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1. Introduction 

 

1.1.  Polymer hydrogels 

 

Chemical polymer hydrogels are covalently bound three-dimensional, cross-linked 

networks of macromolecules that can absorb large quantities of water without dissolving in the 

liquid media. In hydrogels water is retained by the polymer network and prevents the collapse 

of the polymer chains providing that gels are deformable and able to keep their shape.1,2 The 

swelling of gels is limited by the number of cross-link points in the macromolecular network.3 

Depending on the structure of the polymer network and the interactions between the polymer 

chains and water molecules the consistency of gels varies between viscous liquids and solid 

materials.  

Smart stimuli-sensitive hydrogels change their physical properties in response to 

external physical (temperature, mechanical effect, electromagnetic radiation, electric or 

magnetic field) or chemical stimuli (solvent conditions: composition, dissolved species, pH, 

ionic strength) (Fig.1).2,4 Since temperature is a highly important parameter in the mammalian 

body, temperature-sensitive hydrogels have become the most investigated responsive 

polymers.5,6 Upon elevating temperature the polymer network expands in positively 

temperature sensitive (e.g. partially hydrolysed polyacrylamide), and contracts in negatively 

temperature sensitive systems (e.g. poly(N-isopropylacrylamide)).2,3 

 

 

 

Figure 1. Volume phase transition of hydrogels induced by external stimuli. 

 

Responsive gels that resemble biological tissues are intensively studied for biomedical 

applications. Soft polymers are hydrophilic;1,7 their well-defined structure can be tailored to 

biocompatibility,7 functionality or degradability;1 can be synthetized in mild conditions; don’t 

Concentration, Ionic strength, pH, T, etc. 
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denature encapsulated biomacromolecules (e.g. DNA, proteins) and their pores may 

accommodate living cells.1,2,5,8 Their disadvantages are low mechanical strength and 

sterilization difficulties.7 Potential application fields of smart hydrogels include vehicles for 

controlled drug delivery;1,2,9,10 biosensors;1,3 scaffolds in tissue growing and engineering;1,7,9,10  

immobilization of cells and enzymes;2 bioseparation;2 materials for contact lenses3 and wound 

dressings,11 from those targeted drug delivery is of major interest. 

Conventional drug delivery results in a peak in drug concentration, followed by a plateau 

and a decline phase, thus may lead to toxic or ineffective concentrations (Fig.8a).6 In case of 

existing side-effects, not required drug release is undesirable. Several diseases follow a 

rhythmic pattern requiring pulsatile release.6 In hydrogels that are sensitive to physiological 

conditions drug release and targeting to specific tissues, organs or cells can be modulated by 

the adjustment of the gel structure by external stimuli (Fig.8b).2 Upon stepwise temperature 

changes, pulsing drug release also can be obtained (Fig.8c).2,6 Hydrogels can also protect drug 

molecules from unfavourable conditions, such as the presence of enzymes or low pH,2 while 

reducing the toxicity or degradation of drugs during the delivery.4 

 

1.1.1. The poly(N-isopropylacrylamide) hydrogel 

 

The majority of thermosensitive hydrogels investigated in the past decades are synthetic 

polymers based on poly(N-isopropylacrylamide) (PNIPA).1,2,3,5 The PNIPA hydrogel can be 

synthetized from N-isopropylacrylamide (NIPA) monomer and N,N’-methylenebisacrylamide 

(BA) crosslinker by chemical or gamma irradiation initiated free radical polymerization.  

The crosslink density, i.e. the molar ratio [NIPA] / [BA] of the PNIPA gel determines 

the swelling degree of the gel: elevating the crosslink density results in a reduction of the 

swelling. The typical PNIPA gel crosslink densities for biomedical applications are between 

100 and 150, resulting in the swelling degree of 35-40. The glass transition temperature (Tg) of 

PNIPA polymers varies between 126-141 °C, based on the molar mass and tacticity.12  

The PNIPA gel exhibits a reversible non-linear volume phase transition (VPT) at its 

lower critical solution temperature (LCST) around 34 °C, i.e. close to the natural temperature 

of the human body.3 Below the LCST the gel is hydrophilic, swollen and transparent. Upon 

increasing temperature, it becomes hydrophobic, expelling a great part of the liquid previously 

filling the space among the polymer chains (Fig.2a).2,13,14 The phase transition derives from the 

entropic gain related to the discharge of water molecules from the isopropyl groups into the 

bulk aqueous phase, as the temperature rises.15 In the initial stage of phase transition the gel 
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surface collapses first, resulting in the formation of a dense surface skin layer. During the 

presence of the skin layer shrinkage takes place only by cooperative diffusion. The increasing 

pressure in the gel eventually leads to the formation of bubbles on the polymer surface and thus 

water can be expelled again.2,16,17 

 

 

Figure 2. Temperature induced volume phase transition and structure of one of the most 

studied temperature-responsive polymers, the poly(N-isopropylacrylamide) (PNIPA). 

 

The amphiphilic PNIPA gel consists of hydrophilic (carbonyl and amide groups) and 

hydrophobic (isopropyl group and the polymer carbon backbone) units (Fig.2b). In aqueous 

media its polar groups can interact with water molecules and other hydrophilic groups on the 

identical (intermolecular) or adjacent (intramolecular) polymer chains by forming hydrogen 

bonds. Hydrophobic interactions can develop between the hydrophobic polymer units and 

during their solvation by water molecules. The miscibility of the gel is determined by the 

balance between the competing forces of hydrogen bridge formation and hydrophobic 

interactions (Fig.3). 
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Figure 3. Schematic of PNIPA miscibility changes with temperature.15 

 

As the LCST of PNIPA can be tuned under or above 34 °C by the incorporation of co-

monomers,1,15 it is especially suitable for biomedical applications, such as targeted drug 

delivery,3 transportation of highly sensitive agents,3 mediation of cell adhesion15 or tissue-

engineering.15  

 

1.1.2. Intrinsic ionic behaviour in cross-linked PNIPA hydrogel  

 

 Major, still unelucidated, inconsistencies exist in the literature among measurements of 

the thermodynamic properties of PNIPA solutions and gels. It has recently been pointed out by 

Halperin et al.18 that, among the immense body of experimental investigations into the phase 

diagram of aqueous solutions of PNIPA that have been conducted since the pioneering work of 

Heskins and Guillet,19 agreement remains at best qualitative. By contrast, measurements of the 

osmotic pressure, a relevant thermodynamic parameter, are rare20,21 and in this case also, 

agreement is merely qualitative, the numerical results being mutually incompatible. Such 

disorder, which should be a legitimate source of concern for the scientific discipline, suggests 

that the PNIPA system may be more complex than previously believed.  

Part of the observed experimental variation may stem from the inherent difficulty of 

preparing monodisperse samples of thermosensitive polymers. Another „usual suspect” source 

of inconsistencies is chain branching, but in the polymerization of PNIPA this seems unlikely 

to play a significant role. Differences between measurements can also arise from variations of 

tacticity due to preparation at different temperatures or in solvents of different polarity.22,23 It 
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is conceivable, for example, that the size of the statistical segment length depends on the extent 

of syndio-, iso- or atactic regions that develop during polymerization. A further, rarely 

discussed source of variation may be a frustrated thermal equilibrium or memory effect.  

In the case of cross-linked PNIPA hydrogels, yet another possible cause arises if 

polymer chains acquire partial ionic character during free radical polymerisation in water. In 

the literature this eventuality is frequently cited, but only inferred.24,25,26,27 Clear evidence, 

either for or against, is lacking. Schild, in an incisive review of the properties of PNIPA both 

in hydrogels and in aqueous solution, explicitly refers to this possibility, opining that „the 

amount of ionic groups introduced by the initiator and differences among the various 

experimental techniques employed for observing the transition account for the discrepancies 

among the various research groups”.28 While different experimental techniques may yield 

different types of average in a measurement, it is well established that ionic groups certainly do 

change the physical properties of the PNIPA homopolymer.22, 23, 29, 30 (In this thesis, for the case 

of gels, the term homopolymer only used for referring exclusively to the network chains, 

ignoring the cross-linker.) The presence of intrinsic ionic groups, however, is difficult to 

ascertain. For example PNIPA in the uncross-linked state is reported to display electrophoretic 

mobility,31 but since the polymer subunits are amphiphilic, this property could stem from 

associated rather than from intrinsic ions. The colloidal stability of PNIPA microgel 

suspensions in deionised water,32 however, could constitute evidence for the presence of ionic 

groups formed during polymerisation, but is not conclusive.  

Another indicator of intrinsic ionic content in PNIPA can be its pH sensitivity. While 

the literature contains an immense amount of information on the effects of pH on the transition 

properties of PNIPA under different conditions,33,34,35,36,37, 38, 39 verdicts are controversial. While 

some papers noted that the PNIPA gel is insensitive to pH, in some investigations it displayed 

limited pH sensibility.  

Jones found that varying the pH of the aqueous solution from 1 to 4 has no significant 

effect on TVPT.34 The research group of Cai also found that the swelling degree was pH 

independent in buffer solutions with pH 1-13.35 Beltran and co-workers investigated the 

swelling degree of PNIPA gel in citrate – phosphate buffer solutions of ionic strength 0.01 M 

from pH 3 to 8, and in pH 6 buffers with ionic strength 0.005-0.5 M. They concluded that the 

swelling of PNIPA was influenced in neither case.36 Brazel et al. examined the swelling degree 

of PNIPA at 37 °C in a series of Na2HPO4 – KH2PO4 based Sorensen buffers in the pH interval 

4.86-9, where the ionic strength of the buffers varied between 00 and 0.89 M.40 They found 
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that the swelling degree of the PNIPA gel above TVPT was independent of the buffer employed, 

i.e., of the pH and the ionic strength.37  

By contrast, in other studies moderate pH sensitivity of PNIPA has been confirmed. In 

aqueous media at pH 2.2 (0.0078 M HCl, 0.05 M KCl), at pH 4.5 (0.05 M KH2PO4) and at pH 

6.8 (0.05 M KH2PO4, 0.0224 M NaOH) a slight decrease of the equilibrium swelling degree 

was observed at 25 °C with increasing pH.38
 In buffer solutions having different pH values, pH 

1.2 (KCl), pH 4 (C8H5O4K), pH 6.8 (KH2PO4) and pH 10 (KCl, KH2PO4), the shift in TVPT 

followed the order pH 4 < pH 6.8 < pH 1.2 < pH 10 (Fig.4).  

 

 

 

Figure 4. DSC thermograms of aqueous poly(N-isopropylacrylamide) homopolymer solutions 

in buffers of various pH values.41 

 

It is important to note that in setting the pH it is often overlooked that adding ionic 

compounds also changes the ionic strength of the solvent. It is well known that PNIPA is 

sensitive to various ions and that the effect of ions on the hydrogel can be correlated to their 

position in the Hofmeister series (Fig.5).42,43, 44,45,46,47 

 

Figure 5. The Hofmeister series of ions.42 
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Albeit in some studies pH seemingly had a strong effect on the TVPT of PNIPA, the 

influence of various salts, as well as HCl or NaOH used in buffer preparation, is not negligible. 

However, the TVPT shift induced by buffers did not follow the order of effectiveness of the 

incorporated salts on the transition: the different concentrations of salts required for producing 

buffers and the addition of HCl and NaOH must also be taken into account. It was reported 

earlier that NaOH has a more pronounced influence on TVPT than HCl. Thus, the greatest shift 

found for the pH 10 buffer may be attributed to the highest amount of NaOH in the solution.41 

These findings highlight that composition of the background electrolyte is of crucial importance 

in the investigation of the transition properties of PNIPA. 

 

1.1.3. Interactions of PNIPA with dissolved molecules 

 

The volume phase transition properties of PNIPA hydrogel may be significantly 

influenced by dissolved species of the aqueous media. Guest molecules can shift the TVPT of 

PNIPA to lower (e.g. phenols, benzene derivatives), and in a few cases, to higher temperatures 

(e.g. surfactants, organic quaternary ammonium salts) by chemical interactions and/or 

disturbing its hydrophobic/hydrophilic balance.48,49,50,51,52,53 

The effect of small aromatic molecules on the PNIPA hydrogel has been investigated 

by several research groups on benzene derivative – PNIPA gel systems. It was found that 

benzene derivatives reduce the phase transition temperature of PNIPA. According to Dhara, 

their TVPT lowering effectiveness follows the order of 4-methylcathecol > 1,3-

dihydroxybenzene > 1,4-dihydroxybenzene > 1,2-dihydroxybenzene > 1,2,3-

trihydroxybenzene (Fig.6).54 
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Figure 6. LCST reducing effect of benzene derivatives54 (a) 1,2,3-trihydroxybenzene  

(b) 1,2-dihydroxybenzene (c) 1,4-dihydroxybenzene, (d) 1,3-dihydroxybenzene  

(e) 4-methyl-1,2-dihydroxybenzene. 

 

In case of various benzoates (benzoic acid, sodium benzoate, methyl-4-

hydroxybenzoate, propyl-4-hydroxybenzoate), it was observed that the length of the ester side 

chain determines the volume phase transition inducing guest molecule concentration at 25 °C. 

The concentration at which the volume phase transition occurs increases in the order of   nonil-

phenol < propyl-phenol < ethyl-phenol < methyl-phenol < phenol, i.e. the more hydrophobic 

the molecule is, the smaller is the phase transition inducing concentration. Comparing the effect 

of sodium benzoate and benzoic acid also demonstrates the importance of hydrophobicity: 

while sodium benzoate has a weaker effect on the LCST and does not alter the swelling degree 

of the gel at all, benzoic acid has a significant impact on swelling and TPVT due to its 

hydrophobic interaction with PNIPA.53,55 The hydrophobic interaction between PNIPA and 

benzenes is be regulated by the number and steric accessibility of the hydroxyl or aldehyde 

groups. In benzoic acids these groups are easily accessible, but as the hydroxyl group is getting 

closer to the aldehyde substituent on the ring, interactions become limited.50,54 

Among benzene derivatives, phenol is of utmost importance as environmental pollutant 

and model drug molecule. Phenol has a strong TVPT reducing effect and induces PNIPA phase 

transition at 25 °C from the concentration of 40 mM in aqueous solutions.  Its significant 

influence can be explained by two phenomena: the hydrophobic interaction between the phenyl 

group of phenol and the isopropyl group of PNIPA; and the formation of hydrogen bonds 

between the OH group of the guest molecule and the gel’s amide group.51,52,53,56 In infrared 

spectroscopic measurements it was found that the hydrogen binding increases the chemical 

potential of water molecules hydrating the polymer chains.51 The resulting phenol – amide 

group complex is not miscible with water so it segregates form it, that breaks the tetrahedral 

structure of water and thus induce a discontinuous volume change in PNIPA gel.52,53,57 
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Despite the findings demonstrated above, the interactions between the PNIPA gel and 

benzene derivatives – e.g. the effect of different phenols on the phase diagram of the polymer 

– are not fully explored, that has led our research group to study how phenols with hydroxyl 

groups in meta position (phenol; 1,2-dihydroxybenzene and 1,3,5-trihydroxybenze) interact 

with the hydrogel. It was observed that these guest molecules altered the swelling properties of 

PNIPA gel and induced rapid collapse of the gel at fixed temperature (20 °C) when the phenol 

content of the aqueous solution reached a “critical” concentration (ccrit) that was characteristic 

of the guest molecule. It was also found that with the increasing number of hydroxyl groups 

ccrit shifts to lower concentrations (Fig.7): ccrit equals to 52.6 mM, 49.8 mM and 35.5 mM in 

case of phenol, 1,2-dihydroxybenzene and 1,3,5-trihydroxybenze, respectively.58,59,60,61 The 

increasing number of OH substitution also results in a reducing TVPT and the broadening of the 

endotherm peak of PNIPA phase transition. 

 

 

 

Figure 7. Swelling degree of PNIPA hydrogel in different phenolic molecule solutions at 20 

°C as the function of equilibrium concentration in the free liquid phase:58  

Δ phenol, ▲1,3-dihydroxybenzene, ▼ 1,3,5-trihydroxybenzene. 

 

Despite that the potential guest – polymer interactions are crucial factors determining 

the swelling and drug release process of hydrogels, as well as the LCST shift inducing effect of 

small molecules, systematic studies of the additive properties (e.g. number and position of 

functional groups; ability to hydrophobic interaction) are infrequent.50,55,56,62  In order to provide 

a deeper insight into the interactions between PNIPA and small aromatic molecules, my aim 
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was to continue the work of our research group and carry out studies on the effects of various 

substituted phenols on the PNIPA hydrogel.  

 

1.1.4. Drug uptake and release in hydrogels 

 

Drug molecules can be incorporated into hydrogel matrices by polymerization in the 

presence of drug molecules; or by soaking the gel into drug solutions. The benefits of the latter 

method are better control over drug loading amount and the elimination of release hindering 

side-reactions.63  

Drug uptake as well as release is determined by several factors, such as the swelling rate 

and degree of the gel; guest – polymer interactions (e.g. hydrogen bonding, hydrophobic or 

electrostatic interaction); solubility, concentration, molecular size and logP value of the loading 

molecule; and the diffusion properties of drug inside the gel matrix.55,63,64,65 Besides the above 

mentioned, discharge is also strongly influenced by drug loading (e.g. the release of poorly 

soluble molecules reduces with increasing loading), the geometry (aspect ratio and total 

volume) of hydrogel matrix, and the hydrophilic/hydrophobic balance of the drug molecule.63,64 

By the application of hydrogel based drug delivery systems different release patterns 

can be obtained. The sudden shrinkage of temperature responsive gels upon temperature 

elevation results in a prompt drug release, i.e. the quick increase of the concentration of the 

drug that is discharged with the swelling liquid (Fig.8a). Parallel to the deswelling a dense skin 

layer develops on the gel surface, which eventually stops the release of drug molecules, thus 

allowing a quick on-off type drug discharge (Fig.8c).66,67 
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Figure 8. Dependence of the drug concentration profile in body fluids on the release 

mechanism: (a) prompt release from conventional dosage forms (injection or tablet) or 

from sudden shrinkage of polymer gels (b) controlled profile (prolonged release)  

(c) on-off type drug discharge.68 

 

Another drug release mechanism is the retard type, which is based on the shape memory 

of the gel carrier: dry drug loaded gels may provide prolonged release (Fig.8b) by their slow 

reswelling.69 Drug release from dry (“glassy”) hydrogels includes simultaneous absorption of 

water and desorption of drug molecules, most commonly through a swelling-controlled 

mechanism,70,71  and is influenced by the rate and ratio of reswelling (Fig.9); the interaction 

between drug, polymer and water molecules; the solubility of the guest molecule;66 and local 

drug concentrations.72,73  
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Figure 9. The gel carrier can be easily loaded with drug then stored in dry state. The release 

of drug molecules is determined by the rate of reswelling. 

 

The final state of drug in a dry polymer matrix is determined by several factors, such as 

crosslink density, hydrophobic co-monomer content or storage humidity.74 Embedding of a 

drug into a hydrogel matrix may stabilize its – otherwise metastable – amorphous state by 

hindering the development of the thermodynamically stable crystalline form.75 Stabilizing 

poorly water soluble drugs in their amorphous state enables the enhancement of their 

dissolution and bioavailability.74,75 Recrystallization inhibiting effect of hydrogel matrices was 

observed on sodium diclofenac, piroxicam and naproxem drug loaded 2-hydoxyethyl 

methacrylate (PHEMA) dry gel disks. For all three drugs, hydrogen bonding was observed 

between the PHEMA and the guest molecules by FTIR spectroscopy. It was concluded that the 

formation of hydrogen bonds resulted in a better compatibility between the drug and the gel, 

which decreased the mobility of guest molecules inside the polymer network, thus inhibiting 

nucleation and crystallization. The crystallization retarding effect was limited by the drug 

concentration within the polymer matrix. Above a loading threshold, the effective polymer 

concentration reduced thus the drugs formed fine crystalline particles.74 In PNIPA gel – 

benzoate systems the crystallization hindering property of the hydrogel was proved by X-ray 

diffraction (XRD). The crystal formation inhibiting effect of PNIPA was higher for benzoic 

acid than for sodium benzoate, which is consistent with the finding that the benzoic acid – 

PNIPA interaction is stronger than the benzoate salt – PNIPA one. In case of the ionic form of 

benzoic acid no binding was found to the polymer, which enabled the development of 

crystalline peaks in the XRD spectra.55 Incorporating drug molecules into hydrogels may also 

give the possibility of obtaining crystallites with reduced particle sizes and narrow size 

distribution, that is another way of facilitating dissolution.74,76 Reducing crystallite sizes by 

loading the drugs into hydrogel matrices has several advantages over the widely used 
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micronizing techniques, e.g. better control of particle size distribution, or preventing 

contamination and degradation of the drug.77,78,79  

Despite their crucial importance, the effect of drug – polymer interactions on gel 

swelling; drug loading and release; as well as crystallization and particle sizes of guest 

molecules are not widely investigated. Only a few studies examined and reported ionic or 

hydrophobic interactions between guest molecules and hydrogels.55 As drug – polymer 

interactions may significantly hinder the release process by the binding of guest molecules to 

polymer chains and the inhibition of gel swelling, their examination is vital prior to the 

application of hydrogel drug delivery systems.55  

 

1.1.5. PNIPA – carbon nanoparticle hybrid gels  

 

Although hydrogels are frequently proposed vehicles of controlled drug delivery, their 

poor mechanical strength due to the high water content limits their application possibilities 

including repetitive loading.80,81,82 The preparation of interpenetrating polymer networks 

through chemical cross-linking can offer improved mechanical properties, however, cross-

linker residues may lead to toxic side effects.81 Another solution is the reinforcement of 

hydrogels with various nanoparticles, such as nanocarbons, polymer-based nanomaterials, 

metal or ceramic nanoparticles.83,81,82 Nanoparticles can either be physically trapped within the 

polymer gel or cross-linked into the network structure via surface functionalities.83 In the latter 

case the resulting nanocomposite materials may not only possess improved mechanical 

strength, but also novel optical, thermal, electronic, magnetic, remote actuation or drug release 

properties.83,84,85,81,82  

Their outstanding mechanical and conductive properties, combined with their unique 

structure and low density, place carbon nanoparticles (CNP) among the most commonly 

proposed and investigated additives.81,82,83 Carbon nanoparticles – e.g. carbon nanotubes 

(CNT), graphene, nanodiamonds and fullerenes – are carbon allotropes with at least one 

dimension in the nanometre range (Fig.10).81 Among CNPs, carbon nanotubes85,86,87,88,89,90,91 

together with graphene and its derivatives92,93,94,95,96,82 –  mainly graphene oxide (GO) – were 

of especially great interest in the last few years as additives to hydrogels.83,81  
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Figure 10. Carbon nanostructures of various dimensions.97 

 

Notwithstanding the diverse functionality of nanocarbons, their potential toxic effects 

should also be mentioned. Uncertainty on the toxicity of carbon nanotubes may limit their usage 

as filler materials to hydrogels for biomedical applications.85 In case of CNTs both positive and 

negative cytotoxic effects have been observed in vitro as well as in vivo, and the mechanisms 

governing their toxicity are still not well-explored.81 Nanotubes may present high respiratory 

risk due to their pin-like shape combined with their light weight, that facilitates aerosolization 

and thus inhalation.81 On the contrary, graphene was reported to be non-toxic and highly 

biocompatible.85  

Carbon nanotubes as well as graphene are conjugated polycyclic structures composing 

solely of sp2 hybridized carbon atoms.81 CNTs can be classified as single wall carbon nanotubes 

(SWCNT) and multiwall carbon nanotubes (MWCNT).81,83,85 SWCNTs comprise of one 

cylindrically rolled-up graphene sheet with the typical diameter of 1-2 nm.81,98 MWCNTs are 

built up from individual concentric tubes of graphene sheets with the average interlayer 

separation of approximately 0.34 nm and an the outer diameter of  2 to 100 nm (Table 1).81,99 

Both single and multiwall CNTs are capped by hemispherical networks of carbon atoms at both 

ends of the tubes.85 While SWCNTs are characterized by a well-defined wall, MWCNTs may 

present defects in their carbon structure resulting in lower stability and facilitating their 

chemical modification.81 The chemistry of carbon nanostructures comprising of extensive 

conjugated cyclic systems is dominated by 𝜋-𝜋 dispersion type interactions.81,7,8 Due to their 

extremely high aspect ratio, polarizable nature and smooth, hydrophobic graphene side walls, 

carbon nanotubes have a tendency to interact with each other by strong cohesive forces. As a 

result, the formation of insoluble bundled aggregates limits the dispersibility of pristine CNTs 
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in various solvents and matrices relevant in biomedical applications, including hydrophilic gel 

networks.81,100,83 In order to solve this problem CNTs are frequently applied in chemically 

modified forms with polar – e.g. amine (NH2), hydroxyl (OH) or carboxyl (COOH) – groups.100  

Compared to carbon nanotubes, graphene exhibits several favourable properties, such 

as lower cost, facile fabrication and modification, higher surface area, absence of toxic metal 

particles, low toxicity and outstanding biocompatibility.96 Graphene is a two dimensional 

nanostructure, which comprises of a honeycomb-arranged single layer of sp2-hybridized carbon 

atoms, with epoxy and hydroxyl groups on the sides and carboxyl groups around the edges.81,96 

Owing to the pure sp2 hybridization network, graphene derivatives are often characterized by 

record values of tensile strength, elastic modulus, thermal conductivity, intrinsic electrical 

conductivity, aspect ratio and flexibility (Table 1).82,83 Due to its planar structure graphene is 

highly susceptible to the establishment of strong van der Waals as well as 𝜋-𝜋 interactions and 

less prone to form covalent bonds.81 Similarly to nanotubes, pristine graphene is greatly 

hydrophobic and poorly dispersible in aqueous media.96 The incorporation of graphene into 

polymer matrices is generally facilitated by inducing surface and edge functionalities onto the 

graphene sheets by thermal oxidative treatment.83,82  The resulting graphene oxide (GO) can be 

considered as an amphiphilic material, that bears both hydrophobic and hydrophilic domains 

on its surface83 and is  able to form stable colloids in aqueous media.96 The amphiphilic nature 

of GO promotes the establishment of both physical and covalent interactions with hydrophilic 

polymers, significantly contributing to the mechanical improvement of nanocomposites.82,83 In 

case of very strong interactions, GO was reported to act as a gelation component by increasing 

the number of cross-links in the polymer matrix.82 
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Table 1. Comparison of the physical properties of carbon nanotubes and nanostructured 

graphene. 

 Carbon nanotube Nanostructured graphene 

Number of layers 
SWCNT: single 

MWCNT: multiple 
multiple 

Thickness 
SWCNT: 1-2 nm98 

MWCNT: 2-100 nm99 
0.3-100 nm101,102 

Lateral size 
SWCNT: up to mm99 

MWCNT: up to µm103 
µm range104 

Surface area 1200 m2/g 105 2630 m2/g 105 

Young’s modulus 
SWCNT: 1 TPa 

MWCNT: 0.3-1 TPa 106 
1–42 GPa 101 

Tensile strength 
SWCNT: 5-500 GPa 

MWCNT: 10-60 GPa 106 
15–193 MPa 101,107 

Density 1.3 g/cm3 99 2.2 g/cm3 108 

Thermal conductivity 1100-7000 W/m K 109 600-5000 W/m K 109 

 

Albeit carbon nanoparticles are usually applied as physical fillers without chemical 

bonding, in most studies clear synergy was observed between nanocarbons and polymer 

matrices resulting in enhanced mechanical properties of the hybrid systems.83 Improved elastic 

modulus and compressive strength of CNT110,111,112 and GO113,114,115 incorporated PNIPA based 

composites were proved in several investigations. The durability of hybrid materials mostly 

depends on the effectiveness of load transfer from the polymer network to the filler material as 

well as the dispersion state of nanoparticles, and less determined by the mechanical strength of 

the additive itself.82,98 Fine nanoparticle dispersion contributes to strong interfacial adhesion 

between the phases, which facilitates load transfer from the matrix to the nanoparticles resulting 

in stronger hydrogels.98 On the contrary, nanofillers with poor adherence act as structural 

defects and weaken the hybrid network by inducing local stress concentrations and reducing 

the flexural strength of the composite system.82,98 In case of laminar additives, the strength of 

the nanocomposite can be dramatically increased by the efficient exfoliation of the stacked 

sheets which enables the intercalation of the polymeric chains into the filler particles (Fig.11).82   
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Figure 11. Dispersing scenarios of laminar nanoparticles in a polymer matrix116 

 

It was observed that carbon nanotubes have a mechanical performance enhancing effect 

in polymer gels only at low concentrations.117 This phenomenon can be explained by that in 

case of lower loadings a finer nanoparticle dispersion can be achieved, which facilitates the 

load transfer promoting tube – polymer adhesion over tube – tube interactions.100 However, 

CNTs have a weakening effect on composite systems in case of poor dispersion state and/or 

aggregation within the polymer matrix.118 Extremely smooth nanotube side walls may also 

worsen the durability of polymers by reducing the adhesion forces between the phases, which 

can even result in the pull-out of CNTs from the matrix during deformation.118 The special 

advantage of nanotubes is that due to their pin-like shape they are particularly suitable for the 

improvement of the out-of-plane properties of hybrid systems by linking together individual 

laminar layers.98 It has been proved that the expansion of fissures in composite structures are 

effectively hindered by the bridging effect of CNTs perpendicularly aligned to the crack faces.98  

At the same time – as a result of its superior stiffness and flexibility – GO has a greater 

strengthening effect on gel matrices compared to carbon nanotubes.82 Graphene oxide was 

reported to significantly improve the elastic modulus, tensile strength, elongation and toughness 

of various polymer matrices.82 Unlike in the case of CNTs, for GO the enhancement of the 

mechanical properties is proportional to the additive concentration.119,120,121,122 The 

disadvantage of graphene derivatives is that due to the outstanding flexibility and high aspect 

ratio their layers can be easily folded and crumpled by even modest shearing forces during 

manufacturing.82 Therefore for graphitic fillers, enhanced stiffness and additional 

functionalities of the composites can be achieved by establishing optimal contact between while 

applying. gentle processing conditions.82  
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Beside mechanical deficiencies, their poor heat transfer properties may also limit the 

applicability of polymer gels.123 The thermal conductivity of insulating polymers is frequently 

enhanced by the incorporation of carbon  derivatives, which have the highest inherent thermal 

conductivity (up to 7000 W/m K) among any known materials at room temperature.82,98,102,124 

Thermal conductivity of carbon composites is characterized by a percolation  threshold, which 

can be attained even at very low additive concentrations due to the high aspect ratio of the 

nanofillers.98 The conductivity of carbon nanoparticle composites varies between broad limits 

depending on the polymer matrix, the properties of nanofillers (e.g. geometry, orientation, 

volume fraction and dispersion) as well as on the interfacial thermal resistance between the 

phases.102 The thermal conductivity of carbon nanoparticle composites can be characterized by 

a percolation-type threshold and elevates by increasing the nanofiller content.98,102 The 

percolation threshold is mainly determined by the polymer matrix, as well as the type and the 

distribution of the nanocarbons.98 For example, in case of randomly oriented CNTs extremely 

low percolation thresholds can be obtained, which is can be attributed to the formation of a 

tube-network.98 However, despite their outstanding thermal properties and low percolation 

values, cylindrical nanocarbons do not enhance the thermal conductivity of polymeric systems 

significantly. On the contrary, graphene derivatives were reported to increase the thermal 

conductivity of nanocomposites by two to three times order of magnitude. This can be explained 

by  their better dispersibility combined with the two-dimensional nature, which enables a more 

effective 2D transport of phonons compared to the 1D path provided by nanotubes.102  

Another beneficial property of carbon nanoparticle additives is their light absorption 

capacity, which can provide additional functionality to PNIPA hydrogels.125,126,127 Fast and 

reversible optical response of CNT128,129,81,100 and GO127 incorporated PNIPA gels has been 

observed under infrared (IR) laser excitation, which may stem from the strong warming effect 

of nanocarbons.127 The non-invasive and remote control over the swelling of hydrogels by 

optical irradiation can open the route for the construction of responsive biocompatible devices, 

e.g. novel drug delivery systems and actuators.125. Furthermore, the light absorption of carbon 

nanoparticles in the ultraviolet (UV) to infrared (IR) regions may also enable the selective 

thermal ablation of malignant tissues in cancer therapies, without surgical resection or side-

effects on healthy cells.96  

In addition to improving the physical properties of polymers, carbon nanoparticles may 

also act as effective drug binding sites in composite materials.81,119,120,130,131,132,96 CNTs can 

interact with therapeutic agents in various ways, including the physical trapping of the active 

ingredient within the nanotube bundle; the chemical bonding between therapeutic molecules 
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and functional groups on the tube surfaces; and the immobilization of drug molecules within 

the nanotube channels.81 In case of several drugs (e.g. diclofenac, doxorubicin and gentamicin 

sulphate) carbon nanotubes were proved to be superior delivery systems over conventional 

formulations.81,125,100,81,133 As graphene has the highest surface area among nanomaterials, its 

drug delivery potential is even more promising than that of nanotubes.96 In the planar graphene 

monolayer each atom is exposed to the surface, which results in an exceptionally high drug 

loading potential.96 Beside the high surface area, their amphiphilic nature, unsubstituted 

oxygenated domains and π–π stacking also contribute to the outstanding drug binding capacity 

of graphene derivatives. Electrostatic interactions and/or hydrogen bonding of several anionic 

and cationic drugs (e.g. doxorubicin and camptothecin) as well as dyes were observed to GO 

containing hydrogels, leading to enhanced loading levels of the guest 

molecules.119,120,130,131,132,96  

As carbon nanoparticle – PNIPA composite gels were investigated with a variety of 

cross-link densities and/or with different co-monomers, as well as diverse conditions of 

synthesis, it is not possible to obtain a comparable evaluation of the effects of carbon nanotubes 

and graphene on the properties of the PNIPA gel. In my thesis work, my objective was to 

provide a detailed study of the structural and dynamical properties (e.g. swelling-, mechanical- 

and phase transition properties, pore structure and IR sensitivity) of carbon nanotube and 

graphene oxide incorporated hybrid PNIPA hydrogels. 
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2. Objectives of the PhD thesis 

 

The objective of my PhD thesis is to explore the interactions of the thermosensitive 

poly(N-isopropylacrylamide) (PNIPA) hydrogel that may determine its potential for controlled 

drug delivery applications.  

First of all, I investigated the effect of pH on the hydrogel. The purpose of my research 

was to look for evidence of intrinsic ionic behaviour in the PNIPA homopolymer gel by 

measurements over a wide pH and ionic strength range.  

Thereafter I examined the response of the PNIPA gel to small aromatic molecules in the 

swelling medium. On one hand, I continued the previous investigations of our research group 

on phenols – that are environmental pollutants and model compounds for several drug 

molecules – by  studying the effect of various phenol substitution arrangements on the hydrogel. 

I also extended my experiments to drug molecules that – due to their different functional groups 

– are expected to interact with PNIPA in a dissimilar way compared to phenols. I have chosen 

two drugs widely used in practice: dopamine (4-(2-aminoethyl)benzene-1,2-diol), that is a 

neurotransmitter present in the brain and peripheral nervous system; and the hydrophobic non-

steroidal anti-inflammatory drug, ibuprofen (2-(4-isobutylphenyl)-propionic acid).  

Subsequently I explored the possibilities for the preparation of different types of drug 

formulations utilizing the dissimilar interactions of the guest molecules with the polymer. In 

order to confirm the interactions in dry state, I examined the thermal behaviour of dry PNIPA 

matrices loaded with phenol, dopamine and ibuprofen. I also studied the effect of the drying 

process on the crystalline state of the probe molecules, which is a crucial factor in dosage and 

bioavailability. 

Lastly, I investigated carbon nanoparticle – PNIPA composite hydrogels as potential 

advanced drug delivery systems with enhanced mechanical performance and novel 

functionalities. In order to obtain a comparable evaluation of the impact of different carbon 

nanoparticles, I studied the properties of carbon nanotube as well as graphene-oxide 

nanoparticle incorporated PNIPA hybrid gels on the macroscopic and microscopic scales. I also 

characterized the application related performance of these composites by their infrared 

sensitivity and the kinetic response of their volume after an external temperature jump. 
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3. Materials and methods 

3.1.  Materials 

 

Materials used for gel synthesis and preparation of different swelling media are 

summarized in Appendix (Table A1-A3). All chemicals were applied as received except NIPA. 

Double distilled water was used in every experiment.  

 

3.1.1. Aromatic guest molecules 

 

Phenols were purchased from Merck. Dopamine hydrochloride and ibuprofen sodium 

were obtained from Sigma-Aldrich (Table A1). For the investigation of PNIPA gel interactions 

with guest molecules of environmental and biomedical relevance, aromatic solutions were 

prepared in the concentration range of 0-1 M in doubly distilled water, unless saturation limit 

was lower. Characteristic physical and chemical properties of the model guest molecules are 

summarized in Table 2. 
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Table 2. Properties of guest molecules. 

Guest 

molecule 
Structure 

Molar 

mass 

(g/mol) 

pKa, 

25 °C 

Solubility 

in water, 

20 °C 

(M) 

TPSA* 

(Å2)134,135 

Polariza-

bility** 

(Å3)135 

logP*** 

Phenol 

OH

 

94.11 9.99136 0.892137 20.23 10.94 1.46138 

Catechol 

       

 

110.11 
9.34; 

12.6136 
4.096139 40.46 11.54 0.88140 

Hydroquinone 

  

110.11 
9.85; 

11.4136 
0.636141 40.46 11.54 

0.59; 

0.64142 

Resorcinol 

 

110.11 
9.32; 

11.1136 
9.082143 40.46 11.54 0.80144 

Pyrogallol 

 

126.11 9.01145 4.956146 60.69 12.18 0.29147 

Phloroglucinol 

 

126.11 8.45136 0.079148 60.69 12.18 0.06149 

Dopamine 

hydrochloride 

NH2

OH

OH

HCl•

 

189.64 8.80150 
Freely 

soluble151 
68.10 16.61 -0.98152 

OH

OH

OH

OH

HO OH

HO OH

OH

OH

HO OH
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Ibuprofen 

sodium 
Na

+

O

O
–

 

228.26 4.26153 
Freely 

soluble77 
40.13 23.58 3.72154 

*topological polar surface area: the 2-dimensional estimate of the surface belonging to polar 

atoms, which correlates well with passive molecular transport through membranes155 

**molecular polarizability156 

***octanol/water partition coefficient157 

 

3.1.2. Carbon nanoparticles  

 

 Multiwall nanotube was produced by Chengdu Organic Chemicals Co. Ltd. (China). 

The commercial nanotube was oxidized in cc. HNO3 (65%) (3 hours, 80 °C) then washed with 

distilled water until pH neutrality. NaOH treatment was applied to remove fulvic acids.  1 M 

aqueous HCl was used to reprotonate the surface.  

 Graphene oxide (GO) was obtained by the improved Hummer’s method158 from 

natural graphite (from Madagascar). The graphene-oxide suspension was purified by 

centrifugation (6989 g) with 1 M HCl five times and with water two times, decanting away the 

supernatant after every cycle. The nanoparticle content of the suspension after 10-day dialysis 

was 0.2 w/w%. The main properties of the investigated carbon nanoparticles are summarized 

in Table 3.  

 

Table 3. Properties of carbon nanoparticles. 

 

Carbon nanoparticle Geometry Size 
SBET 

(m2/g) 

C/O 

ratio* 

Carbon nanotube (CNT) cylindrical 
9-20 nm 

diameter 
221 11.2 

Graphene oxide (GO) planar 
2-50 μm  

lateral extension 
22 1.7 

*from XPS measurements  
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3.1.3. Synthesis of PNIPA gel 

 

Materials used of gel synthesis are summarized in Table A2. NIPA was recrystallized 

from toluene-hexane mixture prior to the synthesis. PNIPA gel films with the molar ratio of 

[NIPA] / [BA] = 150 were synthesised by mixing 1 M aqueous solution of NIPA (18.75 mL) 

and 0.1 M solution of BA (1.225 mL) with water (4.9 mL) and TEMED (0.25 µL). After 

addition of APS (125 μL) to the mixture, free radical polymerization took place at 20 °C within 

24 hrs.61 The 2 mm thick gel films and 1x1 cm isometric cylinders were dialyzed in double 

distilled water. For swelling experiments gel films were cut into disks with diameter of 7 mm, 

for X-ray powder diffraction (XRD) and nuclear magnetic resonance (NMR) measurements of 

17 mm, then dried and stored in desiccator over concentrated sulphuric acid, if otherwise stated. 

For calorimetric measurements, dry gel disks were powdered (particle size 0.2-1 mm).  

 In order to avoid the effect of APS in potentiometric titrations, PNIPA hydrogel with 

the same molar ratio was synthetized by gamma initiated polymerization in CO2 free aqueous 

solution of NIPA and BA (radiation dose 5 kGy, dose rate 2 kGy/h). Gels were purified as 

above.  

 

3.1.4. Synthesis of PNIPA – carbon nanoparticle hybrid gels 

 

To obtain composite gels aqueous carbon nanoparticle suspensions of the required 

concentration were mixed with the precursor solution of NIPA, BA and TEMED. In case of the 

CNT containing composites ultrasonication (Elmasonic X-tra 150H ultrasonic bath, 4 hours, 20 

 2 °C, sweep mode, 45 kHz) was used to ensure homogeneity of the dispersion. The precursor 

suspensions were polymerised and purified in the same way as the nanoparticle-free PNIPA 

gel.159 Gels with ≥20 mg GO/gNIPA content were prepared by adding in succession solid NIPA, 

solid BA and TEMED to the GO suspension. The reaction medium was stirred in an ice-bath 

for 15 min after addition of each component then polymerised as described earlier. 
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3.2. Methods 

 

3.2.1. Equilibrium swelling degree 

 

Swelling measurements were carried out by equilibrating dry PNIPA gel disks with 

excess aqueous acid, base, salt, buffer and aromatic guest molecule solutions of different initial 

concentrations (c0) for one week at 20.0 ± 0.2 °C. The mass/volume ratio of the dry gel and the 

liquid phase was 0.012. If otherwise stated, the equilibrium swelling ratio (1/φe) was calculated 

from the mass balance as: 

   
drygel,dry  gel,

solutiondry gel,swollen gel,dry gel, dry gel,

e
/

 /)-( /
1/

ρm

ρmmρm
φ


 , (Eq. 1) 

where mgel,dry and mgel,swollen are the mass of the dry and the equilibrated gel disks, respectively. 

The density of dry PNIPA gel (mgel,dry) is 1.115 g/cm3.60 The density of the free liquid phase 

(ρsolution) was taken as 1 g/mL. The swelling degrees φ0/φe displayed in the figures are relative 

values, defined by the ratio of the equilibrium polymer volume fraction of the gel in pure water 

φ0 to that in the solvent φe. Reproducibility of the swelling degree is 0.25-1.75% and 1.5-3.5% 

for identical and different batches, respectively.  

 

3.2.2. Mechanical properties 

 

The mechanical properties of isometric (1x1 cm) fully swollen gel cylinders were 

investigated by using an INSTRON 5543 type mechanical testing equipment. Samples were 

compressed by 10% of their initial height in steps of 0.1 mm with the relaxation time of 4⋅4 s 

and force threshold 300 N. Nominal stress can be calculated as 
0

 x
N

F

A
, where Fx is the x-

direction force and A0 is cross-section of the non-deformed sample. Deformation can be 

characterized by 
0

 x
x

h

h
, where h0 and hx is the height of the gel cylinder before and after 

deformation, respectively. Introducing 2
x xD     gives the Mooney-Rivlin equation

1

1 2
N

xC C
D






  , where C1 and C2 are material constants. In gels of high swelling degree, 

where C2 = 0, elastic modulus can be determined from the slope of N – D neo-Hook 

representation.  
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3.2.3. Kinetics of temperature induced phase transition  

 

Prior to the measurements disks of 13 mm diameter were cut from the swollen film and 

kept at 20 ± 0.2 °C for 2 days to allow them to reach equilibrium. The samples were then 

plunged into a water bath at 50 ± 1 °C. The shrinkage induced by the thermal shock was 

recorded photographically by monitoring the diameter D of the disks. D values are given as the 

average of five different measurements read from the images by JMicroVision software and 

compared to the initial diameter D0 of the fully swollen gels.  

 

3.2.4. Differential scanning microcalorimetry (DSC) 

 

DSC measurements were performed on a MicroDSCIII apparatus (SETARAM). 

Powdered PNIPA gel was used in order to reduce the role of diffusion. The dry gel/liquid mass 

to volume ratio was 0.02. Samples were incubated for 2 hours in aqueous solutions, then heated 

from 10 to 40 °C with the scanning rate of dT/dt = 0.02 °C/min, unless otherwise stated. 

Enthalpy values (H) were obtained from the peak integrals with the standard error of 5-

10%. Entropy values (S) were estimated as: 

T

H
S


       (Eq. 2). 

 

3.2.5. Calculation of aromatic uptake 

 

Aromatic guest uptake na (mmol/gdry gel), was determined from the initial (c0) and 

equilibrium molar concentrations (ce): 

0

ee00

a
m

VcVc
n


 ,    (Eq. 3) 

where c0 and V0 are the concentration and volume of the aromatic molecule in the initial liquid 

phase, and ce and Ve are the same in the free liquid in equilibrium.  

 

3.2.6. Scanning electron microscopy (SEM) 

 

Dialysed gel films in the equilibrium swelling state were frozen in liquid nitrogen and 

broken immediately (Fig.12) prior to lyophilisation (Scanvac Coolsafe freeze dryer, Lynge, 
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Denmark; T = 25 °C, p = 10-2 mbar, 24 hours). Broken surfaces were coated with metal alloy 

(atomic ratio Au : Pd = 1.5 : 1), and observed by using a Hitachi SU6600 type analytical variable 

pressure scanning electron microscope equipped with a ZrO/W Schottky field emission electron 

source and an environmental secondary electron detector (Hitachi Ltd., Tokyo, Japan). The size 

distribution of the pores was determined from 80-100 data for each sample.  

 

 

Figure 12. Preparation of gel films for SEM observation. 

 

3.2.7. Simultaneous thermal analysis (STA) 

 

 STA investigations were performed on an STA6000 instrument (PerkinElmer) in high 

purity (99.9995%) nitrogen with the flow rate 20 mL/min. Dry PNIPA gel disks were 

equilibrated in excess aqueous aromatic solutions (mdry gel : msolution = 0.012) of c0 = 500 mM 

for 1 week at 20 ± 0.2 °C, then dried until mass stability. Guest molecule uptake was calculated 

from Equation 2. Dry guest molecule loaded samples (stored over silica gel) were incubated at 

30 °C for 5 minutes then heated from 30 to 650 °C with a scanning rate of 10 °C min-1. The 

thermogravimetric (TG), differential thermogravimetric (DTG) curves and differential thermal 

analysis (DTA) curves were recorded. The position of the peaks of the DTG and DTA curves 

was characterized by the temperature at their maximum. All the heat effects deduced from DTA 

are endothermic. 

 

3.2.8. X-ray powder diffraction (XRD) 

 

For XRD measurements dry gel disks were equilibrated in phenol, dopamine 

hydrochloride and ibuprofen sodium solutions with the initial concentration of c0 = 500 mM (1 

week, 20.0 ± 0.2 °C). XRD spectra were obtained daily during the drying process of the samples 

on at room temperature by a PANanalytical X’pert Pro MPD XRD powder diffractometer (V = 

40 kV, I = 30 mA, mask 20 mm).160 Spectra of the loaded gels were corrected with the 

background of the gel equilibrated in pure water in the identical drying state. Pure model drugs 
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freshly recrystallized from water were used as comparison. Crystallite sizes (Dp) were estimated 

from the Debye-Scherrer equation: 

𝐷𝑝 =
0.94𝜆

𝛽1/2𝑐𝑜𝑠𝛩
 ,    (Eq. 4) 

where 0.94 is the Debye factor, λ is the wavelength of the Cu Kα source (1.5418 Å), β is the full 

width at half maximum (FWHM) value of the peak and Θ is the Bragg angle. 

 

3.2.9. Infrared (IR) irradiation  

 

The surface of 10x10 mm swollen gel films, placed on a glass plate, was exposed to a CO2 

laser beam (wavelength: 10.6 µm, power: 0.500 W, spot size: 15 mm). Thermal maps were 

recorded at ambient conditions as video files by a Testo 890 thermal imaging camera (Testo, 

Alton, UK) for 30 seconds prior to the irradiation, then during laser exposure for 2 minutes. 

After irradiation, the cooling of the gels was monitored for 2.5 minutes. The temperature of the 

irradiated gels was determined as the average temperature of 20 positions within the laser 

exposed zone.  
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4. Results and discussion 

 

4.1. A search for evidence of intrinsic ionic behaviour in the response of the PNIPA 

hydrogel 

 

The principal purpose of the present investigation is to circumscribe the causes of the 

observed diaspora of experimental results by examining one of the above possible sources, 

namely the ionic group hypothesis. The presence of ionic groups is in fact difficult to ascertain, 

as the task of distinguishing the effects of intrinsic ionic groups on the properties of a polymer 

from those of attendant ions that surround polar groups is not always clear-cut. For this reason 

the objective is to look for evidence of intrinsic ionic behaviour in the PNIPA hydrogel 

synthesized in water under normal conditions, according to standard recipes with ammonium 

persulphate as initiator,41,46 but avoiding deliberate functionalization of the polymer,161 with a 

variety of observational methods and in a wide range of pH (Table A4-A6) and ionic strength 

conditions. A sensitive indicator of intrinsic ionic content is the osmotic pressure of gels.  

The amount by which a gel swells in a given solvent is determined by the balance 

between the osmotic pressure , which expands the network, and the volume elastic modulus 

GV, which limits the chain expansion. The shear elastic moduli of the fully swollen PNIPA 

hydrogel samples obtained by chemical and gamma initiation were respectively G = 0.83 ± 0.04 

kPa (1/ = 37.1) and G = 0.87 ± 0.04 kPa (1/ = 35.7). Within experimental error, these two 

results are indistinguishable. The analysis used in the following is based on the scheme of 

Horkay and Zrinyi,162 according to which at swelling equilibrium with the free solvent  

 = GV    (Eq. 5). 

In lightly cross-linked gels such as those described here the volume elastic modulus GV is 

numerically equal to the shear elastic modulus G.163 For a given gel composed of independent 

Gaussian chains,164 

G=G0
1/3,    (Eq. 6) 

where is the polymer volume fraction and G0 depends only on the cross-link density and on 

the absolute temperature T. The osmotic pressure  can be expressed as follows:165 

 = An,    (Eq. 7) 

where n is close to 9/4. Thus, for a given gel at swelling equilibrium e with the solvent, 
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A = G0e
-23/12    (Eq. 8) 

For consistency, in what follows, the polymer volume fraction is replaced by the mass 

concentration c = , where =1.115 g/mL is the density of the dry polymer.166 From Eqs. 5-

8, this yields for the osmotic pressure in the gel 

gel = (2.2±0.1) c2.25 MPa,   (Eq. 9) 

with c expressed in g/mL. 

An independent estimation of osmotic pressure in the PNIPA hydrogel was derived from 

dynamic light scattering measurements39 resulting  

 gel = 1.85 c2.25 MPa.    (Eq. 10) 

The non-aqueous synthesis route and careful sample preparation employed by 

Nagahama et al. allowed these authors to minimize ionic impurities, thus establishing a 

benchmark for osmotic pressure data for aqueous solutions of PNIPA. The osmotic pressure 

measurements of Nagahama et al.21 on solutions of uncross-linked PNIPA, interpolated to 20 

ºC, yield for  

= 3.73 c2.25 MPa    (Eq. 11) 

(with c in g/mL).  

Comparison of the value of A of the cross-linked PNIPA hydrogel (Eq. 10) with that of 

a reference uncross-linked polymer solution (Eq. 11) is an important indicator of the presence 

of electrostatic interactions in the gel. In spite of the experimental uncertainties inherent in the 

two independent estimates of A in Eq. 10 and 11, it is clear that the osmotic pressure prefactor 

is appreciably lower in the gel than in the uncross-linked solution. Experimental observations 

on a variety of polymer gels have shown that the prefactor A of the osmotic pressure in the gel 

is invariably lower than in the uncross-linked solution.167,168 Conversely, when incompletely 

screened ionic groups and thus electrostatic interactions are present, uncross-linked polymer 

solutions exhibit a significant increase in their osmotic prefactor A.
169,170 Comparison of the 

values found above for A in the PNIPA hydrogel with that of A in Eq. 11 for uncross-linked 

solutions implies that, if any ionic groups are present in the gels investigated here, their quantity 

is vanishingly small. 

The acid-base properties of PNIPA hydrogel were studied by continuous potentiometric 

titration in the pH range of 3 to 10 in CO2-free media (see Appendix A3). The potentiometric 

titration curve calculated from the H+/OH- balance in Figure 13 demonstrates that PNIPA is 

sensitive to pH. Starting from the immersion pH 5.5 up to pH 10, then down to pH 3 and 
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returning to pH 5.5, the titration cycle reveals irreversibility. This irreversibility stems from the 

limited mobility of ions within the swollen gel, especially of negatively charged OH- ions from 

the base titrant above pH 6, where the gel matrix is polarized negatively (upgoing curves).171 

At pH < 5.5 surface proton excess occurs, probably due to protonation of the basic nitrogen on 

the polymer backbone. At higher pH, the negative values generally correspond to proton release 

or to binding of hydroxyl ions. In this case the pH response indicates that the acidic character 

is weak. The curve is asymmetric, base consumption being much larger than proton excess in 

the corresponding pH region. This asymmetry is also an indicator of preferential affinity of the 

PNIPA gel for anions. At the highest pH values, chemical degradation takes place. 172 These 

observations bear no hallmark of intrinsic ionic behaviour. They are, on the contrary, consistent 

with recent work that highlights the important role played in the transition by local interactions 

between anions and the amide groups in the PNIPA chain.41,44,45,173 

  

 

Figure 13. Potentiometric titration cycle of PNIPA hydrogel at 25 °C in 0.01 M NaCl 

background electrolyte concentration, starting from immersion pH 5 

 

Up to these days, numerous studies have investigated the potential pH sensitivity of 

PNIPA hydrogels,33,34,35,37,38,39 but these works refer mainly to co-polymer systems. Of 

particular interest is the investigation of Hirotsu et al.,29 which showed that at neutral pH, NIPA-

acrylic acid copolymer gels undergo a discontinuous transition as a function of temperature 

above a certain acrylic acid content. For the PNIPA gels described here, the transition is 

continuous.174 This condition sets an upper limit for their intrinsic ionic content of about 0.1%. 

Figure 14 shows the equilibrium swelling degree 0/e, as well as the onset temperature Tonset, 

as a function of pH under different solvent conditions. The maximum in 0/e around pH 3 is 

the consequence of induced polyelectrolyte behaviour associated with protonation of the 

NIPAM polar group, as mentioned above. In the acidic region below pH 3, 0/e decreases 
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almost linearly with decreasing pH in response to the increasing ionic strength (HCl, ionic 

strength range 0.001-1 M). Conversely, in the range pH 11– 13 (KOH, ionic strength range 

0.001–1 M), 0/e increases linearly with increasing pH. This behaviour is the signature of 

increasing hydrolysis at high pH. At pH 13.5 and 14 the ionic strength of the solution causes 

the gel to collapse. To the naked eye, however, the gels remain intact. The onset temperature, 

Tonset, is practically independent of pH in the range 3 ≤ pH ≤ 10. Outside this range, Tonset 

decreases, almost certainly also due to the accompanying increase in ionic strength.  

 

Figure  14. Dependence of equilibrium swelling degree 0/e (left hand axis) and Tonset (right 

hand axis) at 20 °C on pH. : 0/e with no added salt, pH being defined only by HCl or 

KOH (dashed line: polynomial fit to data, excluding points at pH>13), : 0/e with 

phosphate buffer, : 0/e with Britton-Robinson buffer. : Tonset with either HCl or KOH 

alone, : Tonset with phosphate buffer. 

 

Figure 14 also illustrates how, when buffer solutions are used to modify the pH, the 

swelling ratio decreases markedly with respect to the salt free condition, and that Tonset decreases 

with increasing pH, highlighting the importance of the background electrolyte (see also 

Appendix A4).  

The DSC response of PNIPA samples in acidic solutions for the range 0 ≤ pH ≤3 and in 

basic solutions in the range 11 ≤ pH ≤ 14, with no added salt is shown in Figure 15. At pH = 0, 

the shape of the transition broadens, indicating a change in the network chains. This change is 

reversible. At high pH, the shape and the position of the transition peak also vary, but more 

strongly. The hydrolysis of the polymer chains is irreversible. The enthalpy H and the 

onset 
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corresponding entropy S of the endothermic transition in aqueous solutions of HCl and KOH 

are practically independent of the pH (Table 4). For comparison, the values of H and S with 

pure water are also listed in Table 4.  

 

 

Figure 15. DSC response of PNIPA at various pH set by either HCl or KOH solutions. 

 

Table 4. Enthalpy and entropy of the transition in aqueous solutions of HCl and KOH. 

 H (J/gdry gel) S (J/g K) 

H2O 67 ± 5.9 0.22 ± 0.02 

HCl 60.0 ± 4.9 0.21 ± 0.01 

KOH 63.2 ± 2.7 0.20 ± 0.02 

  

The effect of the ionic salts KCl and CaCl2 on the swelling degree and the osmotic 

pressure of the gels is shown in Figure 16. On plotting φ0/φe as a function of the ionic strength 

I of the solution surrounding the gel, with these two salts the VPT occurs at different values of 

I (Fig. 16a). In both cases φ0/φe decreases exponentially with I in the region before the collapse. 

This response is inconsistent with that of polyelectrolytes, where the osmotic pressure obeys a 

power law function of ionic strength.175 With the divalent salt CaCl2, the deswelling exhibits a 

two-step process that implies partial chain folding, analogous to that observed by Zhang and 

Cremer with Na2SO4.
44 The gel remains transparent as far as φ0/φe ≈ 0.4.  
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The corresponding calculated variation of the osmotic pressure pre-factor A, defined at 

each salt concentration by the equilibrium condition, is plotted in Figure 16b as a function of 

concentration of Cl- ions for both KCl and CaCl2, rather than as a function of ionic strength I, 

as in Figure 16a. In this semi-logarithmic representation, the straight-line behaviour in the 

swollen state for KCl (cCl- < 1 M) reproduces the exponential behaviour seen in Figure 16a. 

This response differs markedly from that of Tonset (Fig. A2), which decreases linearly with 

respect either to I or to cCl-. Figure 16b provides confirmation that it is the anion concentration 

that determines the VPT, which at 20 ºC takes place at cCl- = 1M. With CaCl2 the initial decrease 

is indistinguishable from that with KCl, but at cCl- > 0.5 M it diverges, decreasing in 

discontinuous steps. It is also remarkable that in the swollen state, neither response resembles 

that of a polyelectrolyte solution, where the osmotic pressure varies with ionic strength as I-0.75 

(broken lines in Fig. 16b).169,170 A striking contrast to this behaviour is provided by 

polyelectrolyte gels in equilibrium with an infinite bath: the critical ion concentration in the 

surrounding solution at which the present gels collapse is about three orders of magnitude 

greater than for polyelectrolyte gels, and the ion exchange capacity is negligible.176 This 

comparison again shows that the ionic content of the gel is very much smaller than 1%.  

 

Figure 16. (a) Ionic strength dependence of the equilibrium swelling ratio 0/e of PNIPA 

gels in solutions of KCl (squares) and CaCl2 (circles) at 20 °C (b) Dependence of the osmotic 

pressure pre-factor A on the Cl- anion concentration in aqueous solutions of KCl (squares) and 

CaCl2 (circles) at 20ºC. Dashed curves: osmotic pressure of polyelectrolyte solutions as the 

ionic strength I is varied ( I-0.75).
169,170 Horizontal arrow: osmotic pressure pre-factor A for 

solution of uncross-linked polymer at 20 ºC (Eq. A7).177  
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 From measurements of the swelling and osmotic properties, as well as potentiometric 

titration and DSC response investigations of lightly cross-linked PNIPA hydrogels 

demonstrated that the intrinsic ionic content of the gel is vanishingly small. The osmotic 

response to added salt is also inconsistent with that of polyelectrolyte systems. Our investigation 

forecloses the idea that charged ionic groups acquired during free radical synthesis of PNIPA 

play a significant role in the saga of past experimental inconsistencies. 

The equilibrium swelling degree of the hydrogel depends both on pH and on the nature 

of the buffer solution (Table A7, Fig. A1), but in the latter case the effect of the salt is stronger 

than that of pH. As expected, at high pH the network chains become increasingly hydrolysed, 

and ultimately collapse, in response to the elevated anion concentration in the solution. These 

findings highlight the importance of the background electrolyte.  

Although ionic salts affect the osmotic pressure, the phase transition temperature 

appears to have no direct relationship to the value of the osmotic pressure at the transition 

threshold. The response of the swelling degree to the ionic salts KCl and CaCl2 confirms that 

the VPT of the gel is governed not by the ionic strength, but by the anion concentration in the 

surrounding solution. 

 

4.2. Interactions of small aromatic molecules with PNIPA hydrogel  

 

Small aromatic molecules may influence the swelling behaviour of the PNIPA gel in 

various ways. While some molecules have only a slight effect or no effect at all, other guest 

molecules can change the transition temperature even at low additive concentrations, inducing 

the collapse of the hydrogel already at or below room temperature. The nature and strength of 

the interaction between drug molecules and the PNIPA polymer chains are of vital importance 

in terms of efficiency of controlled delivery. When a small molecule interacts with the polymer 

chains in a reversible or irreversible way, it may determine the rate of release, e.g. interactions 

between the guest molecule and the gel network can inhibit release by binding of the drug to 

the polymer chains and/or by altering the swelling properties of the gel. While chemical 

properties of the guest molecule and potential drug – polymer interactions are of crucial 

importance in the swelling and release process, these interactions are poorly understood at the 

molecular level.  
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4.2.1. Phenols 

 

Phenols with –OH groups in meta position (phenol; 1,2-dihydroxybenzene; 1,3,5-

trihydroxybenze) were investigated by our research group previously. At fixed temperature (20 

°C) a significant collapse of PNIPA gel was observed when the phenol content of the aqueous 

solution reached a “critical” concentration (ccrit) that was characteristic of the guest molecule.  

It was also found that with the increasing number of hydroxyl groups ccrit shifts to lower 

concentrations58 (Fig.17a). In order to reveal the correlation between the swelling and phase 

transition characteristics of PNIPA hydrogel and the substitution pattern of phenols in detail, 

studies were extended to additional bi- and tri-hydroxy phenols (1,3-dihydroxybenzene; 1,4-

dihydroxybenzene; and 1,3,5-trihydroxybenzene). 

The shape of the swelling curves was found to be affected by the structure of the small 

molecules dissolved in the swelling medium. All phenols slightly reduce the swelling degree at 

low concentrations that can be characterized by an “initial slope”. Exceeding ccrit induces an 

abrupt volume change already at 20 °C that is characterized by the “slope of transition”. Above 

the transition the swelling of PNIPA gel is very limited (Fig.17, Table 5). In case of meta 

phenols, the initial slope lessens as ccrit increases. On the contrary, for ortho phenols (phenol; 

1,2-dihydroxybenzene; 1,2,3-trihydroxybenzene) the initial slope increases with elevating ccrit, 

also ccrit increases with the increasing number of –OH groups (Fig.17b). It can be concluded 

that relative to phenol, ortho –OH substitution increase, while meta positions decrease ccrit at 

20 °C (Table 5). Comparing phenols with two –OH groups, the sequence is meta < para < ortho. 

Multiple –OH substituted phenols show a stronger influence below the critical concentration: 

for both meta and ortho phenols, the slope of the initial region increases with the number of –

OH groups.  

In the transition, increasing the number of hydroxyl groups results in the reduction and 

widening of the slope, both in case of meta and ortho substituted phenols. Generally speaking, 

if the effect of the concentration below VPT is more pronounced then the phase transition 

appears to be wider and less steep (Table 5).  
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Figure 17. Swelling degree of PNIPA hydrogel in different phenolic molecule solutions at 20 

°C as the function of equilibrium concentration in the free liquid phase: (a) Meta substituted 

phenols58: Δ phenol, ▲1,3-dihydroxybenzene (resorcinol), ▼ 1,3,5-trihydroxybenzene 

(phloroglucinol); (b) Ortho substituted phenols: Δ phenol,  1,2-dihydroxybenzene 

(catechol) ● 1,2,3-trihydroxybenzene (pyrogallol); (c) Δ phenol,  1,2-dihydroxybenzene 

(catechol), ▲1,3-dihydroxybenzene (resorcinol), ■1,4-dihydroxybenzene 

(hydroquinone).178,179,180,181 

 

Table 5. ccrit of the phase transition and slope* of the swelling isotherms of PNIPA hydrogel in 

aqueous phenol solutions.181 

 

Phenol 

Meta Ortho Para 

1,3-

dihydroxy-

benzene 

(resorcinol) 

1,3,5-

trihydroxy-

benzene 

(phloroglucinol) 

1,2-

dihydroxy

-benzene 

(catechol) 

1,2,3-

trihydroxy-

benzene 

(pyrogallol) 

1,4-dihydroxy-

benzene 

(hydroquinone) 

ccrit (mM) 5358 5058 3658 81 194 62 

Initial 

slope 

(1/mM) 

-1.4·10-3 -4.7·10-3 -6.0·10-3
 -2.7·10-3 -2.8·10-3 -5.5·10-3 

Slope in 

transition 

range 

(1/mM) 

-161*10-3 -111*10-3 -87*10-3 -35*10-3 -7.3*10-3 -47*10-3 

*the error of the linear fit is 8-20%  

 

The phase transition of PNIPA gel swollen in aqueous guest molecule solutions was 

also investigated by high sensitivity DSC. Raising the concentration of phenols significantly 

lowers the transition temperature and broadens the response curve that becomes slightly more 

endothermic (Fig.18, Table 6). Broadening may indicate slower relaxation of the PNIPA 

a b
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polymer chains during the transition as the concentration increases and/or reduced heat 

conductivity as water is expelled. Observations on the effect of phenols on the phase transition 

were confirmed by NMR measurements. 

 

Figure 18. DSC response of powdered PNIPA gel in (a) phenol and (b) cathecol  

Successive curves are shifted vertically.181 

 

Table 6. ΔH values of the phase transition of PNIPA hydrogel swollen in aqueous phenol  

and cathecol solutions.181 

Phenol Cathecol 

c (mM) ΔH (J/g) c (mM) ΔH (J/g) 

0 57 ± 5 0 57 ± 5 

5 60 ± 5 10 59 ± 5 

25 71 ± 6 25 60 ± 5 

30 70 ± 6 50 68 ± 6 

60 72 ± 6 100 68 ± 6 

 150 62 ± 5 

 

Interaction of phenols with PNIPA gel and their effect on polymer structure on the 

molecular level were investigated on phenol and cathecol loaded gels by solid state NMR 

techniques. In present thesis the main conclusions of the published NMR results182,178 are 

highlighted.  

1H Magic Angle Spinning (MAS) spectra revealed that the pore structure of the guest 

molecule loaded gel is more complex in case of phenol than for cathecol. This observation is 

highly consistent with the DSC results. The broader DSC transition of phenol reflects a greater 

variety of polymer configurations compared to cathecol. Broad signal develops when the 

rearrangement of the aromatic molecules after deswelling is slower, which is due to the more 

complicated pore structure. According to the MAS NMR investigations no phenol or cathecol 
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molecules are present in the free water phase, suggesting a possible interaction between the 

phenolic compounds and PNIPA.  

Direct information about these molecular associations was derived from Combined 

Rotation and Multiple-Pulse Spectroscopy (CRAMPS) spectra which map the connectivity 

between proton resonances (Appendix A5). When the proton-proton distance is less than 1 nm, 

intermolecular cross-peaks appear, demonstrating the existence of host-guest interactions. 

Phenol molecules were found to be connected by strong H-bonds to the carbonyl groups of the 

PNIPA acrylamide side chains (Fig.19). This observation was confirmed by Density Functional 

Theory (DFT) calculations: the most favourable structure is when phenols are attached by 

strong hydrogen bonds to the carbonyl groups of PNIPA gel, in which case they can freely 

rotate around the C=O axis.  

 

 
 

Figure 19. 1H-1H correlation CRAMPS spectra at 10 kHz spinning rate with 1000 s of 

mixing time above VPT. Appearance of intermolecular cross-peaks demonstrates the close 

proximity in swollen PNIPA gel containing phenol above the VPT.178 
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4.2.2. Dopamine and ibuprofen 

 

It was found that all phenols have a major influence on the PNIPA phase transition. 

Swelling, DSC and NMR measurements confirmed that the effect of these guest molecules 

strongly depend on their chemistry, i.e. both on the number and on the position of OH groups. 

In order to extent the investigations to further functional groups, two drug molecules that are 

applied in real practice and have different functional groups were chosen: dopamine and 

ibuprofen.  

The effect of both drug molecules on the hydrogel is fundamentally different compared 

to phenols. Introducing an aminoethyl group into 1,2-dihydroxybenzene changed the 

interactions dramatically: contrary to phenols, no VPT occurs even in very concentrated (c0 = 

1 M) solutions of dopamine. Ibuprofen also does not induce phase transition, but causes a minor 

depletion in the swelling degree; that is proportional to its concentration (Fig.20).  

 

 

Figure 20. Swelling degree of the PNIPA hydrogel in model drug solutions at 20 °C, as the 

function of equilibrium concentration in the free liquid phase:  

▲phenol ■ dopamine ● ibuprofen.180 

 

Dopamine slightly increases the phase transition temperature (Fig.21a). The broadening 

of the phase transition peak becomes obvious only from 500 mM dopamine concentration. 

Although at 20 °C no macroscopic deswelling can be observed, the enthalpy of the transition 

drops sharply in the 1 M dopamine solution (Table 7). Ibuprofen has virtually no effect on TVPT 

and its enthalpy increasing effect is very moderate (Fig.21b, Table 7). The effect of both 

dopamine and ibuprofen differs greatly from that of phenol, in which case a significant 
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reduction of the phase transition temperature and broadening of the response curve was 

observed already at lowest guest molecule concentrations. 

 

Figure 21. DSC response of powdered PNIPA gel in (a) dopamine and (b) ibuprofen solutions 

with different concentrations. Successive curves are shifted vertically. 

 

Table 7. ΔH values of the phase transition of PNIPA hydrogel swollen in aqueous dopamine 

and ibuprofen solutions. 

Dopamine  Ibuprofen  

c (mM) ΔH (J/g) c (mM) ΔH (J/g) 

0 57 ± 5 0 57 ± 5 

25 55 ± 5 10 59 ± 5 

100 60 ± 6 35 61 ± 5 

500 50 ± 5 50 61 ± 5 

1000 33 ± 3 100 61 ± 5 

 

Unlike for phenols, interactions between dopamine and PNIPA molecules could not be 

detected by NMR investigations (Fig.22). However, a substantial part of the dopamine 

molecules showed only a very low mobility indicating oligomerization, or even polymerization 

of dopamine. The coexistence of the aromatic ring and amine group in the dopamine molecule 

were reported to be the driving force of self-polymerization, however the detailed mechanism 

is not revealed yet. Most probably the oxidation of catechol to a quinone is followed by a 

polymerization, in a like manner to melanin formation.183,184  

Similarly to dopamine, in the CRAMPS spectra of the ibuprofen loaded gel 

intermolecular interactions between the drug and the polymer could not be clearly detected. 
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Figure 22. 1H-1H correlation CRAMPS spectra at 10 kHz spinning rate with 1000 s of 

mixing time above VPT. The corresponding cross peaks are absent with dopamine (area 

inside ellipses) .178 

 

It has been observed that the addition of small guest molecules, even at low 

concentration, influences noticeably the transition behaviour of the PNIPA hydrogel. Several 

additives, e.g. inorganic salts, phenols and benzene derivatives (salicylaldehyde, 3,4-

dimethoxybenzaldehyde, hydroxy-benzaldehyde, ethylvanillin, benzoic acid, methyl-p- 

hydroxybenzoate), saccharide and organic solvents (methanol, ethanol, dimethyl sulfoxide) 

were found to reduce the TVPT of PNIPA. The transition temperature can be increased by the 

addition of surfactants (e.g. sodium dodecyl sulphate) or organic quaternary ammonium 

salts.50,51,52,53 The TVPT shift depends on the structure and the concentration of the additive, but 

no correlation was found with hydrophobicity or solubility, suggesting that specific additive – 

polymer interactions may be the major factors in controlling the TVPT.50  

In investigations of phenol – PNIPA systems it was found that all phenols have a major 

impact on the phase transition of the PNIPA gel. In aqueous solution, they reduce the TVPT 

proportionally to their concentration (Fig.23) and affect the rate of heat release. The extent 

depends both on the number and on the position of the hydroxyl groups. When the –OH groups 

are in meta position, increasing their number reduces the concentration required to initiate a 

phase transition already at 20 °C. Increasing the number of the –OH groups in adjacent position 

on the other hand shifts this concentration to higher values.  

The effect of phenols was compared to that of two widely used aromatic drug molecules 

that are expected to behave differently: dopamine and ibuprofen. The aminoethyl phenol 

derivative, dopamine, has an opposite effect to phenols: it increases the phase transition 
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temperature, though its impact is much more limited compared to that of phenols. Contrary to 

all these, ibuprofen has no effect on TVPT at all. As neither the solubility nor the acid/base 

properties (Table 2) provide an explanation for the different effect of phenols, dopamine and 

ibuprofen, an understanding of the intramolecular interactions is required.    

 

 

 

Figure 23. TVPT of PNIPA gel in aqueous solutions from DSC measurements. For phenols and 

ibuprofen the lower, for dopamine the upper concentration scale applies. Δ phenol,  

 1,2-dihydroxybenzene (catechol), ▲1,3-dihydroxybenzene (resorcinol),  

■ 1,4-dihydroxybenzene (hydroquinone), ● 1,2,3-trihydroxybenzene (pyrogallol),  

▼ 1,3,5-trihydroxybenzene (phloroglucinol), □ ibuprofen  

4-(2-aminoethyl)benzene-1,2-diol (dopamine).181 

 

 

 

  

ibuprofen 
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4.2.3. Interactions between small aromatic molecules and the PNIPA hydrogel seen in 

dry state; implications for drug delivery 

 

The disadvantage of drug transport systems based on the quick phase transition of 

swollen gels that they are not suitable for a retard drug release. A possible solution can be the 

application of dried drug loaded gels that provide prolonged release during the slow reswelling 

due to their shape memory. It is expected that interactions observed in swollen state are 

preserved during the drying process, and thus influence the thermal properties of the dry drug 

– polymer system. In order to obtain deeper insight into the interactions between the guest 

molecules and the polymer, dry PNIPA matrices loaded with three types of drugs affecting the 

swollen state in different ways – phenol, dopamine hydrochloride and ibuprofen sodium – were 

investigated by STA measurements. 

 

Table 8. Selected properties of the guest molecules in simultaneous thermal analysis (STA) 

experiments. 

 Phenol 
Dopamine 

hydrochloride 
Ibuprofen sodium 

Melting  

Melting: 

T = 40.89 °C 

ΔHfus = 11.51 kJ/mol185 

Sublimation: 

T = – 43-40 °C 

ΔHsub = 65.3-69.7 kJ/mol186 

T = 241 °C 

(decomposition)187 

β T = 190 °C77,79,188  

γ 

T = 200 °C 

ΔHfus =  

10.8 kJ/mol77,79,188 

Boiling  
T = 181.87 °C 

ΔHvap = 45.69 kJ/mol185 

 

 

 

The composition of the drug loaded dry PNIPA gel samples is summarized in Table 16. 

The significantly lower guest molecule uptake for phenol compared to both drug molecules is 

due to the collapsed state of hydrogel resulted by the phenolic concentration of the swelling 

medium. 
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Table 9. Composition of dry drug loaded PNIPA gels.180 

Guest molecule 

Uptake* 

guest

dry gel

mmol

g
 

Sample composition* 

Guest

monomer
molar ratio 

w/w% 

Guest Monomer 

Phenol 2.2 0.25 17.1 82.9 

Dopamine 

hydrochloride 
15.1 1.71 74.1 25.9 

Ibuprofen sodium 14.2 1.61 76.3 23.7 

* based on uptake measurement (Eq.2) 

 

The decomposition of PNIPA gel occurs in a single step and is preceded by 3.4% water 

loss around 100 °C, indicating that even after a week-long storage in a desiccator some water 

is still retained. The glass transition at ca 130 °C is not well-pronounced on the DTA curve 

(Fig.24). These observations are in a good agreement with the literature.12,189 Degradation takes 

place from 330 to 430 °C resulting in 94.9% mass loss and 478.0 J/gsample enthalpy change. The 

corresponding DTG and DTA peaks appear at 415.5 and 414.5 °C, respectively. Considering 

the water content, the decomposition enthalpy of the water-free PNIPA gel can be estimated as 

ΔH = 56.0 kJ/molmonomer. Residual mass at 650 °C is 1.7%. 

 

Figure 24. Thermogravimetric (TG), differential thermogravimetric (DTG) and 

differential thermal analysis (DTA) responses of pure PNIPA gel. 

TG: dotted line, DTG: solid line, DTA: dashed line. 

 

In the thermal response of pure phenol no separate water loss can be distinguished 

(Fig.25a). The melting peak appears at 43 °C on the DTA curve. The sharpness of the melting 

peak and the corresponding enthalpy (9.4 kJ/mol) indicates the lack of sublimation.185 In the 
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50-140 °C range phenol completely evaporates into the nitrogen flow (100% mass loss). The 

corresponding DTA (137 °C) and DTG (136 °C) peaks are below the normal boiling point (182 

°C)185, that can be attributed to the dynamic conditions. The molar heat of the melting (54.9 

kJ/mol) overestimates the heat of evaporation,185 due to the highly volatile nature of phenol. 

Since the PNIPA gel collapses in 500 mM phenol solution, this sample was prepared 

above LCST conditions, where the polymer forms ca. 10 nm thick hydrophobic walls instead 

of the freely moving organic chains. Phenol molecules are distributed in the hydrophobic walls 

as well as in the ca. 100 nm cavities.60 The liquid phase retained is limited, although the swelling 

degree is still 8.2 (Fig.20). NMR investigations revealed that close to the phase transition state 

a direct interaction develops between the phenol and the polymer chains. The thermal response 

of the guest – PNIPA gel system (Fig.25b) cannot be derived as a simple proportional 

combination of the pure phenol (Fig.25a) and PNIPA gel (Fig.24) curves. The melting peak of 

phenol and the Tg of PNIPA are not recognizable. The mass loss belonging to the first step 

on the TG curve (60-280 °C) significantly exceeds the phenol content (Table 9). According to 

Figure 24 PNIPA gel starts to degrade only at higher temperature, and therefore it may not 

contribute to this effect. Since according to the mass balance the loaded sample contains 24% 

water even when dried until constant mass, this step can be attributed to the slow discharge of 

phenol and strongly bound water molecules, indicating phenol – water – PNIPA gel interaction. 

The high water content contributes to the elasticity observed on the macroscopic sample. 

Decomposition of the phenol loaded hydrogel occurs at 382 °C. The higher thermal sensitivity 

may be the result of the weakening polymer – polymer attraction and the less ordered structure 

as the loaded gel is drying, due to the phenol – PNIPA gel interaction. The high surface area of 

the remaining porous polymer may also contribute to the higher thermal sensitivity. This can 

be concluded from the comparison of the corresponding residues at 650 °C. Considering the 

PNIPA content of the sample (Table 9), the estimated degradation heat of PNIPA is 62 

kJ/molmonomer, which is in a relatively good agreement with the enthalpy obtained for pure 

PNIPA gel. It is very probable that no phenol remains in the gel at high temperatures. 

On the TG curve of pure dopamine hydrochloride a wide and complex step can be 

observed in the 220-500 °C region with the total mass loss of 77.2% and 22.8% residue, in 

compliance with the reference data183 (Fig.25c). The melting peak appears on the DTA curve 

at 244.7 °C with a corresponding enthalpy of 36.8 kJ/mol. According to the DTG response, the 

decomposition starts already at the melting point resulting in a peak maximum at 327 °C and 

heat effect of 85.5 kJ/mol. A well separable heat (66.9 kJ/mol) belongs to the tail of the DTG 

curve. The total heat of decomposition can be estimated as 155.4 kJ/mol. 



 
 

50 

Dopamine behaves as it is expected from the swollen state behaviour. Dopamine and 

PNIPA degrade practically independently based on the STA observations. On the thermal 

response curves of dopamine loaded PNIPA gel characteristic regions belonging to the drug 

and the gel can be identified and practically no changes in peak positions can be observed 

(Fig.25c and d). The residue at 650 °C (ca. 21%) and the clearly recognisable melting peak of 

dopamine (224.8°C) also confirms the independent decomposition of the components. 

The melting enthalpy 21 kJ/moldopamine is about 60% of that obtained for pure dopamine. 

Possibly a part of the drug interacts preferentially with other dopamine molecules,183,184 thus 

only a limited amount contributes to this peak. The DTG signals of the drug and the gel are 

very close to each other (Fig.26): the peak at 313.9 °C belongs to dopamine, and the DTG peak 

at 405.4 °C corresponds to the PNIPA gel. The estimated 81 kJ/moldopamine
 decomposition 

enthalpy is in a good agreement with that obtained for pure the pure dopamine hydrochloride. 

The slight shifts in the DTG peak positions can be attributed to the modified signal shape rather 

than any interaction.  

The TG curve of pure ibuprofen sodium racemate (Fig.25e) reveals an initial water loss 

of 2.8 % below 100 °C. The 198 °C peak in the DTA response is related to the melting of the 

gamma form of ibuprofen sodium,77,188 however, the corresponding enthalpy (16.1 kJ/moldry 

ibuprofen) is significantly higher than the reference value (Table 9). Decomposition takes place at 

465 °C (ΔH = 84.8 kJ/moldry ibuprofen), leaving 25.7% residue.   

The PNIPA gel was highly swollen in 500 mM ibuprofen solution during the sample 

preparation. Ibuprofen, although its effect in swollen state is very moderate, modifies the 

PNIPA signal the most. In the ibuprofen loaded system a dehydration process with the mass 

loss of 9.0%, ending at ca. 145 °C was observed (Fig.25f). As the pure drug and the pure 

polymer retain only a limited amount of water, this increased attraction of water can be 

attributed to the composite system. The melting point of ibuprofen is hardly detectable and 

shifted to ca 184 °C. Instead of distinguishing responses in the mixed system around the 

temperatures characteristic to the individual components, the degradation DTG peaks of both 

the polymer and ibuprofen “disappear” and a single peak appears at a significantly lower 

temperature, above 300 °C with an elongated tail that ends around at 500 °C (total mass loss 

81.1%, total heat 419.2 J/gsample). This significant shift of decomposition can be attributed to 

the less ordered and more temperature sensitive gel structure in the presence of ibuprofen, and 

reveal that the degradation of ibuprofen is also promoted by the decomposition of the polymer. 

The total residual mass (8.3%) that is much less of that can be estimated from the pure signals, 
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confirms this synergetic effect and suggests that a part of ibuprofen is strongly attracted to the 

polymer chains.  

  

  

  

Figure 25. TG, DTG and DTA responses of (a) phenol (b) phenol loaded PNIPA gel 

(c) dopamine hydrochloride (d) dopamine hydrochloride loaded PNIPA gel (e) 

ibuprofen sodium and (f) ibuprofen sodium loaded PNIPA gel in N2 flow.  

TG: dotted line, DTG: solid line, DTA: dashed line.180 
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Figure 26. Comparison of the DTG response of PNIPA gel samples loaded with different drug 

molecules in N2 flow. Pure PNIPA gel: dotted-dashed line, phenol loaded gel: dotted line, 

dopamine hydrochloride loaded gel: solid line, ibuprofen sodium loaded gel: dashed line.180 

 

Direct interactions between the drug molecules and the PNIPA polymer chains are 

expected to significantly affect the drug release effectiveness of the dry guest loaded systems. 

These may not only influence the amount of drug that can be released but also its morphology. 

As water evaporates from the drug – PNIPA systems, host – guest interactions determine the 

final crystalline form of the loading drugs. By drying the loaded gel matrices amorphous or 

small crystalline particles can develop from the drug that may facilitate accurate dosage and 

dissolution. Crystallization of the three selected guest molecules – phenol, dopamine 

hydrochloride and ibuprofen sodium – within the PNIPA matrix was investigated by XRD 

method.  

According to XRD spectra, all three drugs recrystallize when their 500 mM aqueous 

solutions are dried in free conditions (Fig.27a, c and e). The diffractogram obtained on PNIPA 

gel swollen in pure water showed that the dry gel is amorphous. The lack of crystalline peaks 

in the spectrum of the phenol loaded gel (Fig.27b) indicates that the crystallization of phenol 

confined in the gel is hindered, that can be attributed to the hydrogen bond formation between 

phenol and PNIPA, which was confirmed by NMR measurements.74,75 This conclusion is 

consistent with the observations reported earlier, i.e. that hydrogen bonding between the drug 

molecule and polymer chains inhibits the mobility and thus the nucleation and crystallization 

of phenol.55,74 The amorphous state of phenol in the dry gel is also confirmed by STA 

measurements, where the absence of the phenol melting peak was observed. Since it is 

accompanied by the strong bonding of water molecules – as it was also revealed by STA –, the 
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phenol – PNIPA gel interaction not only hinders crystallization of phenol, but results in a high 

residual water content and thus elasticity even in samples dried until mass stability. 

By contrast, dopamine hydrochloride slowly crystallises during the drying process 

(Fig.27d). This can be attributed to the strong guest – guest interaction183,184 that may prevent 

the dopamine – PNIPA gel interaction even in confined conditions, but fosters crystallization. 

These findings can be confirmed STA investigations. The independent decomposition of 

PNIPA gel and dopamine hydrochloride refers to the lack of interaction; while the reduced area 

of the clearly recognisable melting peak implies that part of the dopamine is in interaction with 

other dopamine molecules, thus only a limited amount can contribute to this peak.  

In the ibuprofen sodium incorporated gel fast crystallization of the drug can be observed 

(Fig.27e). While hydrogen bonding between ibuprofen and PNIPA was reported in some 

studies,190,191 no clear evidence of chemical interaction between the guest molecule and the 

hydrogel was found by NMR investigations. While the synergetic decomposition of the drug 

and the polymer in STA investigations implies interaction, the remaining degradation and 

melting peak of free ibuprofen sodium on STA curves and the observed crystallization of 

ibuprofen during the drying process suggest that even if there is any interaction, only a part of 

ibuprofen is bound. 
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Figure 27. XRD spectra of the guest molecules and the guest-PNIPA gel systems during the 

drying process: (a) phenol (b) phenol loaded PNIPA gel (c) dopamine hydrochloride (d) 

dopamine hydrochloride loaded PNIPA gel (e) ibuprofen sodium (f) ibuprofen sodium loaded 

PNIPA gel. Successive curves are shifted vertically for clarity.181 

  

b

[

I

d

e 

í

r

h

a

t

j

a 

a 

d

o

k

u

m

e

n

t

u

m

b

ó

l 

i

d

é

z

e

t

t 

s

z

ö

v

e

g

e

t 

v

a

g

y 

e

g

y 

a

[

I

d

e 

í

r

h

a

t

j

a 

a 

d

o

k

u

m

e

n

t

u

m

b

ó

l 

i

d

é

z

e

t

t 

s

z

ö

v

e

g

e

t 

v

a

g

y 

e

g

y 

e

[

I

d

e 

í

r

h

a

t

j

a 

a 

d

o

k

u

m

e

n

t

u

m

b

f

[

I

d

e 

í

r

h

a

t

j

a 

a 

d

o

k

u

m

e

n

t

u

m

b

c

[

I

d

e 

í

r

h

a

t

j

a 

a 

d

o

k

u

m

e

n

t

u

m

b

ó

l 

i

d

é

z

e

t

t 

s

z

d

[

I

d

e 

í

r

h

a

t

j

a 

a 

d

o

k

u

m

e

n

t

u

m

b

ó

l 

i

d

é

z

e

t

t 

s

z

ö



 
 

55 

Table 10. Drug crystallite sizes crystallized from solutions and confined in PNIPA gel. 

 

Guest molecule 
Estimated crystallite size (nm) 

Crystallized from solution Crystallized in PNIPA gel 

Phenol 118 ± 47 no crystals 

Dopamine hydrochloride 124 ± 19 37 ± 14 

Ibuprofen sodium 95 ± 15 63 ± 20 

 

In the dry polymer matrix phenol is preserved in amorphous state. When drying in free 

conditions, the crystallite size of phenol is 118 nm. For dopamine hydrochloride significant, 

while for ibuprofen sodium a slighter reduction in the crystallite size occurs when confined in 

the gel matrix. The size of dopamine crystallites reduces from 124 nm to 37 nm when dried 

within the gel network. In case of ibuprofen the crystallite sizes are 95 nm and 63 nm, in free 

and in confined states, respectively. 

 

Drug – polymer interactions significantly affect the drying process of loaded gels. 

Observed variations in the thermal responses of the three drug loaded dry PNIPA gel samples 

can be interpreted in terms of the different molecular interactions in confined conditions. The 

elongated collective release of phenol and water suggests that the interaction between PNIPA 

gel and phenol is mediated by the retained water molecules (Fig.29b). The reduced area of the 

dopamine melting peak indicates that part of the dopamine forms dimers or oligomers, and this 

strong guest – guest relation may hinder the interaction with the polymer (Fig.29d). The 

disappearance of the individual ibuprofen and PNIPA degradation peaks and the presence of a 

single decomposition peak at a significantly lower temperature suggest that a part of ibuprofen 

molecules is in a strong interaction with PNIPA gel that survives even at elevated temperatures 

(Fig.29f).  

According to XRD spectra the hydrogen bridges between phenol and PNIPA hinder the 

crystallization during the drying process, giving rise to amorphous phenol (Fig.31b). Unlike in 

the case of phenol, in the dopamine (Fig31d) and ibuprofen loaded (Fig31d) gels the lack of 

guest – polymer interactions result in the gradual crystallization of drug molecules. The size of 

the dopamine and the ibuprofen crystallites inside the gel matrix are significantly smaller 

compared to those developed in free state (Table 10). These observations reveal that host – 

guest interactions greatly influence the crystalline state as well as the crystallite size of the 

stored drug molecules, thus significantly determine their rate of release. Particle size reduction 

and/or the formation of amorphous state of the drugs can enhance dissolubility, while strong 

drug – polymer interactions may result in the reduction of the released amount of drug 
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molecules.55,66,76  According to the above observations, the dry PNIPA based drug carrier 

systems may be suitable not only for retard release, but also for enhancing solubility and thus 

bioavailability of poorly water-soluble drugs.  
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5. PNIPA – carbon nanoparticle hybrid gels 

 

Despite its various biomedical potentials, the poor mechanical properties of PNIPA 

hydrogel may limit its application as structural biomaterial.80 Durability of PNIPA gel can be 

enhanced by incorporating carbon nanoparticles into the hydrogel. The presence of 

nanoparticles might also influence the kinetics of the temperature induced phase transition and 

result in infrared irradiation sensitivity. 

The effect of carbon nanoparticles on the properties of PNIPA gel was examined on 

carbon nanotube (3, 6, 12 and 24 mg CNT/gNIPA) and graphene oxide (2, 15, and 20 GO/gNIPA) 

incorporated gels. The pH values of CNT and GO suspensions were 2.7 and 4.0, respectively. 

 

5.1.  Morphology of hybrid gels 

 

Upon the incorporation of carbon nanoparticles into PNIPA the transparent gel became 

black (with CNT) or brown (with GO). In CNT-PNIPA samples macroscopic heterogeneity 

(Fig.28) can be observed by naked eye. On the contrary, in GO hybrid gels visibly no 

aggregation occurs even in the most concentrated samples.  

 

 
 

Figure 28. Digital optical microscopic images of the cross section of the lyophilised gel films159 

 

For both nanoparticle containing composite samples a “wall region” and an “inner 

region” are clearly distinguishable in images (not shown here). Typical SEM images of both 

regions are displayed in Figure 29. In pure PNIPA films these two regions are very similar: 

wide amorphous pores separated by thin polymer walls. In the composite samples the 

morphology depends on the type of nanoparticle. Both with CNT and GO the wall and inner 
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regions, respectively, are significantly different indicating that the orientation of the CNPs 

might be influenced by interaction with the wall. Nevertheless, the heat transfer during the 

freezing process may also lead to layer formation. Further morphological differences developed 

along the axis in the composite gel cylinders particularly with CNT due to sedimentation during 

gelation.  

 

 

Figure 29. SEM images of PNIPA, 12 mg CNT/gNIPA (12CNT@PNIPA) and 10 mg GO/gNIPA 

(10GO@PNIPA) lyophilised hybrid gel films. The scale bar is 50 m159 

 

Pore size distributions of CNT containing composites (Fig.30b) are not very different 

from pure PNIPA (Fig.30a). On the other hand, the GO content unambiguously has a stronger 

influence on the pore structure (Fig.30c and 30d). Interestingly, the lower GO content has a 

more significant influence. 
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Figure 30. Pore size distribution (a) bulk of PNIPA, (b) 12 mg CNT/gNIPA, (c) 10 mg 

GO/gNIPA and (d) 50 mg GO/gNIPA lyophilised gel.159 
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5.2. Swelling and mechanical properties 

 

Comparing the swelling degree and the elastic modulus of the hydrogels significant 

differences were found between the two sets of composites (Fig.31a). CNT slightly but 

monotonically reduced the swelling degree, that can be due to (a) the reduction in volume from 

the presence of CNT (b) the increasing proportion of hydrophobic components in the hybrid 

gel;192,193,194 (c) the polymer molecule movement inhibiting effect of nanotubes;195 and (d) the 

solvent diffusion hindering property of the three-dimensional network formed by irregularly 

distributed nanotubes in case of high additive concentrations.196 Practically no effect of CNTs 

on the elastic modulus was detected.  

A more pronounced and non-linear effect of GO incorporation was observed in the 

composites. Even 15 mg GO/gNIPA content led to an abrupt drop by ca. 33% in the swelling 

degree. Further increase of the GO content had no observable effect on the swelling (Fig.31a). 

The elastic modulus increased monotonically in the whole examined GO concentration range 

(Fig.31b). A similar observation on sodium alginate/polyacrylamide (PAM) hydrogels with 

comparable GO content (0.5-5 w/w%) was reported by of Fan et al.120 PNIPA systems with 

significantly higher cross-link ratio and 1-10 w/w% GO content displayed a contrary trend.115 

Incorporation of CNPs significantly improved the fracture stress properties of PNIPA (Fig.31d). 

CNT containing gels tolerate greater deformation before they break, while GO incorporated 

gels bore higher stress at smaller deformation. The fraction points are compared in Figure e: in 

GO – PNIPA gels the fracture stress is independent on the nanoparticle content, while CNT-

PNIPA gels exhibit a limited enhancement. 
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Figure 31. (a) Mass swelling degree in pure water at 20 °C (b) Elastic modulus of composite 

gels (solid lines are guides for the eye) (c) Correlation of modulus and swelling degree (d) 

Stress-strain curves (e) Compressive strength of composite gels.159 
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5.3. Response of hybrid gels to various stimuli 

 

5.3.1. Temperature induced phase transition  

 

Due to their influence on the PNIPA gel swelling features and heat absorbing capacity, 

carbon nanoparticles may also alter the kinetics of the VPT of the hydrogel. Upon immersion 

into warm water the disks of CNT – PNIPA and GO – PNIPA samples immediately turned 

opaque, similarly to pure PNIPA (Fig.32). 

 

 

 
 

Figure 32. PNIPA composite gel disks with increasing GO content (a) before and (b) after the 

temperature induced phase transition. 
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Figure 33. Deswelling kinetics of (a) CNT (3-24 mg CNT/gNIPA) and (b) GO (2-50 mg 

CNT/gNIPA) composite gels at 50 °C. Symbols are experimental values, continuous lines are 

fits to Equation 8. Note the order of magnitude difference in range of the x axis scales.159 

 

Figure 33 shows that the presence of CNPs appreciably modified the kinetic response 

of the PNIPA gel. The behaviour of composite gels during the temperature-jump was strongly 

affected by both the quality and quantity of nanoparticles. To quantify the effects, experimental 

shrinkage-curves were fitted to a modified exponential decay function 

0 0

p
t

fin

D D
Ae

D D



 
 
 

 
  
 

,   (Eq. 12) 

where 
0 fin

D

D

 
 
 

 is the final relative diameter, A is a pre-exponential constant and is the time 

constant of the overall volumetric thermal response. The results are listed in Table 11. The 

shrinkage curve of the pure PNIPA could be fitted to a compressed exponential function (p > 

1), indicating a possible jamming behaviour, with a time constant in good agreement with the 

value reported previously.197 The time constants of the CNT containing systems were smaller, 

i.e. CNT slightly accelerated the response of the pure PNIPA gels.197 
0 fin

D

D

 
 
 

correlated with 

the CNT content: a higher loading resulted in a more limited shrinkage. Increasing CNT loading 

also significantly decreased the value of exponent p, indicating that the deswelling is becoming 

more complicated at higher CNT concentration (Table 11.). In the highest CNT content in the 

experiment (24 mg/gNIPA) stretched exponential behaviour (p < 1) was found, suggesting 

multiple relaxation processes with different timescales.  
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Whereas 2000 s was largely sufficient for the relaxation of CNT – PNIPA gels 

(Figure 33a), a timeframe of even an order of magnitude longer was insufficient for the GO – 

PNIPA gels. For the GO incorporated samples values of the fitting parameters (Table 11) can 

be used only for qualitative comparisons, as the absence of measured swelling limit 
0 fin

D

D

 
 
 

 

makes the fitted parameters uncertain. Nevertheless, it can be concluded that, contrary to CNT, 

the lowest GO content has the strongest effect on the deswelling kinetics. A significant 

deceleration of the thermal response was observed at all the three concentrations (Figure 33b), 

which resembles the effect of the increased cross-linking density in pure PNIPA gels.197 All 

curve fits yielded a stretching parameter p < 1, indicating multiple processes.  

 

Table 11. Fitting parameters of the temperature induced phase transition from Equation 12.159  

Sample 
0 fin

D

D

 
 
 

 (%) A (%)  (s) p R2 

PNIPA 51.4 47.5 334 2.14 0.995 

3CNT@PNIPA 55.6 43.2 348 2.58 0.997 

6CNT@PNIPA 71.0 29.1 211 1.60 0.990 

12CNT@PNIPA 76.3 25.4 241 1.15 0.987 

24CNT@PNIPA 84.9 16.0 259 0.721 0.971 

2GO@PNIPA 90.5 9.5 1437 0.266 0.932 

20GO@PNIPA 76.5 23.7 1470 0.412 0.994 

50GO@PNIPA 34.2 60.1 53762 0.286 0.992 

0 fin

D

D

 
 
 

: relative diameter, A: pre-exponential factor; : time constant of thermal response; 

p: exponent; R2: coefficient of determination. 
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5.3.2. Infrared light sensitivity of PNIPA hybrid gels 

 

Carbon materials including nanoparticles are known for their high IR absorption. Recent 

experimental and theoretical studies found that the presence of a carbon network structure 

increases thermal diffusivity in PNIPA gels compared to pure water. It was also observed that 

latent heat influences thermal diffusivity. As was expected,127,128,198 addition of both CNT and 

GO resulted in improved IR sensitivity (Fig. 34a and 34b). The doped systems, however, 

displayed significant differences depending on the type and concentration of nanoparticle 

incorporated. 

Fast shrinkage on exposure to IR laser irradiation, and quick recovery of the gels after 

the exposure was observed in all cases. After laser exposure, a quick recovery to the swollen 

and transparent state was observed. These observations are in a good agreement with those 

reported earlier.127,198,199 The phenomenon can be explained by the photon absorption of carbon 

nanoparticles leading to the generation of excitons, which decay into heat and result in the local 

warming and thus phase transition of the gel.127,198 During the exposition gel samples collapsed 

in a circular zone of 5 mm around the centre of the incident beam. The measured temperature 

fluctuations may be attributed to the low thermal conductivity of the gels, even in the presence 

of nanoparticles (Fig. 34c).  
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Figure 34. Temperature (T) profile of (a) CNT and (b) GO containing PNIPA gels upon IR 

laser exposure (t: observation time) at 20 °C (c) Temperature profile of pure PNIPA with 

error bars.159 

 

In both sets of systems a monotonic correlation was found between the nanoparticle 

content and the temperature rise in the sample, but with different trend. In the CNT – PNIPA 

systems the gels reached proportionally higher temperature with increasing CNT concentration 

(Fig. 35). Incorporating a low amount of GO to PNIPA resulted in the same enhanced response 

that in CNT – PNIPA with similar CNT content, but adding more GO systematically reduced 

the effect.  

a b 

c 
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Figure 35. Average temperature values of PNIPA composites during IR laser exposure of the 

lyophilised gel films.159 

 

5.3.3. Comparison of the effect of CNT and GO 

 

The differences observed between CNT and GO might be attributed rather to their 

chemical behaviour than geometrical shape. The multiwall carbon nanotubes contain Russian 

doll-like concentric carbon tubes of graphite like array. The external cylinder is decorated by 

oxygen containing surface functional groups, but their concentration is relatively low and thus, 

they do not significantly modify the graphitic structure. That is, the reactivity of the CNTs in 

the radical polymerization is modest. However, their surface is more hydrophobic which leads 

to their aggregation. GO is made of a few strongly damaged graphene sheets richly decorated 

with oxygen. The hydrophilic surface allows good dispersibility. The delocalised electron 

system however, is severely damaged and most of the electrons are localised as double bonds 

reactive in radical reactions. Due to these chemical differences GO particles may act as hubs 

covalently linked to several polymer chains which is less typical with CNT. This behaviour 

influences the response of the two different nanoparticles during the swelling and stress-strain 

observations. While GO units act more or less independently from each other but strongly 

related to the polymer chains, CNT works as “free” agglomerates. Increasing the CNT content 

increases the number of agglomerates in the precursor solution. Hydrophilic GO tends to form 

bulky agglomerate of randomly oriented GO units only at the higher concentrations. 

The modified distortion of electron structure also leads to different heat conductivity 

and IR absorption performance of the two nanoparticles. In low concentration CNT has only a 

limited influence of the deswelling kinetics. Although increasing the CNT content may lead to 

better heat conductivity, the higher amount of CNT filler delays relaxation and increases the 
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time constant. The chains have to relax around more and more aggregates. Also, with CNTs, 

the higher their amount in the gel the better is their IR absorption. 

In GO – PNIPA systems, the complexity of the deswelling process is reflected by the p 

< 1 relation already at the lowest concentration. Several processes may superimpose: e.g. by 

increasing the number of GO units we elevate the number of potentially reactive double bonds 

without increasing the NIPA and BA concentration; at high GO concentration the randomly 

oriented self-assembly of the particles may occur; etc. The units participating the relaxation 

become overall heavier and heavier. The stronger IR absorption at low GO concentration seems 

to reveal that these complex processes suppress the IR responsivity of the hybrid. 

Incorporation of CNT and GO results in different effects in the behaviour of the hybrids. 

Beside somewhat influencing the porous morphology of the hybrids, their effect on the swelling 

degree and the elastic modulus shows a different trend, but both of them significantly enhances 

the fracture stress tolerance of the PNIPA hydrogel itself. The mechanical properties of PNIPA 

gel were improved by incorporating GO, while the swelling degree of the GO – PNIPA systems 

significantly decreased. In contrast, CNT – PNIPA composites exhibited swelling and 

mechanical properties similar to those of pure PNIPA. Significant differences were observed in 

the thermal response of the different systems. The time constant and the swelling ratio of the 

temperature-induced shrinkage can thus be adjusted by selecting the type and amount of 

nanoparticle loading. This could provide a means for accurately controlling deswelling kinetics, 

e.g., in the drug release profile of PNIPA systems, as well as could be employed in sensor 

applications, where fast and excessive shrinkage can be a significant drawback. The above 

observations may open the route for the construction of novel drug transport and actuator 

systems, however, further and thorough experimentation is required. 
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6. Summary 

 

Hydrogels are covalently-bound three-dimensional macromolecular networks that are 

able to absorb large quantities of water during their swelling. Smart hydrogels exhibit a 

reversible, abrupt volume phase transition (VPT) in response to external physical or chemical 

stimuli. In my PhD research, I investigated the most studied temperature responsive polymer, 

the poly(N-isopropylacrylamide) (PNIPA), which is a frequently proposed vehicle of controlled 

drug release. The goal of present work was to obtain profound insight to the interactions of the 

PNIPA hydrogel that may determine its potential for drug delivery applications.  

Despite the large number of studies into the phase transition of PNIPA, up to this day 

there is no agreement on the ionic or non-ionic character of the hydrogel, which is due to that 

distinguishing the effects of intrinsic ionic groups of the polymer from those of attendant ions 

in solution is difficult. With the goal of looking for evidence of intrinsic ionic behaviour, I 

investigated the properties of the PNIPA homopolymer hydrogel over a wide range of pH and 

ionic strength values. According to observations of the swelling, osmotic, potentiometric 

titration and differential scanning calorimetric (DSC) behaviour, the intrinsic ion content of the 

hydrogel is lower than 1% and the osmotic response to added salt is also inconsistent with that 

of polyelectrolyte systems. This conclusion forecloses the idea that charged ionic groups 

acquired during the free radical synthesis of PNIPA play a significant role in the saga of past 

experimental inconsistencies. It was also found that the behaviour of the gel at the transition 

threshold is governed not by the ionic strength, but by the anion concentration of the 

surrounding solution. At high pH the network chains become increasingly hydrolysed, and 

ultimately collapse, in response to the elevated anion concentration.   

Small aromatic molecules are known to influence the swelling behaviour of the PNIPA 

hydrogel. Despite that the nature and strength of these interactions are crucially important in 

terms of controlled delivery, these phenomena are poorly understood. For this reason, our 

research group previously studied the effect of meta substituted phenols (phenol; 1,2-

dihydroxybenzene and 1,3,5-trihydroxybenze) on PNIPA and found that the swelling properties 

of the gel correlate with the substitution pattern of the guest molecules. My aim was to continue 

these investigations by carrying out swelling and DSC measurements on the effect of various 

phenol substitution arrangements on the hydrogel. I also extended my experiments to two drug 

molecules widely used in practice: dopamine (4-(2-aminoethyl) benzene-1,2-diol) and 

ibuprofen (2-(4-isobutylphenyl)-propionic acid).  
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Phenols have a reducing effect on the TVPT of PNIPA, which is proportional to their 

concentration. At fixed temperature, all phenols induce a rapid gel collapse at a “critical” 

concentration (ccrit) that was characteristic of the guest molecule chemical structure. It was concluded 

that relative to phenol, ortho hydroxyl substitutions increase, while meta positions decrease ccrit at 20 

°C. According to X-ray powder diffraction (XRD) investigations, crystallisation of phenol confined 

in the polymer matrix is hindered during the drying process, which results in the formation of 

amorphous phenol. This phenomenon can be attributed to the strong chemical bonding between 

phenol and PNIPA, which was confirmed by NMR studies.  

Dopamine has a fundamentally different effect to phenols: it slightly increases the TVPT and 

does not induce VPT even at a very high concentration. In NMR and simultaneous thermal analytical 

(STA) experiments no interaction was observed between the drug and PNIPA, which allows the 

crystallisation of the guest molecules within the dry polymer matrix. Based on XRD spectra, 

significantly smaller dopamine crystallites develop when drying in the gel compared to that in free 

conditions. 

Similarly to phenols ibuprofen reduces the swelling degree of the gel, but only to a slight 

extent and does not induce phase transition at 20°C. In NMR investigations no clear evidence was 

found of chemical interaction between ibuprofen and PNIPA. XRD studies revealed the fast 

crystallisation of ibuprofen within the polymer matrix during the drying process, however, contrary 

to dopamine, only a minor crystallite size reduction occurred. 

 Investigations on carbon nanoparticle incorporated composite gels were motivated by two 

main reasons. Albeit the PNIPA gel has various biomedical benefits, its poor mechanical strength due 

to high water content restricts its drug delivery applications involving repetitive loading. This problem 

can be overcome by producing composite hydrogels by incorporating nanocarbons into the gel matrix. 

On the other hand, the strong light absorption of carbon nanoparticles may offer new functional 

sensitivity for PNIPA. My aim was to obtain a comparable evaluation of the impact of carbon 

nanotubes (CNT) and graphene oxide (GO) nanoparticles on the hydrogel, by investigating composite 

systems synthesised under identical conditions. It was observed that nanocarbons can be added to the 

polymer only in limited amounts, however, both CNT and GO exert a reinforcing effect at the applied 

low concentrations by enhancing the fracture stress tolerance of the hydrogel. The elastic modulus 

and swelling degree of the CNT containing composite are similar to those of pure PNIPA gel. By 

contrast, GO enhances the elastic modulus and significantly decreases the swelling degree of polymer. 

I also found that both nanocarbons improve the infrared sensitivity of the hydrogel and that the kinetics 

of the temperature induced VPT can be controlled by carefully selecting the type and the concentration 

of the nanoparticle.  
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7. New scientific results 

 

1. I have demonstrated that the intrinsic ionic content of the poly(N-isopropylacrylamide) 

(PNIPA) hydrogel is vanishingly small. I found that the composition (i.e. the pH, but 

even more, the ionic composition) of the swelling buffer solution influences the 

equilibrium swelling degree of the PNIPA gel. [ME1] 

 

2. I have concluded that the studied phenols have significant phase transition temperature 

(TVPT) reducing impact on the PNIPA hydrogel, which is proportional to their 

concentration. Dopamine increases the TVPT, though its effect is limited. Ibuprofen has 

no influence on the temperature of the volume phase transition in the wide concentration 

range examined. [ME3] [ME4] [ME5] [ME6] 

 

3. I found that in the presence of phenols, the phase transition of the PNIPA hydrogel takes 

place even at temperatures significantly lower than 34 °C. I determined the critical 

concentrations required to induce the transition already at 20 °C, which depend both on 

the number and on the position of the OH groups of the guest molecule. Raising the 

number of OH groups in meta positions decreases, while in orto positions elevates the 

critical concentration compared to phenol. Increasing the number of OH groups also 

results in the widening of the transition [ME4] [ME5] 

 

4. Different interactions were observed in PNIPA gels swollen in aqueous solutions of 

phenol, dopamine and ibuprofen. Phenol, which forms strong interaction with the 

hydrogel, is preserved in its amorphous state upon solvent removal. Dopamine and 

ibuprofen, which show only weak interaction, crystallize during the drying process. 

Crystallites confined in the gel matrix are significantly smaller than those developed in 

free conditions. [ME4] 
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5. Both carbon nanotubes (CNT) and graphene oxide (GO) increase the compressive 

strength of the PNIPA hydrogel even at low concentrations. The kinetics of the 

temperature-induced phase transition can be controlled by selecting the type and the 

concentration of the loading nanoparticles. I have demonstrated that the infrared (IR) 

sensitivity of the hydrogel can enhanced by both CNT and GO, and that the effect 

depends on the dispersibility of the nanoparticles. [ME2] 
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10.   Appendix  

A1. Materials 

 

Table A1. Aromatic molecules. 

Guest molecule Distributor Purity 

Phenol Merck 99.5% 

Cathecol (benzene-1,2-diol) Merck 99% 

Resorcinol (benzene-1,3-diol) Merck 99% 

Hydroquinone (benzene-1,4-diol) Merck 99% 

Pyrogallol (1,2,3-benzenetriol) Merck 99% 

Phloroglucinol (1,3,5-benzenetriol) Merck 99% 

Dopamine hydrochloride   

(4-(2-Aminoethyl)-1,2-benzenediol) hydrochloride) 
Sigma-Aldrich 98% 

Ibuprofen sodium (sodium 2-(4-isobutylphenyl) propanoate) Sigma-Aldrich 99% 

 

 

Table A2. Materials for PNIPA gel synthesis. 

Component 
Chemical 

formula 
Distributor Purity Abbreviation 

N-isopropylacrylamide C6H11NO Acros Organics 99% NIPA 

N,N’-

methylenebisacrylamide 
C7H10N2O2 Sigma-Aldrich 99% BA 

N,N,N’,N’-

tetramethylethylenediamine 
C6H16N2 Fluka 99% TEMED 

Ammonium persulphate (NH4)2S2O8 Sigma-Aldrich 99% APS 
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Table A3. Materials for the preparation of acid, base, salt and buffer solutions. 

Component Chemical formula Distributor Purity 

Potassium hydroxide KOH Merck  AR* 

Sodium hydroxide NaOH Merck AR 

Potassium chloride KCl Reanal AR 

Calcium chloride CaCl2 Merck AR 

Acetic acid C2H4O2 Reanal AR 

2-hydroxypropane-1,2,3-trioic acid C6H8O7 Reanal 99% 

Boric acid H3BO3 Reanal AR 

Phosphoric acid H3PO4 Reanal AR 

Sodium hydrogen phosphate Na2HPO4 Reanal AR 

Disodium hydrogen phosphate dihydrate Na2HPO4·2 H2O Reanal AR 

Disodium hydrogen phosphate dodecahydrate Na2HPO4·12 H2O Reanal AR 

1H-Imidazole C3H4N2 Sigma-Aldrich AR 

*Analytical Reagent grade 

 

A2. Buffers 

 

 Phosphate buffers listed in Table A4 were used. pH was adjusted with NaOH or KOH. 

For Britton-Robinson buffers an acid solution containing 0.4 M acetic acid, 0.4 M boric acid 

and 0.4 M phosphoric acid was mixed with 0.2 M NaOH solution according to Table A5.200 

Britton-Robinson buffers with constant ionic strength of 0.15 M were made of citric acid      

(from pH 3 to 5.5), imidazole (pH 6.5) and sodium tetraborate (pH 9) solutions. The pH values 

were adjusted by adding 1 M HCl or 1 M NaOH. The ionic strength was set to 0.15 M by KCl 

(Table A6). 

Table A4. Composition of phosphate buffers. 

pH Materials in V=1L pH adjusting component 

3 0.7 mL H3PO4 (85%) NaOH 

4.5 6.80 g KH2PO4 - 

5.5 13.12 g KH2PO4 + 1.39 g Na2HPO4·12 H2O - 

6.5 13.80 g NaH2PO4 NaOH 

9 17.40 g KH2PO4 KOH 
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Table A5. Composition of Britton-Robinson buffers. 

pH Vacid mixture (mL) VNaOH (mL) 

3 100 17.5 

4.5 100 29.3 

5.5 100 38.6 

6.5 100 47.5 

9 100 68.0 

 

Table A6. Composition of Britton-Robinson buffers of constant ionic strength (0.15 M). 

Citric acid buffers (V=1 L) 

pH manhidrous citric acid (g) mKCl (g) mNaOH (g) 

3 6.3400 9.7100 18.9000 

4.5 6.3400 6.5600 49.4000 

5.5 6.3400 3.3800 83.7000 

Imidazole buffers (V=1 L) 

 V1M HCl (mL) mKCl (g) mimidazole (g) 

6.5 79.1800 5.2820 6.8080 

Sodium tetraborate buffers (V=1 L) 

 V1M HCl (mL) mKCl (g) mborax (g) 

9 10.2000 7.4570 9.5343 

 

A3. Potentiometric titration 

 

The acid-base properties of PNIPA hydrogel were studied at 20ºC by continuous 

potentiometric titration in the pH range of 3 to 10 in CO2-free media on a laboratory-developed 

system. The NaCl background electrolyte concentrations were 0.01, 0.1 and 1 M, respectively. 

The initial pH was measured before titration. At each titration point the equilibrium of acid – 

base consumption was defined by the criterion for pH settling (≤0.0005 pH/s). Surface excess 

amounts of H+ (nσ
H+) and OH− (nσ

OH−) were calculated from the electrode output signal. The 

specific net proton surface excess amount (nσ = nσ
H+ − nσ

OH−) for dilute solution adsorption60 

was derived directly from the initial and equilibrium concentrations of the solute at each point 

of the titration and plotted as a function of the equilibrium pH. The reversibility of the titration 
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was tested in a cycle of forward and backward titrations from the immersion pH 5.5, increasing 

to pH 10, then descending to pH 3, and finally returning to pH. 

 

A4. DSC response of the PNIPA hydrogel in buffers and in KCl solutions 

 

Figure 14 of the main text shows that with phosphate and Britton-Robinson buffers of 

different pH, a correlation exists between swelling degree and solution pH, but there is no 

systematic variation with I. At constant pH = 4.5 the swelling degree depends strongly on the 

ionic strength. By contrast, for buffers with constant ionic strength the swelling degree is 

practically independent of the pH of the solution. 

The DSC response of PNIPA gels was also investigated in phosphate buffers (Figure 

A1a) at fixed pH = 4.5 and at various ionic strengths (Figure A1b), as well as in buffers of 

constant ionic strength (Figure A1c). In phosphate buffers a systematic downward shift of the 

onset temperature and broadening of the phase transition is observed with increasing pH, but 

there is no correlation between Tonset and I (Fig. 14). In Britton-Robinson buffers at fixed I = 

0.15 M, Tonset shifts only slightly to lower temperatures with increasing pH, with no visible 

change either in the shape of the endothermic transition peak or in the correlation between Tonset 

and pH or I (Fig.14). Tonset displays the same I dependence for Britton-Robinson buffers with 

fixed pH. It can be concluded that the swelling properties are affected not only by the pH set 

by a buffer but also by the composition of the buffer. Setting the pH, however, also changes the 

ionic strength of the solvent. These findings highlight the importance of the background 

electrolyte. 
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Figure A1. DSC response of PNIPA swollen in (a) phosphate buffer solutions of different pH, 

(b) in Britton-Robinson buffers pH 4.5 of various ionic strengths and (c) in various buffers 

with constant ionic strength 0.15 M  

 

Table A7. Enthalpy and entropy of the VTP in buffer solutions 

 H (J/gdrygel) S (J/g K) 

Phosphate buffers 63.8 ± 3.1 0.21 ± 0.01 

Britton-Robinson buffers pH = 4.5, various I 66.6 ± 2.7 0.22 ± 0.01 

I = 0.15 M, various pH 76.8 ± 6.0 0.25 ± 0.02 
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Figure A2. Dependence of the onset temperature Tonset on the ionic strength of KCl 

A5. Solid state 1H NMR spectroscopy 

 

NMR measurements were carried out by the NMR Research Group of the Research 

Centre for Natural Sciences of the Hungarian Academy of Sciences. Dry gel disks were 

equilibrated in solutions of phenol (60 mM), cathecol (120 mM) and dopamine (1 M) in 

deuterated water for one week at 6 °C. After reaching the equilibrium swelling degree samples 

were incubated above LCST (25 °C for phenol and cathecol, 42 °C for dopamine) and were 

regularly removed and placed into the NMR rotor to check the stability of tuning and matching 

conditions. NMR spectra were recorded on a Varian NMR system operating at 1H at 600 MHz 

with a Chemagnetics 3.2 mm narrow bore triple-resonance T3 probe in double-resonance mode. 

Single pulse NMR measurements were carried out with 2.5 μs long π/2 pulse and with 10 s 

repetition delay. For the combined rotation and multiple-pulse spectroscopy (CRAMPS) 

experiments wPMLG-5 sequences were used with the same pulse length and delay as for the 

single pulse spectra. The on-resonance position of the RF field lays outside the spectral response 

(–5 kHz from the centre of the proton spectra). The proton chemical shift resonances were 

referenced with a single pulse spectrum of a H2O sample (4.8 ppm). Spinning speed was 10 

kHz for both techniques. Hydrogels were studied above LCST conditions, where the otherwise 

freely moving organic chains form thick hydrophobic walls that still confine the swelling liquid. 

Single pulse spectra provide information about the mobile species, while the signals of the less 

mobile ones are broadened by dipolar interactions. The CRAMPS method suppresses this 

broadening effect of dipole-dipole interactions so the signals of the less mobile components are 

better resolved, but that of the mobile components are distorted.  
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