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Abstract 
Hydrogels are a popular substrate for cell culture due to their mechanical properties closely resembling 
natural tissue. Stimuli-responsive hydrogels are a good platform for studying cell response to dynamic 
stimuli. Poly(N-isopropylacrylamide) (pNIPAM) is a thermo-responsive polymer that undergoes a 
volume-phase transition when heated to 32 °C. Conducting polymers can be incorporated into 
hydrogels to introduce electrically responsive properties. The conducting polymer, polypyrrole (PPy), 
has been widely studied as electrochemical actuators due to its electrochemical stability, fast actuation 
and high strains. We determine the volume-phase transition temperature of pNIPAM hydrogels with 
PPy electropolymerised with different salts as a film within the hydrogel network. We also investigate 
the electro-mechanical properties at the transition temperature (32 °C) and physiological temperature 
(37 °C). We show statistically significant differences in the Young’s modulus of the hybrid hydrogel at 
elevated temperatures upon electrochemical stimulation, with a 5 kPa difference at the transition 
temperature. Furthermore, we show a three-fold increase in actuation at transition temperature 
compared to room temperature and physiological temperature, attributed to the movement of ions in/out 
of the PPy film that induce the volume-phase transition of the pNIPAM hydrogel. Furthermore, cell 
adhesion to the hybrid hydrogel was demonstrated with mouse articular chondrocytes. 
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1 Introduction 
Hydrogels are water-swollen, substantially dilute and crosslinked polymeric networks [1,2]. The 
crosslinking in hydrogels allows them to retain their 3D structure without dissolving when swollen with 
water. The physical properties of hydrogels closely resemble that of natural tissue due to their flexibility 
and significant water content. Stimuli-responsive hydrogels are a class of hydrogels that exhibit distinct 
changes in properties in response to external stimuli, such as temperature, pH, light, ionic changes, and 
redox potential. Stimuli-responsive hydrogels have been widely studied for applications including soft 
robotics [3], drug delivery [4], actuators [5], microfluidics [6], artificial muscles [7], and microlenses 
[8]. Stimuli-responsive hydrogels are a growing field of interest for cell studies to understand the 
behaviour of adherent cells in response to dynamic stimulation. 

The thermo-responsive polymer, poly(N-isopropylacrylamide) (pNIPAM), exhibits a change in the 
swelling behaviour, undergoing a volume-phase transition in response to changes in temperature. 
Specifically, the polymer switches from a state of preferential polymer-water interaction to preferential 
polymer-polymer interaction upon heating [9]. The pNIPAM polymer chains undergo a coil-globule 
transition when the temperature exceeds the lower critical solution temperature (LCST) of ~32 °C 
[10,11]. Below the LCST, hydrogen bonds are formed with the polar amide groups, causing swelling 
of the polymer network. Above the LCST, polymer-polymer interactions between the hydrophobic 



isopropyl groups and backbone start to dominate, causing water expulsion and eventually polymer 
aggregation [12,13]. When covalently crosslinked, pNIPAM forms a thermo-responsive hydrogel that 
exhibits a low degree of swelling above the LCST, and a higher degree of swelling below the LCST. 
This phenomenon has also been demonstrated to alter the adhesion and detachment of cells to the 
surface [14,15]. In addition, hydrogels can be made dual-responsive by integrating stimuli-responsive 
materials into a stimuli-responsive hydrogel. Electrical stimulation has been used in cell studies to guide 
cell migration and alignment [16–19], proliferation [20], and differentiation [20–23]. Conducting 
polymers (CPs) such as poly(3,4-ethylene dioxythiophene), polyaniline, polypyrrole (PPy) are common 
candidates for delivering electrical stimulation in biological studies [24–29]. They are functional 
materials featuring properties such as biocompatibility, redox stability, and the ability to alter their 
electrical, chemical, and physical properties [27]. CPs have been demonstrated to control the response 
of electrically-responsive cells, such as PC12 neuronal cells and C2C12 myoblasts [30–34]. In 
combination with the biomimetic properties of hydrogels, electroconductive hydrogels are promising 
candidates for applications such as biosensors, electro-stimulated drug delivery systems, or 
electroconductive scaffolds for tissue engineering [35–39].  

CPs have been demonstrated to affect cells in various ways [27]. For example, improved proliferation 
and differentiation of PC12 cells have shown enhanced neurite outgrowth with electrical stimulation on 
hydrogel scaffolds with PPy [30,40]. Kotwal and Schmidt [41] also show that serum protein, 
specifically fibronectin, displayed increased adsorption to moderately stimulated PPy, which enhanced 
the neurite extension of PC12 cells. However, CPs in their native state are rigid and misrepresent the 
cells’ natural environment. For instance, PPy films exhibit an elastic modulus between 30─1000 MPa 
[42]. For this reason, CP fabricated with hydrogels better mimic the mechanical properties of the cells’ 
natural environment. 

Shi et al. [43] cultured PC12 cells on nanoporous cellulose hydrogels with polypyrrole (PPy) 
nanoparticles that showed improved adhesion and proliferation. Upon electrical stimulation, the 
PC12 cells attached with a pronounced neuronal phenotype. Electrical stimulation has also been applied 
to fibroblasts, where increased viability [44], enhanced growth [45], and controlled orientation [46] 
have been demonstrated with CP hydrogel composites.  

When CPs are fabricated together with pNIPAM, we hypothesise that the ion movement driven by 
electrochemical oxidation and reduction of the CP can induce the coil-globule transition by altering the 
LCST of the polymer. The flow of ions into and out of the polymer is also responsible for the swelling 
and contraction during oxidation and reduction [47,48]. Upon reduction, PPy doped with a large-sized 
molecule will attract positive ions from the medium to balance the charge, which causes swelling of the 
network. The opposite occurs when a small-sized molecule is used to dope PPy, where swelling is 
observed upon oxidation. The uptake of ions, such as Na+ from the cell medium, is speculated to affect 
the process, including protein adsorption and cell cycle [49]. Zhang et al. [50] showed increased cellular 
calcium deposition from human adipose-derived mesenchymal stem cells with electrical stimulation of 
a PPy-chitosan scaffold. In addition, ion movement has been demonstrated with PPy hydrogels to 
induce reversible actuation upon oxidation and reduction as a potential platform for controlled drug 
release or dynamic stimulation on cell culture [51,52]. 

Salts in the electrolyte are known to shift the LCST of pNIPAM through the Hofmeister effect. The 
Hofmeister series [53–55] describes the effect of salts on temperature transition, where different salts 
and their concentration alter the precipitation of a solute in an aqueous solution. This behaviour is more 
prominent for anions than cations and is a general phenomenon. These ionic species are widely known 
as either kosmotropes or chaotropes, where kosmotropes “promote“ the ordering of water molecules, 
whereas chaotropes “disrupt” the ordering of water molecules [53–55]. The interaction of ionic species 
is better described as salting-in and salting-out agents, where salting-in increases the solubility by 
increasing the ionic strength of the solute, and the salting-out decreases the ionic strength of the solute. 
Regardless of their naming conventions, the ability to alter the solubility of a solute in an aqueous 
solution is mainly governed by the ion-water interaction rather than an ion-induced ordering of water 
molecules [56]. For pNIPAM, different proposed mechanisms exist for the lowering of the LCST with 
salts. Salting-out anions lower the LCST by increasing the surface tension at the polymer-water 



interface at high salt concentrations. At low concentrations, the LCST is raised through a direct binding 
mechanism following a Langmuir isotherm. Whereas salting-in anions generally decrease the LCST by 
polarising interfacial water molecules, weakening the hydrogen bonding of water to hydrophilic amide 
groups in pNIPAM [57].  

In the present study, a thermo-responsive, electrically-responsive CP hydrogel was characterised for 
inducing a change in mechanical properties upon electrical stimulation. The volume-phase transition 
temperature of a dual-responsive PPy-pNIPAM hybrid hydrogel grown with the CP dopants, either 
dodecylbenzene sulphonate (DBS) or perchlorate (ClO4), was investigated. PPy was selected for its 
good biocompatibility and electrochemical properties [58,59], while pNIPAM was selected for its 
temperature-responsive properties. We have previously discussed the actuation mechanism and 
potential applications of this system [51]. Here, electrochemical stimulation was assessed at the 
transition temperature and physiological temperature, and the composite’s electro-mechanical 
properties were determined. Cell viability was verified by culturing on these surfaces, and their 
attachment was verified with fluorescence microscopy.  

2 Materials and methods 
2.1 Sample preparation 
The samples were prepared as previously described [51]. The surface attachment of hydrogels was 
achieved using a two-step treatment. 12 mm gold-coated stainless steel discs (16208-G, PELCO, USA), 
or 8 × 8 mm2 gold-coated silicon wafers (100 mm, P-type, B-dopant, <100>, 380 μm, University 
Wafer) were used as substrates and cleaned using acid piranha treatment with a volume ratio of 1:3, 
hydrogen peroxide:sulphuric acid (Sigma Aldrich, New Zealand). The cleaned substrates were 
immersed in 1 mM 11-amino-1-undecanethiol hydrochloride (99%, Prochimia Surfaces, Poland) in 
degassed AR ethanol solution and soaked for 2–3 hours to make a self-assembled monolayer (SAM), 
terminated with amine groups, on the surface. The amine-functionalised substrates were rinsed with 
ethanol, dried with nitrogen, and soaked for 30 min in 0.5% v/v glutaraldehyde (50% v/v, Sigma-
Aldrich, New Zealand) solution diluted in a phosphate-buffered saline (PBS) solution to attach reactive 
aldehyde groups for the hydrogel coupling. The substrates were then rinsed with Type 1/ultrapure water 
and dried with nitrogen. 

All aqueous solutions were prepared in Type 1 water (18.2 MΩ·cm, Milli-Q Direct 8, Type 1/ultrapure 
water), deoxygenated by nitrogen bubbling for 1 hour. 56.6 mg of N-isopropylacrylamide (NIPAM, 
Mequinol stabilised 99%, Fisher Scientific, USA) was weighed and dissolved in 813 µL of 
deoxygenated Type 1 water. Aqueous solutions of 2% w/v solution of N,N’-methylenebis(acrylamide) 
(BIS, 99%, Sigma-Aldrich, New Zealand), 20% v/v N,N,N’,N’-tetramethylethane-1,2-diamine 
(TEMED, 99%, Sigma-Aldrich, New Zealand) and 10% w/v of ammonium persulphate (APS, 98%, 
Sigma-Aldrich, New Zealand) were prepared individually in deoxygenated Type 1 water. 154 µL of the 
2% BIS solution was added to the NIPAM solution and vortexed. 13 μL of the 20% TEMED solution 
was added to the NIPAM-BIS mixture and vortexed again to catalyse the reaction. Finally, 20 μL of the 
10% APS solution was added to the mixture to initiate the reaction. After the addition of APS, the 
solution was immediately pipetted into a 5/16” diameter hole in parafilm on the gold-functionalised 
discs and covered with a hydrophobic, dimethyldichlorosilane-coated coverslip. The solutions were 
kept in a nitrogen atmosphere for 20 min; then the resultant hydrogels were washed by immersing in 
fresh 25 ml solutions of 50 °C Type 1 water three times and stored in 50 ml of Type 1 water overnight.  

For the incorporation of the CP, the fabricated hydrogels were dehydrated at room temperature for 
6 hours and swelled in pyrrole (Py) solution overnight. The pyrrole solution was prepared with 0.1 M 
pyrrole (98%, Sigma-Aldrich, New Zealand) and 0.1 M of the desired dopant in Type 1 water and 
adjusted to pH 6.0. The dopants investigated were lithium perchlorate (ClO4, 95%, Sigma-Aldrich, New 
Zealand) and sodium dodecylbenzene sulphonate (DBS, Sigma-Aldrich, New Zealand). The Py-
swollen hydrogels were polymerised by constant potential (the voltage was held at 0.7 V vs Ag/AgCl 
until 0.6 C/cm2 was passed) using a three-electrode cell with the gold-coated substrates as the working 
electrode, platinum mesh (GoodFellow, England) as the counter electrode, and an Ag/AgCl (3 M NaCl, 



MF-2052, BASi, USA) aqueous reference electrode. Polymerisations and cyclic voltammetry (CV) 
characterisations were conducted using a Palmsens3 potentiostat (Palmsens, Netherlands).  

2.2 UV-Vis measurements 
pNIPAM polymer solutions and pNIPAM hydrogels covalently attached on glass slides were prepared 
for UV-Vis measurements. The pNIPAM polymer solution was prepared as described above in the 
absence of the BIS solution. pNIPAM hydrogels on glass were prepared by cleaning 7 × 30 mm2 glass 
slides by acid piranha treatment with a volume ratio of 1:3, hydrogen peroxide:sulphuric acid. The 
cleaned glass slides were then functionalised by soaking in a 5% v/v solution of (3-
aminopropyl)triethoxysilane (APTS, Sigma-Aldrich, New Zealand) in toluene for 20 min. The glass 
slides were then sonicated in toluene for 5 min and rinsed in Type 1 water to remove any additional 
APTS layers. The glass slides were then soaked for 20 min in a 0.5% v/v glutaraldehyde solution 
prepared in PBS solution, followed by rinsing in Type 1 water and dried by a stream of nitrogen. The 
pNIPAM hydrogel was prepared and deposited on the glass slides as described in the sample preparation 
section. 

The temperature responsiveness of the polymer was measured with a Shimadzu 
UV-1700 spectrophotometer with an S-1700 temperature control unit. pNIPAM solutions were 
analysed in water and 0.15 M NaCl(aq.). pNIPAM hydrogels were analysed in water, 0.05 M NaCl(aq.), 
0.15 M NaCl(aq.) and 0.1 M DBS(aq.). The solutions were heated from 28–38 °C at a rate of 0.2 °C/min. 
The absorbance was measured at 550 nm and converted to transmittance. The transition temperature 
was calculated as the temperature at which transmittance drops to 50% of its entire range. 

2.3 Atomic force microscopy (AFM) measurements  
2.3.1 Thermo-responsive properties 
The stiffness of the hydrogels was determined using atomic force microscopy (AFM) force indentation 
in a liquid environment. Temperature-dependant measurements were performed in a Cypher ES 
Environmental AFM (Asylum Research, USA) equipped with a CoolerHeater sample stage.  

The height of the hydrogels samples was estimated from the optical microscope in the AFM focused on 
the cantilever in contact with the sample. The relative height was obtained by subtracting the minimum 
measured height of the sample from the measured height values.  

Force maps with 8 × 8 force-indentation curves were collected over a 25 μm2 area. The 
force-indentation curves were indented to 5 nN using a pre-calibrated, gold-coated cantilever (nominal 
spring constant of 0.07 N/m), with a 5 µm diameter glass colloidal tip (Novascan technologies, USA). 
The indentation speed of the force curves was set at 2 μm/s to avoid hydrodynamic drag [60]. The 
Asylum Research software AR15 (version 15.09.112), operating in Igor Pro (version 6.37, 
WaveMetrics, USA), was used to apply fitting parameters with the Hertz model. A fit between 10–90% 
of the force applied was used to quantify the Young’s modulus of the hydrogel samples from the force-
indentation curves. 

2.3.2 Electro-mechanical properties  
Electrochemical-AFM measurements were performed on an MFP-3D Origin AFM (Asylum Research, 
USA) equipped with a modified temperature-controlled AFM electrochemical cell (EC-cell). The same 
0.07 N/m cantilevers with 5 µm diameter colloidal tips were used with the same indentation parameters 
as described above. Force maps with 10 × 10 force-indentation curves were collected over a 25 μm2 area.  

Electrochemistry was performed with a three-electrode cell using the gold-coated discs as the working 
electrode (0.35 cm2), graphite as the counter electrode (2.0 cm2), and an Ag/AgCl (3.4 M KCl) as the 
aqueous reference electrode. Actuation measurements were performed with the tip in contact while 
recording the deflection of the tip as a function of time. The voltage was stepped between the reduced 
state (–1.0 V) and the oxidised state (+0.4 V) for 60 s each for a total of 5 cycles in 0.05 M NaCl(aq.). 

A stream of preheated electrolyte was flowed through the modified AFM EC-cell at 1.21 ml/min or 
2.25 ml/min using an Ismatec™ peristaltic multichannel pump (ISM935C, Cole-Parmer, Illinois) with 



Saint Gobain Tygon S3™ E3603, 0.8 mm bore size (inner diameter), tubing heated in a water-filled 
beaker on a hotplate set at 58 °C. A Type K thermocouple was fitted in the EC-cell to measure the 
temperature of the electrolyte solution close to the electrodes. The flow rate of the preheated electrolyte 
solution was adjusted to set the temperature in the EC-cell to 32 °C (1.21 ml/min) or 37 °C 
(2.25 ml/min). 

2.4 Cell culture 
Immortalised mouse articular chondrocytes (passage 13–18; H5 clone, kindly gifted from P.M. van der 
Kraan and H.M. van Beuningen, Radboud University Medical Center, Nijmegen, Netherlands) [61] 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 11965092, Gibco, ThermoFisher, New 
Zealand) supplemented with fetal bovine serum (FBSF, Moregate Biotech, New Zealand), and 1% 
penicillin-streptomycin-glutamine (PSG, 10378016, Gibco, ThermoFisher, New Zealand). Cells were 
cultured at 37 °C in a humidified, 5% CO2 atmosphere (Heracell 150i, Thermo). Cells were cultured to 
80–90% confluency of the cell culture flask and subcultured with a 1:5 split ratio every 3–4 days. The 
old media was removed, rinsed with 5 ml of PBS, and 2–3 ml of TrypLE™ express enzyme (12604013, 
Gibco, ThermoFisher, New Zealand) was added to the flask and transferred to a humidified 37 °C 
incubator for 2–3 min. Thereafter, 5 ml of fresh cell media was added to inactivate the reaction and 
centrifuged at 1500 rpm for 2 min. The supernatant was removed, and the cells were resuspended in 
5 ml of media.  

2.4.1 Cell attachment 
Hydrogel samples for cell culture were first soaked for one week in 50 ml of type 1 water and sterilised 
by soaking in 70% ethanol overnight in a 24-well plate. After that, the sterilised samples were rinsed in 
sterile PBS three times.  

Two adhesive proteins were studied for the attachment of cells to the hydrogel samples.  

First, adsorption of collagen type-I was conducted by immersing the rinsed, sterile samples in 
0.10 mg/ml collagen type-I (354236, Corning, USA) prepared in PBS for 30 min at room temperature, 
then 30 min at 37 °C. The collagen solution was then replaced with cell media, and cells were seeded 
at the desired cell density.  

Secondly, adsorption of fibronectin was conducted by immersing the rinsed, sterile samples in 20 µg/ml 
fibronectin (07159, Stemcell technologies, USA) prepared in PBS for 30 min at room temperature, then 
30 min at 37 °C. The fibronectin solution was then replaced with cell media, and cells were seeded at 
the desired cell density. 

The cells were suspended in cell media warmed to 37 °C to the desired seeding density of 25,000 
cells/cm2 and pipetted onto the samples in a 24-well plate. The final volume of media containing cells 
was 500 µl per well, which was incubated for 24 hours at 37 °C.  

2.4.2 Cell staining and imaging 
24 hours after plating, the cells were fixed by adding 500 µl per well of 8% paraformaldehyde (PFA, 
96%, ACROS Organics, ThermoFisher, New Zealand) in PBS heated to 37 °C without removing the 
media to make a final concentration of 4% PFA per well. The plate was then incubated for 60 min 
(37 °C, 5% CO2). After rinsing with PBS, the cells were permeablised with 0.1% Triton X-100 in PBS 
for 15 min. Stains of 1 µl/ml Phalloidin-iFluor 488 (ab176753, abcam, UK), 2 drops per ml of 
NucBlue™ Live ReadyProbes™ (Hoechst 33342, Life Technologies, New Zealand) were prepared in 
PBS containing 0.1% Triton X-100 and 1.0 wt% bovine serum albumin (BSA, pH Scientific, New 
Zealand). 200 µl of the stain mixture was added to each well and incubated for 30 min. Thereafter, the 
samples were rinsed in PBS containing 0.1% Triton X-100. Cells were visualised by fluorescence 
microscopy with a Leica CTRMIC microscope using NIS-Elements F 4.60 software. A minimum of 
three images was randomly taken at × 10 magnification for each sample, and cell attachment and cell 
area was evaluated from the actin-stained images, while the cell-plating efficiency was determined by 
the NucBlue™ stain, quantified by image analysis using ImageJ (version 1.50i).  



2.5 Statistical analysis  
Statistical significance of the Young’s modulus were analysed using GraphPad Prism 8.0 software 
(GraphPad Software, USA). Statistical analyses between different datasets were determined using 
Student’s t-test. Probabilities of p ≤ 0.05 were determined as a significant difference.  

3 Results and discussion  
3.1 Thermo-responsive properties  
The temperature-responsive properties are particularly significant for this CP-hydrogel system as ion 
movement in the hydrogel occurs with electrochemical stimulation, which is expected to influence the 
volume-phase transition of pNIPAM. Furthermore, cell culture is performed at 37 °C, which is above 
the transition temperature of pNIPAM. The thermo-responsive properties of the pNIPAM polymer in 
solution (Figure S1) and the crosslinked hydrogel network (Figure 1A), were compared using 
temperature-controlled UV-Vis spectrometry. The thermo-responsive properties were investigated in 
both pure water and aqueous NaCl solutions, as subsequent electrochemical measurements were 
conducted in NaCl electrolyte  

 

 
Figure 1: (A) UV-Vis transition temperature of crosslinked pNIPAM hydrogel on glass measured in different salt 
solutions. Representative AFM optical swelling height measured as a function of temperature for the (B) pNIPAM 
hydrogel, (C) PPy-ClO4 hydrogel, and (D) PPy-DBS hydrogel. 

The pNIPAM polymer alone showed a sharp transition at 31.8 °C in water (Figure S1) , which is in 
good agreement with literature values ~32 °C [62,63]. In the presence of 0.15 M NaCl(aq.), the 
temperature transition was shifted –1.8 °C to about 30 °C while retaining a sharp transition. This shift 
can be explained by the Hofmeister effect, where the transition temperature of pNIPAM is aided by the 
attraction of water molecules to chloride ions.  



A similar shift in the transition temperature was observed for the crosslinked hydrogels with the 
inclusion of NaCl. The transition temperature for the crosslinked hydrogels was observed at a higher 
temperature at 33.8 °C compared to the polymer alone at 31.8 °C (Figure 1A). It has been previously 
reported that various degrees of crosslinking do not significantly alter the LCST due to the continuous, 
free isopropylamide pendant groups on the pNIPAM backbone [64,65]. However, an increase and 
broadening in the transition temperature for the crosslinked hydrogel is observed in Figure 1A compared 
to the polymer alone (Figure S1). It is assumed that the crosslinking of the polymer and the covalent 
surface attachment may constrain the physical collapse of the polymer upon precipitation and slows the 
process, causing the transition temperature to increase slightly. A solution of 0.15 M NaCl(aq.) was 
found to shift the LCST of the crosslinked hydrogel by –1.8 °C, the same amount compared to the 
polymer alone. Upon reducing this concentration to 0.05 M, the shift reduces by approximately one 
third, –0.6 °C (Figure 1A). Furthermore, increasing the salt concentration to 1.0 M NaCl(aq.) decreases 
the transition temperature to 23.5 °C, inducing precipitation at room temperature (Figure S1). The 
pNIPAM hydrogel in a 0.1 M DBS(aq.) solution did not exhibit an LCST within the measured range, 
below 60 °C (Figure 1A). DBS is an anionic surfactant and is similar in structure to the common 
surfactant, sodium dodecyl sulphate (SDS). SDS has been shown to increase the swelling and 
temperature transition of pNIPAM hydrogels. It has been previously reported that the hydrophobic 
isopropyl groups bind strongly with the surfactant molecule, causing the hydrogel to be converted to a 
hydrophilic network. When the hydrophilic groups are ionised, this leads to an increase in the transition 
temperature and swelling due to excess osmotic pressure [66]. A similar effect is likely observed with 
pNIPAM in DBS, and the precipitation of the network is suppressed by the excess of hydrophilic groups.  

Since the thermo-responsive properties of pNIPAM with CP cannot be measured with UV-Vis 
spectroscopy (due to light not passing through the black coloured CP), the thermo-responsive, swelling 
and mechanical properties of the crosslinked hydrogel containing CP were investigated using 
temperature-controlled AFM. Resting the AFM cantilever on the hybrid hydrogel surface, the height of 
the hydrogel can be measured using the instrument optics in combination with the change in deflection 
of the cantilever (one repeat in Figure 1 B-C, with data from two more repeats included in Figure S2). 
Force-indentation was also performed and fitted with the Hertz model to determine the Young’s 
modulus of the hybrid hydrogel as a function of temperature (Figure 2). 



 
Figure 2: Mean Young’s modulus as a function of temperature for (A) pNIPAM, PPy-ClO4, and PPy-DBS 
hydrogels in 0.05 M NaCl(aq.), and (B) PPy-DBS hydrogel in water and 0.05 M NaCl(aq.). The Young’s modulus 
was quantified from the Hertzian model applied to an individual 8 × 8 force map collected over a 25 µm2 area 
fitted with a Gaussian distribution. Standard deviation acquired from the Gaussian distribution of the individual 
force map.  

The swelling height of the plain pNIPAM hydrogel and conducting polymer hybrid hydrogels were 
recorded as a function of temperature using AFM. The swelling height was measured using water and 
0.05 M NaCl(aq.). The plain pNIPAM hydrogel in water was approximately ~150 µm thick and 
precipitate at approximately 32.5 °C in water, which shifted to 31.5 °C in 0.05 M NaCl(aq.) (Figure 
1B). These values are in good agreement to those measured by UV-vis, and demonstrate the validity of 
the approach. A similar trend was observed in PPy-ClO4 hydrogel, transitioning at 31.5 °C in water and 
0.05 M NaCl(aq.) (Figure 1C). The transition temperatures for the CP hydrogels in 0.05 M NaCl(aq.) 
can be seen to be complemented by an exponential increase in the Young’s Modulus starting around 
~10 kPa at 32 °C (Figure 2A). The Hofmeister effect and the UV-Vis results in Figure 1A support these 
transitions, confirming that NaCl lowers the LCST of the pNIPAM hydrogel by salting-out [57]. 

The LCST of the PPy-DBS hydrogel in water was shifted by +3 °C, reflected by a sharp decrease in the 
swelling height (Figure 1D) and an increase in Young’s modulus at 35 °C (Figure 2B). The transition 
temperature for the PPy-DBS hydrogels in water was higher than the pNIPAM hydrogel alone and the 
PPy-ClO4 hydrogel. This suggests that shifting the LCST of pNIPAM to a higher temperature is possible 
using DBS as a dopant for PPy. The increased temperature transition may arise from the retention of 
DBS in the PPy-DBS hydrogel, which delays the transition temperature of the pNIPAM hydrogel.  

The temperature transition of the PPy-DBS hydrogel swelled in 0.05 M NaCl(aq.) returned to a lower 
temperature (Figure 1D) comparable to the pNIPAM hydrogel (Figure 1B). This is seen in Figure 2B, 



where the increase in Young’s modulus occurs earlier at 32 °C in NaCl compared to 35 °C in water. 
This may be due to competing interactions of NaCl with the retained DBS dopant in the pNIPAM 
hydrogel, resulting in the preferable hydration of the hydrogel in NaCl. It is speculated that a higher 
concentration or better distribution of DBS throughout the hydrogel network may be able to tune the 
transition temperature of pNIPAM in the presence of NaCl, as DBS was shown to prevent the 
temperature transition of the pNIPAM hydrogel (Figure 1A). Because of this and the actuating 
properties of PPy-DBS we previously reported [51], the properties of the PPy-DBS hydrogels were 
further investigated. 

3.2 Electro-mechanical properties 
To determine the hybrid hydrogels’ electrochemical properties, CV was performed near the transition 
temperature (32 °C) and physiological temperature (37 °C). Figure 3A depicts the CVs of the PPy-DBS 
hydrogel sample performed at elevated temperatures. A schematic of the electrochemical setup can be 
seen in Figure S3. 

 
Figure 3: (A) CV of the PPy-DBS film in the hydrogel at 25 °C, 32 °C, and 37 °C measured in 0.05 M NaCl(aq.) 
at 0.05 V/s vs Ag/AgCl, 3rd scan plotted. (B) Electrochemical response and out-of-plane actuation of the PPy-
DBS hydrogel at 20 °C, 32 °C, and 37 °C. A square wave potential is applied at 60 s intervals alternating between 
the oxidised and the reduced state, and the current and height change is monitored using the Z piezo deflection of 
the AFM. (C-E) Electro-mechanical properties of the PPy-DBS hydrogel at 25 °C, 32 °C, and 37 °C. Box plot of 
the Young’s modulus in the oxidised (+0.4 V) and reduced (–1.0 V) state. The potential was held for 120 s before 
force-indentation. Force-indentations were quantified using the Hertzian model applied to a 10 × 10 force map 
collected over a 25 µm2 area. The interquartile range (IQR) between the first and the third quartiles is indicated 
by the box, while whiskers denote 1.5 IQR. The hollow square, the long horizontal line, the cross, and the short 
horizontal line represent the average, the median, the 99th percentiles, and the range, respectively. *, **, ***,**** 
are determined using a two-sample t-test, and represent statistical significance at p < 0.05, 0.01, 0.001, and 0.0001, 
respectively. Plots are representative data from at least n = 3 replicates. 

At 25 °C, the PPy-DBS hydrogel shows a distinct oxidation peak at –0.05 V and a reduction peak at –
0.70 V (Figure 3A, red). At 32 °C, the peaks are seen at comparable potentials (Figure 3A, blue). At 



37 °C, the peaks are slightly shifted to +0.05 V (oxidation) and –0.80 V (reduction) (Figure 3A, purple). 
The PPy-DBS hydrogel peaks are found at similar potentials as previously seen at –0.33 V (oxidation) 
and –0.78 V (reduction) [51]. The wider separation between the peaks is attributed to ion diffusion 
limitation due to the physical configuration of the EC-cell, as the AFM enclosure reduces the electrolyte 
volume near the working electrode [51]. These results suggest that the electrochemical response is not 
significantly affected below the transition temperature, as the CV at 25 °C and 32 °C are similar (Figure 
3A, red & blue). At 37 °C, the collapsed pNIPAM matrix is presumed to hinder the ion transfer to the 
CP, resulting in a less reversible redox reaction from slower ion exchange (Figure 3A, purple).  

The electro-mechanical properties of the PPy-DBS hydrogels were also assessed at 25 °C, 32 °C and 
37 °C. Specifically, the Young’s modulus and electrochemical actuation of the PPy-DBS hydrogel was 
characterised and presented in Figure 3C-E. 

The mean Young’s modulus of the PPy-DBS hydrogel at 25 °C was not significantly different, with 
9.83 kPa in the reduced state and 9.78 kPa in the oxidised state (p > 0.05). At 32 °C, the mean Young’s 
modulus was 24.0 kPa in the reduced state and 29.2 kPa in the oxidised state with statistical significance 
(p < 0.0001). At 37 °C, the mean Young’s modulus was 60.39 kPa in the reduced state and 75.53 kPa 
in the oxidised state (p < 0.01). Here, the most significant difference in the Young’s modulus was seen 
at the transition temperature (32 °C). The change in modulus is likely to arise from the ion flux caused 
by the PPy redox states. Upon oxidation of PPy-DBS, the DBS ions remain trapped in the PPy network 
due to their large molecular size [27,67]. Hence, the absorption of Na+ ions occurs to counterbalance 
the charge when PPy is reduced [68,69]. In the reduced state, the PPy-DBS film will be softer due to 
the swelling arising from the osmotic pressure difference. It is also suspected that these ions are drawn 
from the pNIPAM matrix, causing a local deficit of Na+ ions in the hydrogel, resulting in a shift in the 
LCST to a slightly higher temperature. Upon oxidation, the PPy-DBS will eject the Na+ ions, causing 
the film to contract. Likewise, these ions are expected to be pushed into the pNIPAM matrix, inducing 
the volume-phase transition and stiffening the hydrogel. This mechanism agrees with Figure 3D & E, 
where the hydrogel is stiffer in the oxidised state.  

At 37 °C, a large variation in the Young’s modulus is seen (Figure 3E), attributed to variations in the 
force-indentation curves. Variations in the force-indentation curves result in poorer fits with the Hertz 
modelling, thus altering the estimated Young’s modulus. The variations are supposed to arise from the 
precipitated structure resulting in increased surface roughness. Although the Young’s modulus was 
higher in the oxidised state at 37 °C, it was difficult to determine the exact modulus of the PPy-DBS 
hydrogel. The inclusions of other hydrogel monomers may help tune the LCST to induce a clear change 
in the modulus at 37 °C [70]. For example, poly(acrylic acid) can increase the transition temperature of 
pNIPAM and introduce pH-responsive characteristics [71]. The tuning of the volume-phase transition 
temperature will be important in order to shift the change in modulus (seen at 32 °C) to cell culture 
temperatures (37 °C).  

The electrochemical actuation was measured at different temperatures by applying a square wave 
potential as a step input to alternate between the oxidised and reduced state while monitoring the 
deflection of the AFM tip on the hydrogel surface [72] (Figure 3B).  

The actuation between the redox states at 32 °C was measured as 3 µm (Figure 3B, blue), whereas the 
actuation at 25 °C and 37 °C was measured as 1.0 µm (Figure 3B, red and purple). The room 
temperature actuation of 1.0 µm is consistent with that previously measured by us [51]. These results 
reveal that the actuation was improved three-fold when heated to the LCST. It is believed that actuation 
is mainly driven by the ion flux resulting from the change in PPy redox states. Expansion occurs when 
PPy is reduced, and Na+ ions diffuse into the neutral PPy film to balance the negative charge of the 
trapped DBS dopant [27,67]. This causes expansion of the PPy as Na+ ions also cause PPy to rehydrate 
[67]. Because an enhanced actuation is only seen at 32 °C (Figure 3B, blue), this confirms the idea that 
the influx of Na+ ions driven by the reduction of the PPy alter the temperature transition, as also seen 
in the Young’s modulus (Figure 3D & E). The variability in the actuation is also attributed to this 
mechanism. As the PPy-DBS hydrogel is switched between the redox states, ion diffusion through the 
precipitated hydrogel may not be homogenous, which causes fluctuations upon expansion and 
contraction.  



3.3 Cell attachment  
As a proof of concept, the hybrid system was evaluated for its cell culture compatibility. Since pNIPAM 
is temperature-sensitive, it is common practice to fix cell cultures at 37 °C before microscopic 
examination at room temperature to avoid cell detachment [73,74]. After 24 hours of cell culture, 
samples were fixed by adding paraformaldehyde to the existing culture to visualise any loosely bound 
cells and stained with stained nucleus (NucBlue™ stain) and F-actin (phalloidin stain).  

The attachment and spreading of mouse articular chondrocytes to a gold-coated silicon wafer, pNIPAM 
hydrogel, and PPy-DBS pNIPAM hydrogel pre-coated with either fibronectin or collagen-I adhesive 
proteins were evaluated. Fluorescent microscopy images of the fixed and stained chondrocytes were 
taken after 24 hours of cell culture (Figure 4).  

 
Figure 4: Representative fluorescence microscopy images of mouse articular chondrocytes stained for F-actin 
(green) and cell nucleus (blue) imaged after 24 hours of cell culture on (A) gold-coated silicon wafer with 
fibronectin, (B) gold-coated silicon wafer with collagen-I, (C) pNIPAM hydrogel with fibronectin, (D) pNIPAM 
hydrogel with collagen-I, (E) PPy-DBS pNIPAM hydrogel with fibronectin, and (F) PPy-DBS pNIPAM hydrogel 
with collagen-I. All proteins were adsorbed at 37 °C for 30 min before cell seeding at 25,000 cells/cm2. Scale 
bars: 100 μm. 



For the gold surfaces, the cells can be seen to adhere with a spread morphology on both fibronectin and 
collagen-I. The spreading of the cells is evident by the well-constituted and organised actin stress fibres, 
as shown in Figure 4A & B. A similar attachment and morphology was also seen for cells adhering to 
the gold surface and the PPy-DBS film without any prior protein adsorption (cell growth media only, 
Figure S4A & B). In this case, the cell attachment is mediated via cell-adhesive proteins present in the 
serum in the cell media, such as vitronectin [75] and fibronectin [76]. However, the chondrocytes 
demonstrated poor adhesion to the hydrogel without pre-coating with adhesive proteins (Figure S4C) 
depicted by a limited spreading morphology and low cell density comparable to the gold surface and 
the PPy-DBS film (Figure S5). For this reason, prior adsorption with adhesive protein was necessary to 
study chondrocyte cell attachment on the hydrogel.  

Collagen-I adsorbed hydrogels (Figure 4D & F) shows much fewer attached cells when compared to 
the gold control (Figure 4B). The morphology of the cells on the collagen-I adsorbed hydrogels are also 
less spread, with more cells expressing elongated morphologies and approximately half not spreading 
at all (Figure 4D & F). The rounded and elongated cell morphologies on these hydrogels show that the 
cells struggle to attach to these surfaces. When comparing the adsorbed fibronectin coating on the gold 
surface (Figure 4A) to the pNIPAM hydrogel (Figure 4C), the cells show a similar spread morphology 
for both surfaces. The PPy-DBS hydrogel in Figure 4E shows fewer cells attaching, with some cells 
exhibiting elongated morphologies. Chondrocytes attachment is also supported by previous studies 
showing attachment and growth on the pNIPAM hydrogels [73,77,78] and the PPy hydrogel composites 
[79], with comparable morphologies on the hydrogel [73].  

While this study is not focused on investigating protein adsorption, electrostatic interactions may 
influence protein adsorption to the hydrogel [80], which may result in better adsorption of fibronectin 
to the pNIPAM. Previous literature had shown cell-sheet harvesting (cell detachment) of epithelial cells 
adsorbed with collagen-I on pNIPAM microgels when the temperature was reduced below its LCST 
[74]. In contrast, adsorbed fibronectin maintained cell adhesion below the LCST [74]. The authors 
speculated that cell detachment might depend on the dehydration of each ECM protein through 
preferential hydration of pNIPAM. Furthermore, articular chondrocytes are known to express α1β1, 
α3β1, α5β1, α10β1, αVβ1, αVβ3, and αVβ5 integrins, which favourably bind to fibronectin, collagen-
II and collagen-VI [81]. Thus, fibronectin may enable better attachment of mouse articular chondrocytes 
than collagen-I.  

The cells are also seen to adhere and spread to the PPy-DBS hydrogel, in particular when pre-coated 
with fibronectin (Figure 4E). As for the pNIPAM control hydrogel, the cells are seen to attach and 
spread less when the PPy-DBS hydrogel was pre-coated with collagen (Figure 4F). For the fibronectin 
coated hydrogels the cell density is not quite as high on the PPy-DBS hydrogel (Figure 4E) as the 
pNIPAM hydrogel alone (Figure 4C). This may arise from variation in the images, sample variation, or 
seeding variation in the well plate, as the difference does not appear to be significant. DBS toxicity [82] 
may also hinder the cells’ growth, which may contribute to the slightly lower observed cell count on 
the PPy-DBS film compared to gold (Figure S5).  

The cell density and spreading area were also quantified from the nuclei (blue-stained) and actin (green-
stained), respectively. The cell density on all fibronectin-adsorbed samples were consistently higher 
than the seeding density (Figure 5, red). This indicates that cells attach and proliferate on the 
fibronectin-adsorbed surfaces. This agrees with previously published literature for these chondrocytes 
proliferating after 24 hours of culture on glass [83]. 



 
Figure 5: (A) Cell density on the samples counted from the nuclei (blue-stained) fluorescence microscopy images 
using ImageJ. The horizontal dotted line represents the initial seeding density of 25,000 cells/cm2. (B) Cell 
spreading area calculated from the actin (green-stained) fluorescence microscopy images using ImageJ. A 
minimum of 3 images per sample was counted. Data is presented as mean ± standard deviation (n=3). 

For the collagen-I adsorbed samples (Figure 5, blue), only the gold surface shows a cell density that is 
higher than the seeding density. It is possible that the adsorption of collagen-I to gold was favourable, 
as previously suggested [84]. This would explain the high cell density seen on the collagen-adsorbed 
gold surface. The cell density on the collagen-I adsorbed hydrogels is similar to the initial seeding 
density, indicating that the cells were present but did not increase on the hydrogels with collagen-I. 
When considering the morphology (Figure 4D & F) and spreading (Figure 5B) of the cells on these 
hydrogels, the absence of proliferation is not surprising due to their limited spreading. It is possible 
adsorbed collagen-I may not be very stable on the hydrogel, which may explain the cell detachment 
previously reported below the LCST of pNIPAM with collagen and not fibronectin [74]. Care should 
be taken when comparing the area of cells on gold and fibronectin coated pNIPAM gels, as the cell 
density may be too high on those surfaces to allow cells to spread freely.  

From the results, it is evident that fibronectin supported the attachment of mouse articular chondrocytes 
on the pNIPAM hydrogel and PPy-DBS hydrogel. Fibronectin has been commonly adsorbed to a range 
of materials [85], including hydrogels [86,87]. Hence, fibronectin adsorption is demonstrated to be a 
simple route for cell attachment to the PPy-DBS hydrogels, and it is possible that other adhesive proteins 
can be adsorbed or covalently attached to achieve attachment with different cell types.  

Here, the LCST of pNIPAM is demonstrated to modulate the elastic modulus through low voltage 
electrical stimulation. A statistically significant difference is shown from 24.0 kPa to 29.2 kPa at 32 °C 
and 60.4 kPa to 75.5 kPa at 37 °C with stimulation of –1.0 V and +0.4 V, respectively. This is a much 
lower voltage required than previous literature showing reversible stiffness between 10 kPa and 30 kPa 
of an alginate-based hydrogel with an applied voltage of ±4.5 V [88]. The difference in Young’s 
modulus was also much greater than previously reported with PPy-DBS and gelatine methacrylate 
hydrogel, showing a change of 0.7 kPa to 0.96 kPa with stimulation of –1.0 V and 0.0 V, respectively 
[52]. It is envisioned that this system’s stiffness range will be relevant for investigating dynamic 
stiffness changes on mesenchymal stem cells [89]. In particular, the developed materials open for 



studies of the cell response to dynamic changes in substrate stiffness, using a mild stimulus (electric 
potential).  

4 Conclusions 
We report on the thermo-responsive electro-mechanical properties of a conducting polymer pNIPAM 
hydrogel system. In this study, the volume-phase transition temperature of pNIPAM polymer was 
measured with UV-Vis spectroscopy and compared to pNIPAM fabricated as a hydrogel in different 
salt solutions. The volume-phase transition temperature of PPy-pNIPAM hydrogels was also 
determined using temperature-controlled AFM. In addition, AFM force-indentation was used to 
quantify the Young’s modulus of the hybrid hydrogel at different temperatures. The salt solutions were 
determined to alter the LCST of the hybrid hydrogel through the Hofmeister effect, and the CP dopant, 
DBS, delays the volume-phase transition temperature of pNIPAM. The electrochemical and electro-
mechanical properties of the hybrid hydrogel were also characterised at the transition temperature 
(32 °C) and physiological temperature (37 °C). The PPy-DBS hydrogel exhibited a significant 
difference in its modulus and three-fold improvement in out-of-plane actuation with electrochemical 
stimulation at 32 °C. This enhancement in out-of-plane actuation was attributed to the movement of 
ions in/out of the PPy film upon redox reactions, which altered the swelling of the pNIPAM hydrogel 
by inducing its temperature transition expansion/contraction. Furthermore, good attachment of mouse 
articular chondrocytes was demonstrated on the hybrid hydrogel’s surface with fibronectin. The 
actuation of this system holds significance for investigating cellular mechanotransduction featuring 
dynamic changes in mechanical properties to mimic the in vivo ECM behaviour or as a platform for 
controlled drug release. 
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