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1. Introduction 
 

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 drug 

release applications. First of all, I investigated the effect of pH on the hydrogel. The pur-

pose 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 mole-

cules in the swelling medium. On one hand, I continued the previous investigations of 

our research group on phenols – that are environmental pollutants and model com-

pounds for several drug molecules – by studying the effect of various phenol substitu-

tion 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 prac-

tice: 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 be-

haviour 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 po-

tential advanced drug release systems with enhanced mechanical performance and 

novel functionalities. In order to obtain a comparable evaluation of the impact of dif-

ferent carbon nanoparticles, I studied properties of carbon nanotube as well as gra-

phene-oxide nanoparticle incorporated PNIPA hybrid gels on the macroscopic and 

microscopic scale. 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. 

 

2. Literature overview  
 

2.1.  The poly(N-isopropylacrylamide) (PNIPA) hydrogel 

 

Chemical polymer hydrogels are covalently bound cross-linked networks of 

macromolecules. Smart hydrogels are able to change their physical properties in 

response to external physical or chemical stimuli. As temperature is a highly 

important parameter in the mammalian body, temperature-sensitive hydrogels – e.g. 

PNIPA – have become the most investigated responsive polymers. The PNIPA gel 

exhibits a reversible non-linear volume phase transition (VPT) around 34 °C. [1]. 

Below the TVPT the hydrogel 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.  

 
[1] Makino, K.; Hiyoshi, J.; Ohshima, H. Colloids Surf B 2001, 20 (4), 341–346. 
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2.2.  Intrinsic ionic behaviour in the cross-linked PNIPA homopolymer  

 

Albeit the literature contains an immense amount of information on the effects of 

pH on the transition properties of PNIPA, verdicts are controversial. While some 

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

limited pH sensibility. However, it is also important to note that in pH setting it is 

often overlooked that adding ionic compounds also changes the ionic strength of the 

solvent. As PNIPA is known to be sensitive to various ions [2], the influence of salts, 

as well as HCl or NaOH used in buffer preparation is not negligible. As a result, the 

composition of the background electrolyte is of crucial importance in the investigation 

of the transition properties of PNIPA. 

 

2.3.  Interactions of PNIPA with dissolved molecules 

 

Guest molecules of the aqueous media 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 the hydrophobic/hydrophilic balance of the hydrogel. Despite that this 

potential guest – polymer interactions are crucial factors determining the drug release 

mechanism of hydrogels, systematic studies of the additive properties are infrequent, 

which has led our research group to study the interactions of meta substituted phenols 

(phenol; 1,2-dihydroxybenzene and 1,3,5-trihydroxybenze) with PNIPA. It was found 

that these guest molecules induce a rapid gel collapse at fixed temperature (20 °C) 

when the phenol content of the aqueous solution reaches a “critical” concentration 

(ccrit) that is characteristic of the guest molecule. It was also observed that increasing 

the number of hydroxyl groups results in a shift of the ccrit to lower concentrations,  as 

well as in the reduction of TVPT [3].  

 

2.4. PNIPA – carbon nanoparticle hybrid gels  

 

Their outstanding mechanical performance, conductive properties and low 

density place carbon nanotubes (CNT) and graphene oxide (GO) among the most 

commonly proposed additives to hydrogels. Several studies reported that the 

mechanical properties of PNIPA can be improved either by the incorporation of CNT 

or GO into the gel matrix [4]. The thermal conductivity of insulating polymers is also 

frequently enhanced by loading with carbon derivatives, which have the highest 

thermal conductivity among any known materials.  

 

 

 
 

[2] Zhang, Y. J.; Furyk, S.; Bergbreiter, D. E.; Cremer, P. S. J. Am. Chem. Soc. 2005, 127 (23),      
14505–14510. 

[3] Kosik, K.; Wilk, E., Geissler, E.; László, K. Macromolecules 2007, 40, 2141–2147. 

[4] Gaharwar, A. K.; Peppas, N. A.; Khademhosseini, A. Biotechnol. Bioeng. 2014, 111 (3),     
441–453. 
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The light absorption of nanocarbons in the ultraviolet (UV) to infrared regions 

can open the route for the construction of responsive biocompatible devices, e.g. 

novel drug delivery systems and actuators [5]. Carbon nanoparticles may also act as 

effective drug binding sites in composite materials.  

 
 

3. Experimental methods 
 

The acid-base properties of PNIPA were studied by potentiometric titration on a 

laboratory-developed system. Differential scanning microcalorimetry (DSC) 

experiments were performed on a MicroDSCIII apparatus (SETARAM). 

Simultaneous thermal analysis (STA) was implemented on an STA6000 instrument 

(PerkinElmer). Nuclear magnetic resonance (NMR) spectra were recorded on a 

Varian NMR system operating at 1H at 600 MHz. The crystalline state of guest 

molecules was examined using a PANanalytical X’pert Pro MPD X-ray powder 

diffractometer (XRD). Mechanical properties were tested with an INSTRON 5543 

(Norwood, USA) equipment. The morphology of hybrid samples was observed with a 

Hitachi SU6600 scanning electron microscope (SEM). The kinetics of the temperature 

induced VPT was analysed photographically by the JMicroVision software. IR 

sensitivity was evaluated by recording thermal maps with a Testo 890 thermal 

imaging camera (Testo, Alton, UK) upon CO2 laser exposure (λ = 10.6 µm).  

 

 

4. Results and discussion 
 

4.1. A search for evidence of intrinsic ionic content in the PNIPA hydrogel 

 

The purpose of present study was to look for evidence of intrinsic ionic 

behaviour in the PNIPA gel synthesized with ammonium persulphate initiator. 

Potentiometric titration, micro DSC and swelling measurements failed to detect any 

intrinsic molar ion content in the hydrogel, and the osmotic response to added salt is 

also inconsistent with that of polyelectrolyte systems (Fig.1). This conclusion 

forecloses the idea that charged ionic groups might be acquired during the free radical 

synthesis of PNIPA. 

 

 

 

 

 

 

 

 

 

 
[5] Zhu, C. H.; Lu, Y.; Peng, J.; Chen, J. F.; Yu, S. H. Adv. Funct. Mater. 2012, 22, 4017–4022. 
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Figure 1. 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. 

 

It was confirmed that the VPT of the gel is governed not by the ionic 

strength, but by the anion concentration of the surrounding solution. The equilibrium 

swelling degree depends both on pH and on the nature of the buffer solution, but in 

the latter case the effect of the salt is stronger than that of pH. These findings 

highlight the importance of the background electrolyte.  

 

 

4.2. Interactions of small aromatic molecules with the PNIPA hydrogel in 

aqueous media 

 

Phenols have a reducing effect on the TVPT of PNIPA, which is proportional to 

their concentration (Fig.2). At fixed temperature, all phenols induce a rapid gel 

collapse at a “critical” concentration (ccrit) that was characteristic of the guest 

molecule chemical structure. Relative to phenol, ortho hydroxyl substitutions 

increase, while meta positions decrease ccrit at 20 °C. The effect of phenols was 

compared to that of two widely used aromatic drug molecules: dopamine and 

ibuprofen. Dopamine has an opposite effect to phenols: it increases TVPT, though its 

impact is much more limited compared to that of phenols. Contrary to all these, 

ibuprofen has no effect on TVPT at all (Fig.2).  

 

onset 
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Figure 2. TVPT of the PNIPA gel in aqueous media 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), □ 2-(4-isobutylphenyl)-propionic acid 

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

 

 

4.3. Interactions between small aromatic molecules and the PNIPA hydrogel 

seen in dry state; implications for drug dissolution 

 

According to XRD investigations, crystallisation of phenol confined in the 

polymer matrix is hindered during the drying process, which results in the formation 

of amorphous phenol (Fig.5b). This phenomenon can be attributed to the strong 

chemical bonding between phenol and PNIPA, which was confirmed by NMR 

(Fig.3a) and STA experiments.  

In case of dopamine, the NMR (Fig.3b) and STA studies indicated no interaction 

between the drug and PNIPA, which allows the crystallisation of the guest molecules 

within the dry polymer matrix (Fig.5d). Based on XRD spectra, significantly smaller 

dopamine crystallites develop when drying in the gel compared to that in free 

conditions. 

Similarly to dopamine, 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 (Fig.5f), however, 

contrary to dopamine, only a minor crystallite size reduction occurred. 

 

 

 

 

 

 

ibuprofen 
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Figure 3. 1H-1H correlation CRAMPS spectra at 10 kHz spinning rate with 1000 s of 

mixing time above VPT. (a) Appearance of intermolecular cross-peaks demonstrates 

the close proximity in swollen PNIPA gel containing phenol above the VPT (b) The 

corresponding cross peaks are absent with dopamine (area inside ellipses) . 

 

4.4. PNIPA – carbon nanoparticle hybrid gels 

 

The incorporation of CNT and GO resulted in dissimilar effects to the behaviour 

of the PNIPA gel. The mechanical properties of the hydrogel were improved by the 

addition of GO, while the swelling degree significantly decreased. In contrast, CNT – 

PNIPA composites exhibited swelling and mechanical properties similar to those of 

the pure PNIPA.  

It was also found that the time constant and the swelling ratio of the temperature-

induced shrinkage can be adjusted by selecting the type and amount of the 

nanoparticle loading. CNT slightly accelerates the response of PNIPA and the higher 

nanotube loading results in a more limited shrinkage. Contrary to CNT, the lowest GO 

content has the strongest effect on the deswelling kinetics. Both CNT and GO resulted 

in improved IR sensitivity of the PNIPA hydrogel: fast shrinkage on exposure to IR 

laser irradiation, and quick recovery of the gels after the exposure was observed in 

both sets of systems, but with opposite trend. While the CNT – PNIPA gels reached 

proportionally higher temperature with increasing the nanocarbon concentration 

(Fig.4a), adding more GO systematically reduced the effect (Fig.4b).   

 

 

a b 
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Figure 4. Temperature (T) profile of (a) CNT and (b) GO containing PNIPA gels upon 

IR laser exposure (t: observation time) at 20 °C. 

 

 

5. Potential applications  
 

My PhD research revealed that the interactions of guest molecules with the 

PNIPA hydrogel greatly influence their crystalline state as well as crystallite size, thus 

significantly affect their rate of release. It was observed that by drying drug containing 

gel matrices, amorphous or small crystalline particles can develop from the loading 

molecules (Fig.5). Both stabilizing the – otherwise metastable – amorphous state 

and/or reducing the crystallite size enable the enhancement of solubility and thus 

bioavailability of poorly water-soluble drugs. My results may also contribute to the 

development of retard release drug formulations based on the shape memory of 

responsive hydrogels. 

a b 
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Figure 5. XRD spectra of guest loaded 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. 

 

a 

f 

c d 

b 

e 
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My investigations on carbon nanoparticle – PNIPA hybrid systems proved 

that the durability of the PNIPA hydrogel can be successfully enhanced by the 

incorporation of graphene oxide into the polymer network. This observation can be 

utilized in the construction of responsive drug release systems that bear repetitive 

loading/discharge cycles, e.g. in pulsatile drug release applications. I demonstrated 

how the kinetics of the temperature-induced deswelling of the hydrogel can be 

adjusted by selecting the type and the amount of the loading nanocarbons. This 

capacity may be employed in accurately controlling the drug release profile of PNIPA 

systems. Carbon nanoparticles were also found to provide additional functionality to 

the PNIPA gel due to their light absorption ability. Both carbon nanotubes and 

graphene oxide enhance the infrared sensitivity of the hydrogel, which can open the 

route for constructing novel drug transport and actuator systems.  
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6. New scientific results 
 

I. 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) 

 

II. I have concluded that the studied phenols have significant phase transition tem-

perature (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) 

 

III. I found that in the presence of phenols, the phase transition of the PNIPA hydro-

gel 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. In-

creasing the number of OH groups also results in the widening of the transition. 

(ME4) (ME5) 

 

IV. 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. Dopa-

mine 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) 

 

V. Both carbon nanotubes (CNT) and graphene oxide (GO) increase the compres-

sive 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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