical modifications.  
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Moreover, in virtue of its sol-gel transition and its elastic rather than viscous behavior, the hydrogel 

could be used as an injectable system. These remarks highlight the potential application of several 

inflammatory conditions including osteoarthritis, cartilage regeneration and melanoma, all clinical 

scenarios where IBU is generally used in a physically entrapped form in different configurations[28-

30]. Indeed, the discussed chemical functionalization strategy can ensure a sustained drug release, 

improving the benefits, avoiding under- and overdosing, and modulating the pharmacokinetics by 

tuning the cleavability of the ester linker, thus opening new prospects in pharmacological treatments.   

  



 6 

2. Material and Methods 

2.1 Reagents and analysis techniques  

The hydrogel polymeric scaffold was synthetized using branched polyacrylic acid (Carbomer 974P, 

MW = 1 MDa, Fagron UK Ltd, UK), 1-3 propanediol (Merk KGaA, Darmstadt, Germany) and 

ultrapure agarose (DNA Grade, Mw ∼200,000 Da, density 1.64 g cm-3) from VWR international ltd 

(UK). Gelling and melting temperature ranges of this type of agarose are 34–37 °C and 60–90 °C 

respectively. Ibuprofen ((S)-(+)2-(4-isobutylphenyl)propionic acid) was purchased from TCI America 

(USA), whereas (S)-ibuprofen sodium salt analytical standard was obtained from Merck KGaA. All 

other chemicals and solvents were purchased from Merck KGaA and were of analytical grade. 

Ibuprofen derivative was stored at 4 °C. The NMR experiments were carried out on a Bruker AC (400 

MHz) spectrometer using chloroform (CDCl3) or deuterium oxide (D2O) as solvents, and chemical 

shifts were reported as δ values in parts per million with respect to the tetramethylsilane solvent (TMS) 

as internal standard. FT-IR analysis were conducted using a Nicolet Nexus 6700 spectrometer coupled 

to a Nicolet Continuum Infrared microscope (Thermo Fisher Scientific) equipped with a 15× 

Reflachromat Cassegrain objective, at room temperature in air, setting a wavenumber range of 4000–

500 cm−1 with 64 accumulated scans and at a resolution of 4 cm−1. The analyzed samples were 

prepared using the KBr pellet technique.  Electrospray ionization mass spectrometry (ESI-MS) analyses 

were conducted on an Esquire 3000 Plus spectrometer, using methanol as a solvent. 

 

2.2 Synthesis of IBU-diol derivative 

Ibuprofen (2.8 g, 1 eq.) was dissolved in DCM at a concentration of 0.2 M in a flask equipped with a 

dripper and maintained under N2 atmosphere.  
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The flask was then cooled to 0 °C in an ice bath, and 4-(dimethylamino)pyridine (DMAP, 58.04 mg, 

0.035 eq.) and 1,3-propanediol (1.14 mL, 1.15 eq.) were added to the solution. Successively, N,N′-

dicyclohexylcarbodiimide (DCC, 2.25 g, 0.8 eq.) was dissolved in DCM and added to the system 

dropwise. The resulting mixture was then brought to room temperature and kept stirring for 24 h under 

N2 atmosphere. The resulting system was filtered through a Büchner funnel, in order to remove the 

solid by-product (dicyclohexylurea) precipitated during the reaction. Following vacuum evaporation, 

the crude product was recovered through extraction with ethyl acetate and sequentially washed with 

saturated aq. Na2CO3 and 0.1 M HCl. The recovered phase was dried over anhydrous sodium sulphate 

and the ethyl acetate was evaporated under vacuum. The obtained crude product was further purified on 

a silica gel column using a 8:2 hexane/ethyl acetate mixture (yield: 83%). 

1H-NMR (400 MHz, Chloroform-d) δ 7.19 (d, J = 8.1 Hz, 2H), 7.09 (d, J = 8.1 Hz, 2H), 4.28 – 4.16 

(m, 2H), 3.70 (q, J = 7.2 Hz, 1H), 3.54 (t, J = 6.2 Hz, 2H), 2.45 (d, J = 7.1 Hz, 2H), 1.91 – 1.75 (m, 

3H), 1.57 (s, 1H), 1.49 (d, J = 7.2 Hz, 3H), 0.89 (d, J = 6.6 Hz, 6H). 

MS (ESI): m/z calcd for C16H24O3: 264,17 [M]+; found: 287.10 [M–Na]+ 

 

2.3 Ibuprofen-hydrogel synthesis 

Hydrogels with covalent IBU functionalization (cIBU-HG) were synthetized as follows: carbomer 

974P (50 mg) was dissolved in phosphate-buffered saline (PBS) solution (9.95 mL) and the system left 

rest for 1 h. Then, the pH was adjusted to 7.8 using 1 M NaOH. The IBU-diol derivative was added a 

final concentration of 1 mg/mL. The mixture (5 mL) was blended with agarose (0.5% w/v) and the 

system was subjected to microwave irradiation (500 W) for 30 s, heating up to 80 °C to induce the 

condensation reaction between the carboxyl and hydroxyl groups.  
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The reactor was kept closed to minimize evaporation, and upon cooling to 55 °C, it was poured in steel 

cylindrical molds (11 mm diameter,  250 µL each), where gelation was completed. Reference 

hydrogels (ref-HG) to be used as a control for this work were synthetized following the same procedure 

of cIBU-HG without the addition of modified propanediol, but adding a corresponding amount of IBU 

sodium salt following microwave initiation. Ref-HG hydrogels (250 µL) were cast as previously 

described. 

 

2.4 Rheological characterization 

Rheological properties of cIBU-HG and ref-HG samples were evaluated using a MCR302 rheometer 

(Anton Paar GmbH, Austria) in a 25 mm plate-plate configuration. The oscillatory responses (G′, 

elastic modulus and G″, loss/viscous modulus) were determined at low values of strain (g=1%) over the 

frequency range 0.01–20 Hz. The pseudoplastic behavior was also investigated. The behaviors of shear 

stress and viscosity as a function of shear rate were examined and the linearity of the viscoelastic 

properties was checked (Supplementary data). The determination of the gelation point was conducted 

setting the rheometer’s plate to 55 °C, to avoid premature gelation that could affect the results, and then 

applying a cooling curve until 20 °C, at constant strain g=1% and frequency 1 Hz. These parameters 

were chosen referring to the G′ and G″ values that were constant and independent in the frequency 

range 0.01-20 Hz (frequency sweep) and in shear strain close to 1% (amplitude sweep). The 

temperature was set up to give some data for the polymeric solution at 55°C (1 min) then get down to 

20 °C obtaining measurements for 1 min, until the storage modulus becomes equal to the loss modulus, 

signifying the gelation point[31].   
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2.5 Drug release 

The release of IBU from cIBU-HG and ref-HG specimens was evaluated at different pH values: 4.5, 

7.4 and 8.5. Each hydrogel was submerged in 1 mL of aqueous solution at given pH and incubated at 

37 °C. At defined time intervals, 300 µL of eluate were withdrawn and spotted into 96-well plates (100 

µL per well) for UV-vis spectrophotometric analysis. At each withdrawal, elution buffer was 

replenished with fresh medium to avoid mass transfer equilibrium between the hydrogel and the 

surrounding environment. Cumulative release from hydrogels was measured by UV-vis spectroscopy 

(l = 264 nm) on the basis of IBU standard calibration curves at the different pH conditions 

(Supplementary data). Data are presented as mean ± standard deviation of three independent replicates. 

 

2.6 Cyclooxygenase (COX) Activity Assay  

The anti-inflammatory activity of IBU released from cIBU-HG was tested in vitro in terms of COX 

inhibition on cell lysates. The THP-1 monocytic cell line (American Tissue Culture Collection, ATCC; 

Rockville, MD) was used as a cell model. Cells were maintained in RPMI 1640 (Merck KGaA) 

supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 1% sodium pyruvate 

and 0.1 mg/ml penicillin/streptomycin/L-glutamine (Merck KGaA). Cell differentiation into 

macrophages was performed in 75 cm2 flasks at a density of 1 x 106 cells/mL in complete RPMI 

containing 150 nM phorbol 12-myristate 13-acetate (PMA) (Merck KGaA). Medium was changed after 

24 h of treatment, and cells were cultured for additional 48 h in complete RPMI. Inflammation was 

induced by administration of 10 ng/mL LPS (Merck KGaA) for 48 h. Cells were then washed with PBS 

and detached by trypsin.  THP-1 macrophages were pelleted by centrifugation at 200 x g for 5 min and 

washed with PBS.  
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The pellet was lysed in a lysis buffer consisting of ice-cold PBS, 1% NP-40 surfactant (Thermo Fisher 

Scientific) and Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific) and incubated on ice for 5 

min. The lysate was centrifuged at 13,000 x g for 5 min at 4 °C and the supernatant was collected. The 

COX inhibition effect of IBU was estimated using a Fluorometric Cyclooxygenase COX Activity 

Assay (Abcam, ab204699) according to the manufacturer’s protocol, that provides a simple and 

sensitive method to detect the peroxidase activity of COX in biological samples. Eluates from cIBU-

HG were obtained as previously described following 24 incubation, and IBU concentration was 

determined spectrophotometrically. A freshly prepared IBU sodium salt at the same concentration was 

used as a positive control. Additionally, a no-IBU group was used for data normalization. In a typical 

experiment, 20 μL of reaction buffer containing cell lysate, fluorometric probes and sample under 

investigation were spotted on a 96 well multiplate. After the addition of arachidonic acid (COX 

substrate) in NaOH solution, the enzymatic reaction led to the production of a fluorescent molecule 

(resorufin dye, λEx/Em=535/587 nm), that could be monitored in kinetic mode (4 reads per min) for 20 

min at room temperature (TECAN M200 Pro plate reader). Data were plotted as Relative Fluorescence 

Units (RFU) over time and COX activity could be determined as the slope of the curve in its linear 

region, using a resorufin standard calibration curve: in particular 1 COX unit is defined as the amount 

that leads to the production of 1 µmol of resorufin per min, at physiological pH and 25 °C.  

 

2.7 Statistical analysis 

Where applicable, experimental data were analyzed using Analysis of Variance (ANOVA) followed by 

post hoc testing. Statistical significance was at the 0.05 level. Results are presented as mean value ± 

standard deviation. 
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3. Results and discussion 

3.1 Material characterization 

The esterification between IBU and the diol represents an approach to modulate the mechanism of drug 

release exploiting the susceptibility to hydrolysis in biological environment: the ester linker is cleaved 

by hydrolytic reactions catalyzed by acids[32], bases[33], as well as proteins and enzymes such as 

albumins[34] and esterases[35, 36]. The corresponding kinetics is strictly dependent on the driving 

force able to disrupt the covalent bond[37, 38]. The reaction (Steglich esterification) between the IBU 

carboxyl group and the diol hydroxyl moiety meets the requirement of a chemoselective tool for 

controlled drug delivery. Our strategy is based on the smart functionalization of a single terminal -OH 

group of the propanediol (Figure 1), keeping the other available for the microwave-assisted 

polycondensation that leads to hydrogel formation. As such, IBU is covalently grafted to the polymeric 

scaffold, preventing its uncontrolled diffusion.  

 

Figure 1. Scheme of functionalized hydrogels: A) Steglich esterification of IBU with 1,3-propanediol; B) 

carbomer 974P; C) agarose. 
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The IBU-diol derivative was characterized by 1H-NMR analysis and ESI-mass analyses, that also 

confirmed the purity of the desired product (Figure 2). 

 

Figure 2. 1H-NMR spectrum (A) and ESI MS analysis (B) of IBU-diol derivative. 
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1H-NMR spectrum shows a signal at 4.24 ppm (multiplet) belonging to the methylene close to the ester 

group (CH2-OOC) and a peak at 3.55 ppm (triplet) related to the other tail of the propanediol 

component (-CH2-OH). The multiplet at 1.81 ppm detects the methylene between the previous ones (-

CH2-CH2-OH). The rest of the spectrum belongs to the IBU protons, confirming the diol mono-

functionalization with the drug.  

FT-IR spectra show the characteristic signals of diol-modified IBU, compared to pristine IBU (Figure 

3). In the latter, the peak at 2950 cm-1 can be ascribed to IBU methyl asymmetric stretching, whereas 

the signals around 2869 cm-1 are related to the -CH2 asymmetric and symmetric stretching vibrations. 

The clear detectable signal at 1705 cm-1 is the stretch of C=O in IBU and the C–C stretching is visible 

at 1231 cm-1; all other signals in the wavenumber range 1100-500 cm-1 are related to the aromatic ring 

vibrations, in particular to C–H and =C–H in-plane deformation and to C=C and C–C in-plane ring 

deformation and bending[39].  The ester bond between the drug and 1,3-propanediol is recognizable at 

1731 cm-1 as the stretching vibration of the resulting carbonyl group (the C=O peak of pristine IBU 

remains visible as a shoulder signal) and at 1162 cm-1, where the asymmetric stretching of C–C(=O)–O 

occurs. Moreover, the vibrations ascribed to the carbon-oxygen stretching of the diol O–C–C at its 

esterified terminal is detectable at 1051 cm-1 and, finally, the presence of propanediol and its mono-

functionalization is confirmed by the broad signal around 3350 cm-1 related to the stretching of 

terminal -OH groups.   
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Figure 3. FT-IR spectra of ibuprofen (blue) and functionalized ibuprofen-propanediol (red). The characteristic 

signals are highlighted.  

The hydrogel formation occurred through the chemical cross-linking among carbomer, agarose and the 

modified diol. In details, the 3D scaffold is mainly formed by the polyacrylic acid and agarose chains 

which, due to the higher macromer mobility at 80 °C, can enhance short-range interconnections among 

their functional groups. As polycondensation proceeds, local networks are produced (microgels) until 

the welding between their surfaces gives rise to the final three-dimensional macrostructure of cIBU-

HG. The in situ gelation properties of cIBU-HG were investigated, and compared to reference 

hydrogels (ref-HG). The sol-gel transition was monitored using the inverted tube test, that confirmed 

gelation within 7 min for both samples (Supplementary data), suggesting their suitability for 

biomedical applications[40-42]. Additionally, a thorough rheological characterization using an 

oscillatory rheometer defined the gel point as the condition at which the shear storage modulus G' 

equaled the shear loss modulus G". 
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Figure 4. Rheological characterization. Oscillatory test under linear cooling ramp to evaluate the sol-gel 

transition for (A) cIBU-HG (G' n black, G" n red) and (B) ref-HG (G' l black, G" l red) hydrogels. Dotted 

line indicates cross-over point. 

Figure 4 shows the rheological behavior of cIBU-HG and ref-HG under a linear cooling ramp from 

55 °C to 20 °C. This temperature range was chosen to observe the material sol-gel transition, 

considering that the polycondensation begins after the microwave irradiation at 80 °C and proceeds 

until room temperature. In ref-HG samples, the gel point is detectable at 38.5 °C, whereas cIBU-HG 

specimens present the transition state at 44 °C. This difference could be ascribed to the presence of 

propanediol that eases the nucleation of the early microgel phase, thereby anticipating the sol-to-gel 

transition of the whole system.  
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The progressive generation of local networks and the macromer mobility could be considered 

responsible of the non-linear trend in the temperature range 55-48 °C. Moreover, in both samples, G' 

becomes one order of magnitude higher than G" with a plateau starting at ca. 25 °C, indicating gelation 

completion. In particular, cIBU-HG are characterized by higher values of storage and loss moduli than 

ref-HG (cIBU-HG: G' = 3046 Pa, G" = 97.4 Pa; ref-HG: G' = 830 Pa, G" = 22.5 Pa). This could be 

explained as a contribution of diol lateral chains of cIBU-HG to the elastic response of the system, and 

resulting in viscoelastic properties that are in a suitable range for biomedical application[27, 42, 43].  

 

3.2 IBU release and COX inhibition effect  

The drug release behavior of the cIBU-HG system was investigated at neutral pH, as well as in acidic 

and basic environments that are representative of inflammation or diseases[44-46]. Release profiles 

were compared to that of ref-HG, where IBU is only physically entrapped. 

 

Figure 5. A) Release profiles of IBU from ref-HG (l, black) and cIBU-HG samples (n, black) at pH 7.4; B) 

Release profiles of IBU from cIBU-HG samples at pH 4.5 (n, red), 7.4 (n, black) and 8.5 (n, blue). 
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Figure 5A compares the drug release profiles between cIBU-HG and ref-HG samples at physiological 

pH: in ref-HG, an almost complete release of IBU was observed within the first 6 h, whereas cIBU-HG 

was characterized by a more protracted profile, ensuring sustained  IBU release for a longer time (at 

least 48 h). Therefore, the proposed strategy seems to provide a better release performance. Moreover, 

considering the trends reported in Figure 5B, release from cIBU-HG was pH-sensitive: at acidic or 

basic pH levels, we report an increased hydrolytic rate, with the alkaline conditions showing the fastest 

release. +10% cumulative release in acidic medium and +20% cumulative release in alkaline medium 

at 24 h, compared to neutral pH. This means that it is possible to tune the drug release profile according 

to the pH, demonstrating the potential of this drug delivery system in different biological scenarios. 

According to the different concentration of H+ or OH-, IBU could be released through acid-catalyzed 

hydrolysis below pH 6, alkaline hydrolysis above pH 8, or neutral hydrolysis when the rate of reaction 

is independent from the acid-base concentration[33, 47]. In summary, the obtained results demonstrate 

a reduction in IBU delivery rate, that could be arranged tuning the pH-dependent lability of the linker 

with a consequent control over the release profile compared to hydrogel systems where the drug is only 

physically entrapped and no variations in terms of dosage or available amounts are possible in situ. 

In addition, even if the hydrogels were formed by polycondensation, which results in an esterification 

reaction, the high cross-linking density guarantees that hydrolysis first affects the bonds between IBU 

and the gel network, and only afterwards becomes significant as a degradation mechanism of the 

polymer backbone. Quantitative analysis of degradation was performed in previous work, showing that 

the mass degradation occurred at least after 14 days [48, 49]. Moreover, the physico-chemical behavior 

of agarose after gelation creates micro-concentrated junction areas, assisted by formation of 

intramolecular hydrogen bonds that contribute to the stability of the final hydrogel structure[50, 51]. 
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Finally, since the chemical modification of IBU with propanediol could potentially affect its 

therapeutic activity, we investigated in vitro the performance of released drug as a COX inhibitor to 

rule out possible concerns in terms of reduced biological efficacy. This aspect represents a crucial 

crossroad to further studies on the biomaterial and to recognize its application to treat inflammation or 

diseases.  

Of the two main COX isoenzymes, COX-1 is normally involved in cellular homeostasis and is 

constitutively expressed in many tissues, in particular gastric mucosa and kidney, whereas COX-2 

presents high expression during inflammatory conditions[52, 53]. The anti-inflammatory activity of 

IBU was tested by slightly modifying a commercial fluorometric assay for the detection of COX in cell 

lysates, through the detection of the peroxidase activity, as a result of the formation of prostanoids from 

arachidonic acid. In our settings, we compared the inhibitory effect of the released IBU to that of 

ibuprofen sodium salt at the same concentration. The salt form of ibuprofen has a higher solubility in 

water and, generally, represents the preferred form of the drug, ensuring fast absorption and fast relief, 

to overcome the limitations related to the presence of the terminal carboxyl moiety. However, the use 

of ibuprofen sodium salt does not ensure controlled and tunable drug release (Figure 5A) due to the 

rapid diffusion mechanism related to the hydrophilic molecules in aqueous environment. Figure 6 

illustrates the COX inhibitory effect of the investigated samples.  
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Figure 6.  A) COX assay: no inhibitor (CTRL, l black), ibuprofen sodium salt (n red) and cIBU-HG eluate (▲ 

blue). B) Residual COX activity after the drug administration: statistical analysis using unpaired t-test; CTRL 

(dotted line) was set to 1. 

The measurements of COX activity in the absence (hereinafter CTRL) and in the presence of IBU are 

plotted as relative fluorescence unit (RFU) over time (Figure 6A). A decrease in the slopes was 

reported for both IBU-containing groups vs. CTRL sample. In particular, no significant differences in 

terms of COX inhibitory effect have been recorded between IBU sodium salt and cIBU-HG specimens 

(Figure 6B). This means that the chemical functionalization IBU-propanediol did not alter the anti-

inflammatory property of the drug and the ester hydrolysis was able to release IBU in its active form. 
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4. Conclusion 

We have designed a functionalized hydrogel for the controlled drug release of IBU, a well-known 

NSAID, under different pH conditions, exploiting a cleavable ester bond between the drug in its 

pristine carboxylic form and the polymeric scaffold. The modification of the terminal IBU carboxyl 

group does not affect its COX inhibitory activity, ensuring a therapeutic effect that is comparable to 

that of its salt form. At the same time, the chemical functionalization allows the administration of IBU 

in the form of free carboxylic acid as a valid alternative to its sodium salt, which is characterized by 

higher solubility, but at the same time by rapid diffusion that hampers its sustained release. Indeed, our 

results confirm that the introduction of an IBU-diol derivative in the hydrogel formulation results in a 

more sustained release profile (8-fold change) than the salt form. Therefore, in light of their physico-

chemical features, the proposed hydrogel can be considered a promising injectable biomaterial for 

application in a wide range of inflammatory conditions. 
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