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Abstract 

We present a novel family of biocompatible hydrogels containing Nafion and poly(ethylene 
oxide) based block copolymers. In aqueous environment, thermodynamically stable ionomer-
copolymer complexes are formed, as evident by light scattering and quartz crystal 
microbalance experiments. Moreover, incorporation of Nafion dramatically modifies the 
phase behaviour and the rheological properties of copolymer hydrogels.  The hybrid systems 
not only undergo  sharp and thermally reversible sol-gel transitions below the body 
temperature, thus retaining their injectable nature, but they also generate mechanically robust 
hydrogels. Moreover, ibuprofen was continuously released over a period of 26 days for the 
Nafion/Pluronic hydrogel, compared to only 3 days for the Nafion-free system. The hybrid 
gels are promising candidates  for 3D-bioprinting and controlled drug release applications.  
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Introduction 

Hydrogels are water swollen networks of 
chemically or physically crosslinked 
macromolecular chains having a highly 
porous structure that exhibit complex 
viscoelastic characteristics1-3. The physical 
properties of those soft systems can be 
largely tuned with respect to the chemical 
composition of the polymeric components 
and their crosslinking density. Stimuli-

responsive hydrogels can sense and adapt to 
changes in their surroundings such as 
temperature, pH, ionic strength, pressure, 
light, electric field and the presence of 
certain chemical trigers4,5.  

Particular emphasis is given to the 
development of injectable systems6,7 that gel 
in situ under physiological conditions 
facilitating the controlled and sustained 
release of the entrapped drugs. Because they 
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can be applied in nonsurgical treatments 
(tissue engineering, drug delivery, wound 
repair, dermal filling, etc.), they offer 
obvious advantages in terms of therapy cost 
and duration as well as patient comfort and 
recovery. Injectable hydrogels are derived by 
natural polymers (such as hyaluronic acid8, 
cellulose9, proteins and peptides10, 
chitosan11) or synthetic macromolecules 
(composed of acrylates methacrylates, vinyl 
ethers, cyclic esters, amino acids, 
acrylamides, etc.)12. 

The dynamic presence of poly(ethylene 
oxide) (PEO) based copolymers in the field 
of injectable hydrogels can be traced back to 
their interesting self-assembly properties that 
allow sharp sol-gel thermoreversible 
transitions below body temperature13,14. This 
class of nanostructured gels exhibit minimal 
cytotoxicity and improved 
pharmacokinetics15, but they typically suffer 
from weak mechanical properties and rapid 
drug release. Well-explored approaches to 
overcome those challenges rely on the 
development of photocrosslinked16, 
stereocomplexed17 and multicomponent18 
systems. 
 

In this report we demonstrate that 
introduction of Nafion to hydrogels 
containing PEO based copolymers improves 
their drug release profile and enhances their 
mechanical strength, without compromising 
their injectable character.  Nafion is 
primarily known as the proton exchange 
membrane in fuel cells19,20. Early studies 
have demonstrated its biocompatible 
nature21,22, but it has only recently attracted 
significant attention for biomedical 
applications such as implant coatings23, 
biosensors24,25 and biocompatible capsules26. 
Its amphiphilic structure consists of a 
remarkably robust Teflon-like backbone 

decorated with highly polar pendant groups. 
Due to this macromolecular design, Nafion 
interacts strongly with non-ionic block 
copolymers 27,28 giving rise to 
thermodynamically stable supramolecular 
assemblies.  

2. Experimental Section 

2.1. Materials   

Two Nafion dispersions (in water and low 
aliphatic alcohols, respectively) were 
obtained by Ion Power.  Pluronic P123 was 
obtained by Sigma Aldrich and is referred 
here as E19P69E19. The notations are as 
follows: E stands for an oxyethylene unit 
OCH2CH2, P for oxypropylene 
OCH2CH(CH3), while the subscripts denote 
number-average block of repeat units. The 
copolymer B20E510, where B stands for an 
oxybutylene unit OCH2CH(C2H5), was 
synthesized by sequential anionic 
polymerization of 1,2-butylene oxide 
followed by ethylene oxide, using potassium 
activated 2-butanol as initiator29.  

 
2.2. Methods 

2.2.1. Dynamic Light Scattering (DLS). DLS 
measurements at T= 25 oC were conducted 
using a Malvern Zetasizer Nano-ZS 
(Malvern Instruments, England) system 
equipped with a He-Ne laser beam with λ = 
633 nm. Prior to the measurements the 
samples were filtered through Nylon 
membrane filters with a pore size of 0.2 µm 
directly to the measuring cuvettes.  

2.2.2. Quartz Crystal Microbalance with 
dissipation monitoring (QCM-D). QCM-D 
experiments were conducted at T= 25 oC 
using a Q-sense E1 unit. SiO2 modified 
crystals with fundamental resonance 
frequency close to 5 MHz were coated with 
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Nafion. To that end, a drop of ethanol 
containing 0.5 wt% Nafion was deposited in 
each crystal that was subsequently left for at 
least 48 h at room temperature to ensure 
complete evaporation of the solvent. The 
thus prepared Nafion-coated crystals were 
mounted to a flow cell (flow rate= 0.2 
ml/min) and their interaction with water and 
copolymer solutions were monitored. When 
a layer of material with mass ∆m is deposited 
on the crystal surface, its resonant frequency 
is reduced by ∆f according to Sauerbrey 
relation30 

∆m=- (C/N) ∆f                                         (1) 

where N denotes the overtone number and C 
the integrated crystal sensitivity. The 
dissipation factor D is defined as  

D= Ed/(2π Es)                                        (2) 

where Ed is the energy dissipated during one 
period of oscillation and Es is the energy 
stored in the system31. For simplicity, only 
the third overtones (N=3) are described in 
this report.  

2.2.3. Rheology. The viscoelastic properties 
of the hydrogels were studied using a stress 
controlled AR-G2 rheometer (TA). All 
measurements were performed within the 
linear viscoelastic region (strain 2%), using a 
parallel plate cell with 50 mm diameter. 
Frequency sweep data were collected at 
selected temperatures, while temperature 
ramps were performed at ω=1 rad/sec with a 
heating rate of 1 oC/min. Extra care was 
taken to minimize evaporation by using a 
solvent trap to maintain a water saturated 
environment. 

2.2.4. Small Angle X-ray Scattering (SAXS). 
SAXS experiments were performed on 
beamline I22, Diamond Light Source 
Synchrotron Radiation Source, U.K. The 

wavelength of synchrotron radiation was 1 Å 
and the sample-to-detector distance was 6 m. 
Samples were mounted between mica 
windows in a liquid cell equipped with 
water-bath temperature control.  Two 
dimensional SAXS patterns were collected 
using a Pilatus P3-2M area detector. All 
patterns were corrected for the incident beam 
fluctuations as well as air and instrument 
scattering, before being converted into 1D 
profiles using the Dawn software. 
2.2.5. Drug release profiles. A gel 
containing  32.5 wt% E19P69E19 and  0.5 wt% 
ibuprofen (Sigma- Aldrich) was transferred 
into a Snakeskin dialysis membrane (with 
molecular weight cut-off 3.5 kDa) and was 
subsequently  immersed in phosphate buffer 
saline solution (pH 7.4) at a constant 
temperature of 37 °C.  Samples of the buffer 
solution were withdrawn at predetermined 
times and the ibuprofen content was 
determined on a basis of a calibration curve 
using a Shimadzu UV3600 UV-Vis, at 265 
nm.  An, otherwise identical, experiment was 
conducted for the gel containing 32.5 wt% 
E19P69E19 and 10 wt% Nafion.  
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Results and discussion 
 
Intensity fraction distributions of apparent 
hydrodynamic radius (rh) of 0.5 wt % 
B20E510 aqueous solutions (circles in Figure 
1) indicate the presence of highly swollen 
micelles with rh=31 nm, in agreement with 
previous studies29. Judging by its B block 
length14, the critical micelle concentration 
(cmc) of B20E510 is expected to fall below  
10-4 wt%, consistent with the absence of a 
unimer peak. Addition of 0.5 wt% Nafion 
results in particles with rh=80 nm (squares in 
Figure 1), an effect that suggests extensive 
Nafion-copolymer binding. For reference, a 
0.5 wt % aqueous dispersion of Nafion 
shows a wide size distribution below 20 nm 
(data not shown here) and unbound Nafion 
particles might count for the minor peak 
observed in Figure 1. 

Previous reports27,28 provide clear evidence 
that Nafion forms supramolecular assemblies 
with E18B10, E19P69E19 and M18E20 (M18 
stands for C18H37) in water.  For example, 
the critical micelle temperature (cmt) of 
E19P69E19 solutions was found to 
systematically increase in the presence of 
Nafion, indicating strong copolymer 
adsorption to the ionomer backbone27. The 
complexation has been attributed to 
hydrophobic interactions and extensive 
hydrogen bonding between Nafion’s protons 
and the ether oxygen of EO32. It is interesting 
to note the architectural similarity between 
the copolymer’s hydrophilic building block -
OCH2CH2- and Nafion's side chain -
OCF2CF2- . 

Each one of the QCM-D sensorgrams in 
Figure 2 describes an initial equilibrium of a 
Nafion coated crystal against air in order to 
determine the fundamental resonance 
frequency, followed by a subsequent 
equilibrium against flowing water to 

determine the baseline of the hydrated 
membrane. The pronounced drop in f that 
follows the hydration of the crystals reveals 
the ample water uptake of the Nafion's ionic 
domains that does not, however, result in the 
dissolution of the membrane.    

Introduction of 0.5 wt% E19P69E19 solution 
(Figure 2a) to the hydrated Nafion membrane 
initially causes a dramatic decrease in f due 
to extensive copolymer adsorption, an effect 
that reduces the rigidity of the membrane as 
revealed by the accompanying increase in D. 
When the amount of the attached polymer 
exceeds a critical threshold, a rapid increase 
in f is observed due to the dissolution of the 
Nafion membrane. The detergency efficiency 
of E19P69E19 against Nafion ultrathin 
membranes has been described in detail 

Figure 1 - Time course of frequency (filled symbols) and 
dissipation factor (open symbols) of a Nafion-coated 
crystal resonator in QCM-D experiments at 25 °C. “W” 
and “S” denote the injection of water and the copolymer 
solutions containing 0.5 wt% E19P69E19 (a) and 0.5 wt% 
B20E510 (b), respectively. 
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previously27,28, and the underlying 
mechanism holds true for E18B10 and M18E20. 

Introduction of B20E510 solution (Figure 2b) 
also gives rise to a significant decrease in f 
and an accompanying increase in D, 
indicating rapid and extensive Nafion-
copolymer binding. By virtue of their super-
swollen nature (rh=31 nm), the adsorbed 
copolymer chains impose significant steric 
constrains so that the rather limited amount 
of copolymer attached is incapable in 
solubilising Nafion. It has been estimated 
that each E-unit in the corona of B20E510 

micelles is associated with 96 water 
molecules33, out of which only 6 water 
molecules are present in the hydration layer34 
and the remaining is essentially bulk water. 
Nevertheless, QCM-D sensorgram suggest 
that B20E510 chains are firmly adsorbed to 
Nafion's surface and are not detached upon 
prolonged water rinsing. In contrast, in an 
otherwise identical experiment, it was found 
that a significant portion of the attached PEO 
on the Nafion membrane can be removed 
under water flow27. The difference between 
the two systems, highlight the role of 
hydrophobic-hydrophobic interactions 
between the substrate and the adsorbed 
B20E510 chains that are not present in the case 
of PEO  (that lacks hydrophobic groups).  

The sol-gel phase diagram of concentrated 
aqueous dispersions of PEO based block 
copolymers is governed by the exothermic 
dissolution of ethylene glycol that favours 
micellization and, thereby, micellar packing 
at intermediate temperatures, but also 
accounts for pronounced corona dehydration 
and collapse of the close packing at elevated 
temperatures. As shown in Figure 3, upon 
heating the 32.5 wt% E19P69E19 aqueous 
dispersion exhibits a sharp sol- gel transition 
at 19 oC (G' exceeds 1 kPa and G'>G'') and 
the structure collapses at 42 oC into a soft gel 
phase (G' falls much below 1 kPa, but 

remains higher than G''). Soft gels are 
described as defected closely packed 
systems, where interacting micellar 
aggregates give rise to a moderate 
viscoelastic response (e.g. stronger than sol, 
but weaker than a hard gel)35. 

  
Addition of 5 wt% and 10 wt% Nafion 
modifies the phase diagram, given that the 
hybrid systems remain within the sol phase 
at temperatures up to 45 and 34 oC (G' 
exceeds 1 kPa and G'>G''), respectively and 
the gels formed are stable up to the highest 
temperature tested (60 oC). The inset shown 
in Figure 3 demonstrates a tube inversion test 
and shows the immobile nature of a 32.5 
wt% E19P69E19/10wt% Nafion gel at 40 oC. 
Significantly, the sol-gel transitions observed 
for the hybrid systems are thermoreversible 
and they remain unaltered upon repetitive 
heat-cool-heat cycles. In other words, while 
Pluronic hydrogels tend to exhibit a sol-gel-
sol transition upon heating, addition of 
Nafion leads to a monotonous enhancement 
of viscoelasticity as a function of 
temperature. For reference, we note that a 
13.9 wt% aqueous dispersion of the thermo 
and pH responsive linear triblock copolymer, 
poly(methoxydi(ethylene glycol) 
methacrylate-co-methacrylic acid)-b-PEO-b 
poly(methoxydi(ethylene glycol) 
methacrylate-co-methacrylic acid) at pH=4 
undergoes sol-gel transition at  36.1 oC and 
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maintains a plateau  G' value close to 3 kPa 
at least  up to 65 oC 36. 

The SAXS patterns shown in Figure 4 
indicate a body centered cubic (bcc) packing 
for 32.5 wt% E19P69E19 at 20 oC with 
reflections at q/q*=1:√2:√3, where q stands 
for the scattering vector and q* for the first 
order reflection37.   The bcc structure is 
somewhat maintained in the presence of 
1wt% Nafion, although the hybrid is a 
weaker gel. Addition of 5 wt% Nafion has a 
profound impact, leading to a fluid system 
with broad scattering peaks (q/q*=1:√3:√7) 
that are roughly consistent with hexagonal 
packing of cylinders38. Moreover, in the 
presence of 10 wt% Nafion the fluid system 
does not possess any long range correlation. 
The dramatic effects induced by Nafion to 
the phase behaviour of the gels are in line 
with the extensive adsorption of E19P69E19 to 
Nafion backbone, an effect that reduces the 
effective volume fraction of the dispersed 
particles, ultimately removing the close 
packing constrains. We note that SAXS 
profiles at 45 oC and 65 oC indicated the 
absence of an ordered structure for all 
hydrogels in the absence and in the presence 
of 5 and 10 wt% Nafion. 
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Figure 5 - Release profiles of ibuprofen from 32.5wt%  
E19P69E19 in the absence  (black circles) and presence (blue 
squares) of 10 wt% Nafion against phosphate buffer 
solution (pH=7.4) at 37 oC. 

Figure 5 shows the release profiles of 
ibuprofen from 32.5 wt% E19P69E19 in the 
absence (black circles) and presence (blue 
squares) of 10 wt% Nafion against phosphate 
buffer (pH=7.4) solution at 37 oC. A rather 
rapid release is observed from the copolymer 
gel given that 65 and 91 wt% of the drug was 
released within the first 24 and 72 h, 
respectively. For reference we note, that 
aceclofenac and paclitaxel are fully released 
within 24 h from a Pluronic micellar 
solution39 and a Pluronic hydrogel40, 
respectively. However, the diffusion of 
ibuprofen from the hybrid hydrogel is much 
slower given that 21, 55 and 93 wt% of the 
drug is released after 24, 240 and 624 h, 
respectively. Taking into account that the 
two systems have similar rheological 
properties at 37 oC (Figure 3), the improved 
release profile seen for the hybrid system can 
be attributed to a lower level of porosity/  
higher tortuosity or stronger matrix-drug 
interactions in the presence of Nafion. 
Further work is underway to elucidate the 
diffusion mechanism in this complex system. 
In a control experiment we investigated the 
drug release profile from an acidified 32.5 
wt% Pluronic gel (pH=3, in accordance to 
that measured for the Nafion/Pluronic gel), 
but the effect of pH adjustment was found to 
be minimal.  

Figure 4 - SAXS patterns of aqueous gels of 32.5 wt% 
E19P69E19 in the absence of Nafion (a) and  in the presence 
of 1 wt% Nafion (b), 5 wt% Nafion (c) and 10 wt% Nafion 
(d). 
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Frequency sweeps shown in Figure 6a 
suggest that the 5 wt% aqueous solution of 
B20E510 forms a gel from 20 to 45 oC and the 
G' show a maximum value of 800 Pa (ω= 1 
rad/s) at 30 oC. Low G' values in, otherwise 
immobile, gels close to their critical gel 

concentration, have been reported previously 
for copolymers with long E blocks29. As seen 
in Figure 6b, introduction of 10 wt% Nafion 
allows the formation of mechanically robust 
hydrogels with G' higher than 9 kPa and 23 
kPa (ω= 1 rad/s) at T=40 oC and 45 oC. At 40 
oC and 45 oC, G' and G'' are only weakly 
dependent on frequency, indicating solid-like 
rheological response.  

Figure 7 compares the temperature 
dependence of G' for 5 wt% B20E510 (open 
circles) and 5 wt% B20E510/10 wt% Nafion 
(full squares) (the data points at ω=1 rad/s 
were read off from frequency sweeps and 
were combined in a single curve).  It can be 
seen that within the temperature range 20 to 
30 oC, the hybrid gel shows one order of 
magnitude lower G' compared to its Nafion-
free counterpart, an obvious advantage for 
injectable applications. At temperature above 
30 oC the hybrid undergoes an abrupt (albeit 
thermally reversible) sol-gel transition that 
results in the formation of a mechanically 
robust hydrogel. (Due to the pronounced 
differences in their viscoelastic properties at 
37 oC between the two systems shown in 
Figure 7, we did not conduct drug release 
studies). Despite this abrupt phase 
transformation upon heating, SAXS patterns 
shown in Figure 8 indicate that the structure 
of the system lacks long range order at 15 oC 
as expected for a fluid, but this observation 
remains unaltered at 45 oC, even though the 
hydrogel behaves rheologically as a solid-
like material. With respect to the 5 wt% 
B20E510, we note that the bcc structure of this 
type of super-swollen gels close to their 
critical gel concentration has been confirmed 
so far only by SANS measurements 41, while 
our SAXS data did not show any refractive 
peaks. 

Figure 6 - Frequency dependence (strain 
amplitude=2%) of storage modulus (G′, solid symbols) 
and loss modulus (G′′, open symbols)  at various 
temperatures (black circles for 20 °C, red squares for 
30 °C, blue triangles for 40 °C, green diamonds for 45 
°C) for aqueous gels containing  5 wt% B20E510 in the 
absence (a) and in the  presence of 10 wt% Nafion (b). 

Figure 7 - Temperature dependence of storage modulus 
G′ (ω= 1 rad/s, strain amplitude=2%) for aqueous gels 
containing 5 wt% B20E510 in the absence (open circles) 
and in the presence of 10 wt% Nafion (solid squares). The 
data were read off from frequency sweeps 
measurements. 
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Figure 8 - SAXS patterns of an aqueous gel containing 5 
wt% B20E510 in the presence of 10 wt% Nafion at the 
temperatures indicated. 

 

Conclusions  

In water, Nafion and PEO based copolymers 
undergo synergistic mixing as evident by 
light scattering and QCM-D experiments. At 
higher concentrations the supramolecular 
assemblies exhibit an abrupt sol-gel 
transition below body temperature, 
generating thermoreversibe hydrogels. The 5 
wt% B20E510/10 wt% Nafion hybrid  
hydrogel at body temperature exhibits 
significantly improved mechanical strength 
compared to its Nafion-free counterpart. 
Moreover, the hybrid E19P69E19/Nafion gel 
exhibits dramatically improved drug release 
profile in vitro over a prolonged period of 
time. Those biocompatible systems offer 
exciting opportunities for the development of 
a new generation of super-tough nanogels 
and bioinks.   
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