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challenge of developing a fully functional 
underwater adhesive has been success-
fully overcome by several aquatic organ-
isms, such as mussels, sandcastle worms, 
and barnacles, which are able to bond 
dissimilar materials together underwater 
using protein-based adhesives.[1–4] A 
phenomenon which is believed to play a 
fundamental role in the adhesive delivery 
is complex coacervation, which is an 
associative liquid–liquid phase separa-
tion of oppositely charged polyelectro-
lytes in solution.[5,6] Complex coacervates 
are particularly suitable for underwater 
adhesion, because of their fluid-like, yet 
water-immiscible properties[7,8] and good 
wettability.[9] In natural systems, after 
establishing molecular contact upon 
delivery, the complex coacervate liquid 
transforms into a solid material by the 
introduction of covalent or strong nonco-
valent interactions activated by a change 

in environmental conditions (e.g., higher pH in seawater, 
exposure to oxygen).[10] This principle has been mimicked in 
synthetic systems by designing polyelectrolyte material sys-
tems either responsive to a particular trigger (pH,[11–13] ionic 
strength,[14,15] solvent[16]) or toughening via a crosslinking reac-
tion.[11,17,18] In this work a new temperature-triggered setting 
mechanism is introduced in a fully synthetic polyelectrolyte 
adhesive by grafting thermoresponsive poly(N-isopropylacryl
amide) (PNIPAM) chains on oppositely charged polyelectrolyte 
backbones (Figure 1A).

Although reports of injectable hydrogels that can exhibit a 
temperature-dependent sol–gel transition can be found in lit-
erature,[19,20] the combination of complex coacervation with 
thermoresponsive domains to solidify the physical network 
results in a material system that has not yet been explored, 
which is expected to have key advantages for underwater adhe-
sion: 1) Low viscosity to ensure precise and controlled delivery 
(e.g., via a syringe with needle).[15] 2) Easy manipulation in wet 
environments due to immiscibility of complex coacervates 
with water,[8] ensuring that the adhesive remains at the appli-
cation site during setting. 3) Adhesion to diverse surfaces, 
because of the self-adjustable nature of the system. That means 
that depending on the target surface, different features (cati-
onic, anionic, or hydrophobic) will be exposed to the surface.[21]  
4) Effective in the presence of water, as no chemical reaction with 

Sandcastle worms have developed protein-based adhesives, which they 
use to construct protective tubes from sand grains and shell bits. A key 
element in the adhesive delivery is the formation of a fluidic complex 
coacervate phase. After delivery, the adhesive transforms into a solid upon 
an external trigger. In this work, a fully synthetic in situ setting adhesive 
based on complex coacervation is reported by mimicking the main features 
of the sandcastle worm’s glue. The adhesive consists of oppositely charged 
polyelectrolytes grafted with thermoresponsive poly(N-isopropylacrylamide) 
(PNIPAM) chains and starts out as a fluid complex coacervate that can be 
injected at room temperature. Upon increasing the temperature above the 
lower critical solution temperature of PNIPAM, the complex coacervate 
transitions into a nonflowing hydrogel while preserving its volume—the 
water content in the material stays constant. The adhesive functions in the 
presence of water and bonds to different surfaces regardless of their charge. 
This type of adhesive avoids many of the problems of current underwater 
adhesives and may be useful to bond biological tissues.

Underwater Adhesion

Underwater adhesion is technically challenging, because the 
performance of most adhesives is compromised by the pres-
ence of water, which eventually leads to bond failure.[1] The 
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water or functional groups at the tissue surface is required, and 
thus can be injected through a fluid without being compromised. 
5) In situ setting in the order of seconds or minutes with lim-
ited swelling. The liquid-to-solid transition is activated by a tem-
perature gradient,[22] without the introduction of any chemical 
crosslinker—a feature required for thermoresponsive injectable 
hydrogels developed so far,[19,20] and can be tuned further by 
pH and salt concentration of the surrounding medium. 6) Con-
trolled cohesive properties: the final material is held together by 
noncovalent ionic and hydrophobic interactions with a variety of 
bond strengths. Strong bonds may act as permanent crosslinks, 
imparting elasticity, whereas weak bonds can reversibly break and 
re-form, thereby dissipating energy and increasing the toughness.

Figure  1 schematically illustrates the composition, the mor-
phological features, and the temperature response of the adhesive 
system. The adhesive starts out as a fluid complex coacervate 
obtained by mixing two oppositely charged graft copolymer 
solutions, namely poly(acrylic acid)-grafted-poly(N-isopropy-
lacrylamide) (PAA-g-PNIPAM) and poly(dimethylaminopropyl 
acrylamide)-grafted-poly(N-isopropylacrylamide) (PDMAPAA-g-
PNIPAM) (Figure  1A). The anionic polymer, PAA-g-PNIPAM 
(Mn ≈ 400 kg mol−1), was synthesized using a “grafting to” reac-
tion, i.e., attaching PNIPAM side chains (Mn  ≈  5.5  kg  mol−1) 
onto a PAA backbone (Mn  ≈  200  kg  mol−1) using a coupling 
reaction (Figure  S1, Supporting Information).[23] The cati-
onic polymer, PDMAPAA-g-PNIPAM (Mn  ≈  250  kg  mol−1), 
was obtained by copolymerizing DMAPAA monomers with 
PNIPAM macromonomers (Mn  ≈  5.5  kg  mol−1), i.e., PNIPAM 
chains with a polymerizable end-group (Figure  S3, Supporting 
Information), using a “grafting through” polymerization process 
(Figure  S5, Supporting Information).[24] The synthesis proce-
dures and the characterization for both polymers are described 
in Figures S1–S6 in the Supporting Information. In both poly-
electrolytes, the molar ratio between charged monomers in the 
backbone and PNIPAM side chains is around 70:30 (Table S1, 
Supporting Information).

Complex coacervation strongly depends on solution condi-
tions, such as pH, mixing ratio, and salt concentration. It is 
known that, in general, complexation is most effective when 
both polyelectrolytes carry the same number of charges.[8] To 
establish the point of charge neutrality and optimal complexa-
tion conditions, pH titrations and zeta potential experiments 
were performed (Figures S7–S10, Supporting Information). 
Based on the results of these experiments, the polyelectrolytes 
were mixed at pH 7.0 and at 1:1 stoichiometric ratio of charge-
able units, to reach a total charged monomer concentration of 
0.05 m. Salt concentration affects the strength and the relaxa-
tion dynamics of the ionic bonds and thereby the viscosity of 
the complex coacervate;[9] here the added sodium chloride 
(NaCl) concentration was set to 0.75 m, just below the critical 
salt concentration (threshold above which complexation is sup-
pressed),[7,8] to obtain a low-viscosity fluid phase, the properties 
of which will be discussed in detail in the following.

To study the influence of the thermoresponsive PNIPAM 
grafts, complex coacervates were prepared at room temperature 
(RT, 20 °C) by mixing graft copolymer solutions (PAA-g-PNIPAM 
and PDMAPAA-g-PNIPAM) and homopolymer solutions (PAA 
and PDMAPAA). When heated above 35 °C the complex coac-
ervates prepared from graft copolymer solutions, which were 
initially transparent and fluid-like, become white and solid-like 
(Figure  1B,C), unlike samples prepared from homopolymer 
solutions which remain transparent and liquid. This transi-
tion is attributed to the aggregation of PNIPAM side chains 
into microdomains which densify when the temperature is 
raised above the lower critical solution temperature (LCST),[25] 
leading to the formation of physical crosslinks in the mate-
rial. The LCST is strongly affected by the ionic strength of the 
medium: because of the salting-out effect of NaCl,[26] the LCST 
at 0.75 m NaCl, detected by differential scanning calorimetry 
(DSC), is observed at ≈23  °C (Figure  S11, Supporting Infor-
mation), which is lower than typically observed in pure water, 
i.e., ≈32 °C. The liquid-to-solid transition is fully reversible, i.e., 
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Figure 1.  Composition and temperature responsiveness of the complex coacervate phase. A) Molecular structure of PAA-g-PNIPAM and PDMAPAA-g-
PNIPAM. B) Picture and schematic representation of the complex coacervate structure below the LCST. C) Picture and schematic representation of the 
solidification triggered by increasing the temperature above PNIPAM LCST.
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the material returns to the transparent and liquid state when 
cooled to 4 °C.

To investigate structural differences below and above the 
LCST, small-angle X-ray scattering (SAXS) analysis was per-
formed. At high q (0.3–3  nm−1, corresponding to length 
scales at which the conformation of single polymer chains is 
detected), the curves for both homopolymer (Figure S12, Sup-
porting Information) and graft copolymer (Figure 2A) complex 
coacervates show a similar slope (I ≈ q−1.7) regardless of tem-
perature. This suggests that the conformation of the individual 
chains is similar in both graft and homopolymer systems and 
does not change much as a function of temperature. More spe-
cifically, this q-dependence indicates that the polymer chains 
attain a self-avoiding random walk conformation, behaving 
nearly as in a semidilute polyelectrolyte solution.[27] At larger 
length scales (q-range 0.06–0.3  nm−1), an upturn is detected, 
whose intensity increases as a function of temperature and 
which is not visible in complex coacervates prepared from 
homopolymers. This upturn is ascribed to the increased 
nonsolubility of PNIPAM domains (with dimensions of tens 
of nanometers, according to the observed q-range) and the 
decreased compatibility between PNIPAM and the complex 
coacervate phase. The absence of a well-defined peak might 
indicate that the generated PNIPAM domains are polydis-
perse. The upturn is already observed at temperatures below 
the LCST indicating that PNIPAM chains cluster already 
at RT. The heterogeneity of the material is apparent even at 
the micrometer-scale, as evidenced by optical microscopy 

images (Figure S13, Supporting Information): the presence of 
domains, whose size increase from 10 to 30–50 µm by heating 
from 20 to 50 °C, can clearly be detected.

Upon collapse of the PNIPAM chains, the domains are 
expected to shrink and to expel water, as observed in PNIPAM 
hydrogels.[28] However, no change in water content (≈91%) and 
volume is detected upon the liquid-to-solid transition (Table S2, 
Supporting Information). We speculate that the water expelled 
by PNIPAM is retained in pockets inside the complex coac-
ervate phase, leading to the formation of a porous structure 
(Figure 1C).[5,29,30] The isochoric nature of the transition might 
be beneficial to the overall adhesive performance, since it 
would prevent both swelling, which can result in mechanical 
weakening,[20] and lubrication at the sample–probe interface, 
which would decrease the adhesion.[1] Moreover it would main-
tain the flexibility and stretchability of the material by keeping 
a relatively high amount of water within the complex coacervate 
phase.[31]

Rheological measurements were performed as a function of 
frequency and temperature in the linear regime (Figure  S14, 
Supporting Information). At 20  °C, both complex coacer-
vates prepared from homopolymer and graft copolymer solu-
tions possess a fluid character with the storage modulus 
(G′) crossing the loss modulus (G″) only at high frequencies 
(Figure  2B). In both systems, at 20  °C the chains slide along 
each other with transient electrostatic interactions, giving 
rise to sticky Rouse dynamics.[32] The crossover frequency 
(ωc) is higher (≈70  rad  s−1) in graft copolymer coacervates as 
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Figure  2.  Morphological and mechanical behavior of the underwater adhesive system. A) SAXS profile for graft copolymer complex coacervates 
obtained at different temperatures. B,C) Frequency sweeps performed at 20 °C (B) and at 50 °C (C), and D) temperature sweeps performed at 1 rad s−1 
for homopolymer and graft copolymer complex coacervates. E) Shear start-up experiments at different shear rates and F) moduli build-up during the 
heating step and moduli recovery after failure for graft copolymer complex coacervates.
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compared to homopolymer complex coacervates (≈45  rad s−1), 
while both moduli are lower over the whole frequency range. 
We attribute these differences to the higher water content in  
the PNIPAM containing systems (92% vs 83% in homopolymer 
complex coacervates), leading to a lower concentration of 
charged units (sticky points) and, as a consequence, shorter 
relaxation times τ (τ  =  1/ωc). The rheological data obtained 
at 50  °C show that in graft copolymer complex coacervates, 
contrary to homopolymer complex coacervates, both moduli 
increase and become nearly frequency independent, with G′ 
exceeding G″ (Figure  2C). This indicates that the complex 
coacervate, upon the increase in temperature, turns into a soft 
elastic solid because of the slowing down of the PNIPAM chain 
dynamics in the domains, leading to the formation of phys-
ical crosslinks which strengthen the material.[33] The G′ and 
G″ values are comparable, in order of magnitude, to the ones 
obtained for water solutions of graft copolymers with a neutral 
backbone (poly(N,N-dimethylacrylamide)) and PNIPAM side 
chains:[22] it is not surprising to detect similarities since at such 
a high salt concentration the charged units are almost com-
pletely screened and the few remaining ones are complexed 
with each other, so that the polyelectrolyte complex backbone 
is overall neutral. The observed phase transition is desirable 
for injectable underwater adhesives, which need to properly 
wet the surface upon application, yet sustain stress to prevent 
debonding.[34] At low temperatures, PNIPAM allows higher 
water retention, making the material more liquid-like and 
providing good contact with the surface, while increasing the 
temperature reinforces the material.

In order to accurately detect the liquid-to-solid transition, 
temperature sweeps were performed on the complex coac-
ervates, heating the sample from 0 to 70  °C (Figure  2D). 
While the moduli of homopolymer complex coacervates are 
temperature independent, both G′ and G″ in graft copolymer 
complex coacervates start increasing above 26  °C, with the 
transition occurring at 34 °C, where the moduli crossover is 
detected.

In order to study the material performance at high deforma-
tions, shear start-up experiments were performed at 50 °C over a 
wide range of shear rates (Figure 2E). At low strains, the material 
shows features of an elastic solid: a linear dependence is observed 
between stress (σ) and strain (ε). The stress then rises to a 
maximum before decreasing to a low value: the sharp decrease in 
stress indicates fracture by failure of the physical network. Both 
stress and strain at failure increase linearly with the logarithm 
of the applied shear rate (Figure S16, Supporting Information), 
in line with earlier work on fracture of physical gels network, 
which was explained using an activated bond rupture model.[35] 
Since failure of the network is observed in every measure-
ment, the relaxation time (τ) of the PNIPAM domains is longer  
than the inverse of the lowest shear rate applied (τ > 104 s).

Furthermore, the recovery of the oscillatory moduli after 
failure was studied at 50 °C. Figure 2F shows the moduli devel-
opment during a temperature sweep. After a shear start-up 
experiment, the moduli decrease drastically as a consequence 
of failure of the network. However, the moduli start to regen-
erate after rupture and, after 48 h, they almost recover their 
original values (91% for G′, 86% for G″). This means that, after 
failure, the broken physical crosslinks can partially reform at 

the fracture interface. However, it is necessary to add a cooling 
step (RT for 1 h) after failure to recover the nonlinear proper-
ties, i.e., the fracture strength (Figures S17 and S18, Supporting 
Information). This suggests that a higher mobility of the 
PNIPAM chains is required to recreate physical bonds across 
the previously broken interface.

Underwater adhesion experiments were conducted on 
complex coacervates prepared both from homopolymer and 
graft copolymer solutions using a probe-tack test performed 
completely underwater with the setup developed by Sudre 
et al.[36] (Figure 3A). The water solution present in the meas-
urement chamber was prepared at the same pH and salt  
concentration as that of the analyzed samples, so that the setting 
mechanism observed could only be ascribed to a temperature 
difference.

Contact was made at 20 °C between the fluid complex coacer-
vate and a negatively charged poly(acrylic acid) (PAA) hydrogel 
thin film (underwater thickness = 257 nm),[37] attached on the 
probe surface, until a fixed thickness of 0.5 mm was reached. 
The PAA functionalized probe was then pulled off either at 
20 or 50 °C at a fixed velocity of 100 µm s−1 (corresponding to an 
initial strain rate of 0.2 s−1 and to a fixed thickness of 0.5 mm). 
Complex coacervates prepared from homopolymer solutions at 
0.75 m NaCl can be easily stretched to high strain values but 
cannot sustain any stress, both at 20 and 50  °C, due to their 
viscous fluid character (Figure  S19, Supporting Information). 
A similar trend is observed when probing the performance of 
complex coacervates prepared from graft copolymer solutions at 
20 °C at 0.75 m NaCl, providing low values of work of adhesion 
(Wadh ≈ 0.02 J m−2). When detachment is performed at 50 °C, 
the formation of PNIPAM physical crosslinks strengthens 
the adhesive, resulting in an increase in work of adhesion 
by two orders of magnitude in (Wadh  =  1.6  J  m−2) (Figure  3B; 
Figure S22, Supporting Information). At high strain, the forma-
tion of filaments is observed (Figure  3C); however, the stress 
they can sustain is close to the noise level of the apparatus so 
that it is not trivial to detect their presence by just observing 
the adhesion plots. At the end of the test, fibrils break leaving 
residues of material on the probe surface. This indicates that 
the mode of failure is cohesive. The same result is obtained 
when making contact underwater or in air, meaning that good 
contact with the PAA hydrogel surface can always be achieved, 
also through water (Figure S21, Supporting Information). This 
would not be feasible with glues that cure upon reaction with 
water, like conventional cyanoacrylates, or with water solutions 
of thermoresponsive graft copolymers bearing neutral back-
bones[22] since they would disperse in the environment.

It is important to tune the ionic strength to obtain optimal 
properties: if the ionic strength is below a certain threshold, the 
complex coacervate possesses a solid character already at RT 
because of the increased strength of the electrostatic interac-
tions between the oppositely charged backbones (Figure  S15, 
Supporting Information). A fluidic character is not only impor-
tant to preserve the injectability of the glue, but also greatly 
influences the adhesive performance. When testing the under-
water adhesive properties of graft copolymer complex coacer-
vates prepared at a lower salt concentration (0.5 m NaCl), the 
recorded Wadh is drastically decreased (0.3 J m−2) (Figures S23 
and S24, Supporting Information). The reduced mobility of 

Adv. Mater. 2019, 1808179
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the polymer chains within the material may prohibit PNIPAM 
domains from forming, which explains this reduction in Wadh.

When performing the test at different strain rates, a trend 
similar to what was observed in the nonlinear rheology 
experiments and in other adhesion studies on viscoelastic 
materials[38] was detected. The stress peak and the work of 
adhesion increase as a function of detaching speed, indicating 
that at higher rates the system has insufficient time to relax the 
stress when probed, so that energy needs to be dissipated upon 
detachment (Figure 3D,E).

Another parameter that plays a key role in the adhe-
sion performance is the interaction between the sample 
and the probe surface. The complex coacervate adheres 
strongly to both hydrophilic (glass) and hydrophobic surfaces 
(poly(tetrafluoroethylene), PTFE), providing higher Wadh values 
(Wadh on glass  =  3.8  J  m−2, Wadh on PTFE  =  3.2  J  m−2) than 
using the negatively charged PAA surface (Figure 3F). This ver-
satility might be due to the presence of hydrophobic PNIPAM 
domains, which upon collapse repel water (providing good 
adhesion to hydrophobic surfaces), and, at the same time, to 
high water retention inside the material upon the phase transi-
tion (favoring adhesion to hydrophilic surfaces). The increase 
in Wadh compared to the experiments performed using the PAA 
thin film might be ascribed to a higher roughness of the PTFE 
and glass surfaces. The mode of failure is always cohesive.

A comparison with literature data is not straightfor-
ward due to differences in sample preparation and testing 

methodologies. Therefore, we limit the comparison to other 
adhesive systems tested with underwater probe-tack testing. 
The presented thermoresponsive complex coacervates show 
a much higher work of adhesion than standard commercial 
pressure sensitive adhesives (Wadh = 0.02–0.26  J m−2)[39] and a 
similar work of adhesion as other biomimetic underwater adhe-
sives (Wadh  =  0.75–6.5  J  m−2).[39–41] However, these materials 
either need to be solidified by an externally activated (UV-light) 
polymerization process or undergo gelation before application, 
while the system developed here sets in situ only by a change in 
environmental conditions, providing a key additional advantage 
for use as injectable adhesive.

The same probe-tack experiments were performed by using, 
as a probe, a positively charged brush, obtained by attaching 
poly(dimethylaminoethyl methacrylate) (PDMAEMA) chains 
to the probe surface,[42] and a similar work of adhesion 
(Wadh = 1.9 J m−2) and probe-tack curve as with the negatively 
charged PAA surface were obtained (Figure  3F; Figure  S27, 
Supporting Information). The complex coacervate contains 
an equal amount of positive and negative charges, possessing 
similar characteristics to the polyampholyte gels synthesized 
by Roy et  al.[21] This class of materials most probably form 
ionic bonds with any charged surface, either positive or nega-
tive, because of a local polarization of the hydrogel at the 
interface when a charged countersurface is approached. In 
other words, electrostatic interactions forming between the 
probe surface and the complex coacervate can sustain an 
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Figure 3.  Underwater adhesion experiments. A) Schematics of the probe-tack test performed underwater. The complex coacervate is loaded on a 
glass slide and contact with a charged probe surface is made underwater at 20 °C. The detachment is then performed either at 20 or 50 °C. B) Effect 
of temperature on the adhesion performance. C) Formation of filaments at high strain. D,E) Effect of strain rate and F) type of surface on adhesion 
performance and on work of adhesion when the detachment is performed at 50 °C. Points represent the average work of adhesion and the error bars 
represent the standard deviation.
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adhesive stress while the thermoresponsive PNIPAM chains 
contribute a bulk dissipation mechanism to the overall adhe-
sion performance.

In conclusion, a new proof of principle for underwater 
adhesion has been developed in this work. The results show 
that complex coacervation provides a promising delivery 
vehicle for underwater adhesives and that physical crosslinking 
of a complex coacervate results in a material system with 
interesting, largely unexplored properties.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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