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Underwater Adhesion of Multiresponsive

Complex Coacervates

Marco Dompé, Francisco J. Cedano-Serrano, Mehdi Vahdati, Larissa van Westerveld,
Dominique Hourdet, Costantino Creton, Jasper van der Gucht, Thomas Kodger,

and Marleen Kamperman*

Many marine organisms have developed adhesives that are able to bond under
water, overcoming the challenges associated with wet adhesion. A key element
in the processing of several natural underwater glues is complex coacerva-
tion, a liquid—liquid phase separation driven by complexation of oppositely
charged macromolecules. Inspired by these examples, the development of a
fully synthetic complex coacervate-based adhesive is reported with an in situ
setting mechanism, which can be triggered by a change in temperature and/
or a change in ionic strength. The adhesive consists of a matrix of oppositely
charged polyelectrolytes that are modified with thermoresponsive poly(N-
isopropylacrylamide) (PNIPAM) grafts. The adhesive, which initially starts out

nally, while surgical tissue closure and
sealing are exclusively performed with
sutures and staples.l”) These conventional
techniques have several drawbacks such
as tissue damage, extension of operating
times, and challenging application.*> The
development of effective surgical glues
would dramatically reduce the incidence
of such complications. Currently, glues
designed for clinical applications have
significant limitations: polycyanoacrylate
glues induce inflammatory responses,®
fibrin glues exhibit poor performances

as a fluid complex coacervate with limited adhesion at room temperature and
high ionic strength, transitions into a viscoelastic solid upon an increase in
temperature and/or a decrease in the salt concentration of the environment.
Consequently, the thermoresponsive chains self-associate into hydrophobic
domains and/or the polyelectrolyte matrix contracts, without inducing any
macroscopic shrinking. The presence of PNIPAM favors energy dissipation

by softening the material and by allowing crack blunting. The high work of
adhesion, the gelation kinetics, and the easy tunability of the system make it a
potential candidate for soft tissue adhesion in physiological environments.

Adhesion in wet and dynamic environments represents a tech-
nological challenge, mainly because of the presence of water,
which dramatically reduces the performance of commercially
available adhesives.!! Currently, no tissue adhesive has been
approved for clinical use that complies with all the require-
ments, including: easy delivery, fast setting time, strong adhe-
sive and cohesive properties, and biocompatibility.>3! Due to
these difficulties, in medicine, adhesive technology has been
applied primarily for stopping bleeding and gluing skin exter-

due to poor cohesive properties,’l and
other adhesives under development cova-
lently react with functional groups at the
tissue surface, becoming ineffective in
the presence of blood.®] Major efforts
are underway to create new concepts,
recently resulting in promising develop-
ments, such as bioinspired glues,>'! Tis-
suGlu,['? Gecko Biomedical GB02,[*3] and
silica nanoparticle suspensions.'

A different, largely unexplored, strategy
for the development of surgical glues is
based on complex coacervation,['>-2!1 which is involved in the
processing of natural adhesives employed by several organisms
to attach to different surfaces underwater.??-24! Complex coacer-
vates are polymer-rich, water-insoluble complexes of oppositely
charged polyelectrolytes with a low surface tension that makes
them compliant with surfaces.?>?% After delivery, additional
interactions need to be introduced to transition the viscous
liquid into a strong and tough material to prevent flow under
an applied stress.?’]
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Complex coacervation is thermodynamically regulated
by a subtle balance between the entropy associated with the
release of counterions bound to the polymer chains and the
enthalpy of formation of new interpolyelectrolyte ion pairs.!’!
This equilibrium strongly depends on ionic strength, I: at low
salt concentration, complexation is generally favored but, by
increasing I, the entropic gain decreases, meaning that above
a critical salt concentration (CSC), phase separation does not
occur and one-phase molecular solutions are obtained instead.
Below the CSC, the mechanical properties can be tuned by
choosing the appropriate salt concentration: the higher the I,
the weaker are the electrostatic interactions keeping together
the complex coacervate phase, which is therefore more mechan-
ically compliant.?®l Consequently, by decreasing I, polyelectro-
lyte mixtures can result in materials spanning from viscoelastic
liquids to solid complexes.[2%:3%

In a previous work,B3!l we have reported the development of a
fully synthetic complex coacervate-based adhesive with a setting
mechanism activated by a change in temperature. The adhesive
formulation is obtained by mixing oppositely charged polyelec-
trolytes bearing thermoresponsive poly(N-isopropylacrylamide)
(PNIPAM) chains at an added salt concentration just below
the CSC, in order to obtain a fluid complex coacervate phase
of low viscosity but still separated from water before injection.
The adhesive shows a liquid-to-solid transition when only per-
forming a temperature switch, resulting in a huge change in vis-
cosity: by raising the temperature above the PNIPAM lower crit-
ical solution temperature (LCST, 23 °C at this I) in an aqueous
medium prepared at the same salt concentration, the complex
coacervate is able to attach to different surfaces, regardless of
their charge or hydrophobicity. However, after application, the
final cohesive properties are mainly controlled by the formation
of PNIPAM nodes, while the electrostatic interactions between
the polyelectrolyte domains are not employed to effectively
reinforce the material because of the constantly high I at all
temperatures.

In this work, we report the introduction of an additional
trigger, defined as salt switch, which enables the activation of
the electrostatic interactions in the PNIPAM-functionalized
complex coacervate. To achieve this, we test the adhesive per-
formance in an aqueous environment prepared at a much
lower I. The material undergoes a liquid-to-solid transition,
which is only ascribed to the formation of stronger electro-
static interactions between the polyelectrolyte backbones while
the thermoresponsive domains remain dormant because the
temperature of the surrounding environment is kept below
the LCST. Careful control of the salt concentration is therefore
crucial both in the preparation and in the testing stage to tune
the material properties. Furthermore, the combination of both
salt and temperature switch, and the order in which they are
applied, provide even more room to control the mechanical and
the adhesive properties of the system.

This is the first report that systematically addresses the effect
of a well-defined salt concentration gradient on the under-
water adhesive properties of a synthetic system, although other
research groups have already used ionic strength as a trigger
to activate electrostatic interactions in wet environments.3>33
Furthermore, the presence, within the same material, of poly-
electrolyte chains and thermoresponsive domains, which can
be independently activated by two different triggers, separates
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the contribution of each hardening mechanism to the overall
adhesive performance.

The PNIPAM-functionalized complex coacervates are
obtained by mixing two oppositely charged graft copolymer solu-
tions, namely poly(acrylic acid)-grafted-poly(N-isopropylacryla-
mide) (PAA-g-PNIPAM)B* and poly(dimethylaminopropyl
acrylamide)-grafted-poly(N-isopropylacrylamide)  (PDMAPAA-
g-PNIPAM)P®! and their properties are compared to the prop-
erties of homopolymer (PNIPAM-free) complex coacervates
(obtained by mixing homopolymer PAA and PDMAPAA solu-
tions) (Table S1, Supporting Information). The copolymers,
whose synthesis has been reported in detail in our previous
paper,®!l have a high molecular weight (M,, PAA-g-PNIPAM =
400 kg mol™!, M, PDMAPAA-g-PNIPAM = 250 kg mol™!) and a
similar molar ratio of charged and NIPAM monomers (=70:30).

The complex coacervate phase, initially prepared at an
added salt concentration (0.75 M NaCl) close to the CSC
(0.8 M NacCl), is injected into a lower I (0.1 M NaCl) medium at
pH 7.0 (Figure 1A,B). The salt ions diffuse out of the adhesive,
allowing the formation of stronger electrostatic interactions
between oppositely charged polyelectrolyte chains. The evolu-
tion of the storage (G’) and loss (G”) moduli upon an in situ
salt switch can be monitored via linear rheology. The material,
initially a viscoelastic liquid (G < G”), turns immediately into a
soft polyelectrolyte gel (G’ > G”) upon contact with a 0.1 m NaCl
water solution and 20 °C (Figure 1C). In both homopolymer
and graft copolymer complex coacervates, an abrupt increase in
G’ is observed within the first 10 min. After this period, the
moduli tend toward a plateau, indicating that the ion diffusion
process is finished by the end of the experiment.

A crucial parameter affecting the final adhesive performance is
the water content (Figure 2A and Table S2, Supporting Informa-
tion). During the salt switch, the water content may change and
affect the material properties: swelling may lead to mechanical
weakening,'% while shrinking might favor the release of water
at the interface, preventing an effective contact.??l The water
content is determined by thermogravimetric analysis (Figure S1,
Supporting Information). Before the switch, at high salt concen-
tration (0.75 m NaCl), the graft copolymer complex coacervates
have a higher water content (91%) than the homopolymer com-
plex coacervates (84%) because of the presence of the hydro-
philic PNIPAM chains, which allows a higher water retention.
The water content of the complex coacervate phase is generally
known to decrease when reducing the salt concentration.B®
Here, in both graft and homopolymer complex coacervates, we
observe a very slight increase in water content upon application
of a salt switch, in line with other literature data.l’’]

The water content, relatively speaking, increases because
of the diffusion of the salt ions out of the complex coacervate
phase. However, the total mass of water actually decreases,
with graft copolymer complex coacervates losing 17.6% of
the initial water mass and homopolymer complex coacervates
losing 22.2% of the initial water mass. The higher water reten-
tion observed in graft copolymer complex coacervates might be
ascribed to the presence of the hydrophilic PNIPAM units.

Additionally, the swelling ratio Q is equal to —19.6% for graft
copolymer complex coacervates and —23.4% for homopolymer
complex coacervates: the negative signs indicate that, in both
cases, the total weight of the complex coacervate decreases,
suggesting shrinkage of the sample. Crucially, these data are

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Illustration of the salt-triggered setting mechanism. A) Schematic and pictures of the adhesive setting: the material transitions from a trans-
parent viscous liquid to a white soft gel. B) Schematic representation of the salt ion diffusion out of the graft copolymer complex coacervate phase:
before the salt switch (left), the counterions are mostly bound to the polyelectrolyte chains and the adhesive has the features of a viscous liquid; after
(right), the interactions between polyelectrolytes get stronger and counterions are expelled in water pockets. C) Evolution of G’ and G” during setting

at a fixed frequency of 0.1 rad s™' and at a temperature of 20 °C.

obtained when the samples are not confined in a particular
geometry but only soaked in the aqueous medium: however,
no obvious macroscopic change in volume is visible by eye
when confining the adhesive between two glass slides (layer
thickness = 0.05 mm). Furthermore, no significant variation
of the normal force (Figure S2, Supporting Information) is
detected when following the setting with a rheometer, meaning
that the transition occurs with negligible volume change and,
most likely, with higher water retention when compared to the
unconfined sample. This might also be ascribed to the fact that
phase separation occurs in a confined environment where the
complex fluid already adheres, even weakly, to the surface.
Additionally, when performing a salt switch, the com-
plex coacervate phase is brought out of equilibrium. Indeed,
homopolymer complex coacervates prepared at 0.1 m NaCl
show a water content equal to 63.8% and a polymer content
equal to 32.1%, in accordance with other literature data.’%l
According to thermodynamics, when performing a salt switch,
Q should then be equal to —70.4% and the amount of released
water should be 77.6% of the initial water mass. However the
values here recorded are much lower, indicating that most of
the water is retained by the complex coacervate: as shown in
similar work performed on polyelectrolyte complexes,?”] the
exposure to a lower I environment may lead to a sudden con-
traction of the polyelectrolyte matrix, leading to the formation
of a kinetically arrested state, with most of the water remaining
trapped in pores within the material (Figure 1B). The presence
of a porous structure in this system has been already detected
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using optical microscopy in previous workB! and shown here
as Figure S5 in the Supporting Information: both observations
are in accordance with other reports about complex coacervates
and polyelectrolyte complexes.[1>37:38]

As previously mentioned, the salt-triggered setting
mechanism is driven by the ion diffusion out of the complex
coacervate phase.’% In order to determine the end of the transi-
tion, the adhesive is loaded into a glass container which is part
of a custom-made adhesion setup allowing visualization from
the bottom (Figure S6, Supporting Information). As preload
is impossible due to the viscous nature of the sample which
relaxes over time, contact with a mica probe is performed
imposing a final adhesive thickness of 0.2 mm. After pouring
the 0.1 m NaCl solution into the container, the adhesive set-
ting is imaged directly. As shown in Figure 2B, the complex
coacervate phase, initially transparent, gradually turns white:
the growing opacity is attributed to the resulting scattering
from the formation of water-filled pores, which have a different
refracting index compared to the densifying polyelectrolyte
complex.8] The change in opacity is immediate at the edges
of the sample, where the material is in direct contact with the
surrounding medium, and progressively develops toward the
center of the complex coacervate phase.

In line with similar experiments,?” the whole transition vis-
ually takes =45 min, both in graft copolymer and in homopol-
ymer complex coacervates, while, mechanically, according to
the rheology data, the moduli, after a dramatic increase in the
first 10 min (Figure S3, Supporting Information), head toward

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Mechanical and adhesive properties of homopolymer and graft copolymer complex coacervates in response to a salt-triggered setting
process. A) Water content data before and after the setting process. B) In-time visualization of the adhesive setting in homopolymer complex coac-
ervates from the bottom of the setup. C) Frequency sweeps performed on both material systems before and D) after the salt switch. E) Underwater
adhesive performance of both material systems. In the insets the different modes of failure for homopolymer (black) and graft copolymer (red) complex

coacervates are shown.

a plateau. However, when plotted in a lin-lin scale (Figure S4,
Supporting Information), it is observed that the moduli still
increase at longer times, albeit with a slower pace. Initially, dif-
fusion is fast because the sample is liquid: the abrupt increase
in moduli by more than an order of magnitude at the begin-
ning of the experiment is due to the formation of solid regions
at the edges of the sample, which coexist with liquid zones and
which dominate the average moduli. This leads to the forma-
tion of a dense layer that acts as a barrier for further diffusion.
As this barrier grows, diffusion slows down further and the
slope of the modulus-time curve decreases. The visualization
of the transition is therefore essential to determine the contact
time required for the complete setting: a homogeneous solid
material will perform much better than a heterogeneous one,
in which the liquid regions, unable to offer any resistance to
applied stress, act as defects, facilitating crack propagation
within the system. Since no further variation is observed after
45 min, a contact time of 1 h is set as standard for all the exper-
iments described hereafter.

At high salt concentration, both homopolymer and graft
copolymer complex coacervates show typical features of a vis-
cous liquid (Figure 2C), with G” higher than G’ over almost
the whole range of frequencies: the chains can slide along
each other with transient electrostatic interactions, with mac-
roion pairs acting as sticky points.?®! After setting, both moduli
become almost frequency independent, with G” exceeding G”
(Figure 2D): the formation of stronger electrostatic interactions

Adv. Mater. Interfaces 2019, 1901785 1901785 (4 of 7)

slows down the chain dynamics, strengthening the material
considerably and leading to the formation of a solid-like net-
work.*l Before and after the transition, the moduli are higher
in the homopolymer complex coacervates because of the lower
water content and thus a higher concentration of sticky points:
G’ = NkgT, where N is the number of elastically active chain
segments per unit volume.!! Since the presence of PNIPAM
units favors water retention, resulting in a lower concentration
of crosslinking units, it follows that the copolymer composition
has a profound effect in defining the moduli of the adhesive.
In addition to that, the complex viscosity (n*) measured at low
frequency (0.1 rad s7!) and at 0.75 m NaCl is much lower in
graft copolymer complex coacervates (5.28 Pa s) compared to
the homopolymer counterpart (165 Pa s). This indicates that,
when developing a soft tissue adhesive, the incorporation of
the PNIPAM side chains, together with a high I, facilitates
injectability.

Underwater adhesion experiments are conducted using a
probe-tack test with the setup developed by Sudre et al.l*?l and
using the technique reported in our previous work.?! Contact
is made between the fluid complex coacervate phase and a nega-
tively charged PAA hydrogel thin film (dry thickness = 144 nm),
attached on the probe surface, until a fixed thickness of the
complex coacervate layer of 0.5 mm is reached. A 0.1 m NaCl
water solution at a fixed temperature of 20 °C is then added
in the chamber (Figure 1A). After 1 h contact time (no signifi-
cant difference in adhesion performance is detected at longer

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Mechanical and adhesive behavior of the graft copolymer complex coacervate phase in response to different triggers. A) Frequency sweeps
obtained after either a temperature or a salt switch. B) Effect of the history of the setting process on the rheological properties when applying a com-
bined temperature and salt trigger. C) Adhesion performance and D) work of adhesion measured after different environmentally triggered setting

processes.

times, as shown in Figure S7, Supporting Information), the
probe is pulled off at a velocity of 100 um s™! corresponding to
a nominal strain rate of 0.2 s7%.

A good balance between elastic modulus, interfacial inter-
actions, and viscoelastic dissipation (controlling adhesion)
is required to optimize the adhesive performance.3 Both
homopolymer and graft copolymer complex coacervates show
that balance and fail by crack blunting and fibril formation
(Figure 2E). However, the homopolymer complex coacer-
vate eventually fails adhesively, without leaving any residues
on the probe suggesting a strain hardening mechanism
active in extension at large strain (Figure 2E, black inset),*’!
with a work of adhesion (W,qy,) equal to 3.2 ] m™2 For the
graft copolymer complex coacervate, a better performance
(Wagn = 6.5 ] m™) is obtained: the presence of the PNIPAM
chains favors water retention, thereby rendering the mate-
rial softer and most likely suppressing the strain hardening
at large strain. This leads to an increased deformability and
dissipation which results in more stable fibrils and a higher
extension at break: as a result, the material fails cohesively,
leaving residues on the detaching surface (Figure 2E, red
inset).[**] Finally, we have shown, in our previous work,?3!
that PNIPAM side chains already self-associate below the
LCST: the slight increase in toughness may also be ascribed
to the presence of different types of noncovalent interactions
leading to a variety of bond strengths.*®l The recorded work of
adhesion values are in line with the values measured for other
biomimetic adhesives tested with an underwater probe-tack
setup in similar conditions (0.5-6.5 ] m~2),[*”*8] and somewhat
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higher than the values detected for commercial pressure sen-
sitive adhesives measured underwater (2 ] m=2).1

As is generally the case,[* the work of adhesion increases
as a function of the applied probe retraction rate. More inter-
estingly, W,q, is always higher in graft copolymer complex
coacervates as compared to homopolymer complex coacervates
(Figure S8, Supporting Information). At greater detachment
speeds, molecular friction is higher and more energy gets dis-
sipated. While in PNIPAM-reinforced complex coacervates the
mode of failure (adhesive or cohesive) does not change with
the applied strain rate, in homopolymer complex coacervates it
is possible to observe a transition from an adhesive to a cohe-
sive mode of failure (Figure S9, Supporting Information) if the
detachment is performed at a very low strain rate (0.002 s™1):
this is a further evidence that in such a viscoelastic material
the adhesive performance is greatly affected by the applied
strain rate.

The graft copolymer complex coacervates can be triggered by
either temperature or salt, or by both. Despite the differently
activated interactions, the moduli measured at the end of the
two transitions have similar values, being slightly higher after a
temperature switch (Figure 3A): G” exceeds G” over the whole
range of frequencies, indicating in both cases the formation of
a soft elastic gel. The number of PNIPAM nodes formed after a
temperature switch is slightly higher than the amount of sticky
points present after a salt switch: however, this should strongly
depend on the molar ratio between thermoresponsive and poly-
electrolyte moieties and the situation is expected to be reversed
at a lower PNIPAM content.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Despite the similarities in linear rheological properties,
the work of adhesion obtained after performing a salt switch
(6.5 J m™2) is much higher than the one reached after a tem-
perature switch (1.6 ] m™2) (Figure 3D). While the cohesive
mode of failure is similar, after a salt switch the adhesive
can be stretched to a maximum strain which is almost five
times higher than after a temperature switch (Figure 3C).
The architecture and the composition of the polymers used
might play a key role here: the graft copolymers synthesized
have long polyelectrolyte backbones (M, = 200 kg mol™)
bearing short PNIPAM side chains (M, = 5.5 kg mol™!), with
the molar ratio between charged units and thermoresponsive
chains being 70:30. When performing a temperature switch,
the short PNIPAM units, with restricted mobility as they are
covalently attached to the main chain, are collapsed forming
small domains, which will be therefore broken apart at a rel-
atively small strain. However, when performing a salt switch,
the adhesive needs to be stretched much more in order to
completely disentangle the polyelectrolyte backbones due
to their higher molecular weight than the PNIPAM chains.
Similar observations were reported by Guo et al. when
exploring the effect of the architecture of PNIPAM-based
hydrogels on fracture properties,”” highlighting that the
microphase separated structure has a dramatic impact on
large strain behavior.

Additionally, the change in salt concentration might also
affect the adhesive interactions with the probe, which consists
of a poly(acrylic acid) hydrogel thin film, that is negatively
charged at the pH used in this study. At a lower I, the electro-
static interactions between the probe and the charged domains
in the complex coacervate get stronger. The improvement in
work of adhesion, when compared to a temperature switch,
might therefore also originate from stronger adhesive interac-
tions with the probe.

Since the material combines polyelectrolyte components
and thermoresponsive units, the material properties were also
tested in response to a combined temperature-salt trigger. Inter-
estingly, the order in which the switch is performed consider-
ably affects the rheological properties (Figure 3B). If the salt
switch is performed before the temperature switch, the moduli
obtained reach the same values as the ones measured after a
single salt switch. Conversely, if the temperature is raised above
the LCST followed by the activation of the electrostatic interac-
tions, the final moduli increase by an order of magnitude, with
G’ reaching values around 1 kPa. Again the polymer architec-
ture is thought to considerably affect the final properties. If the
salt switch is performed first, the short PNIPAM chains, stuck
in a matrix of long collapsed polyelectrolyte units, may not
have the required mobility to find each other and form strong
interchain nodes: the concentration of sticky points and conse-
quently the moduli are therefore the same as when performing
a single salt switch. However, when the temperature switch is
performed before the salt switch, the shorter PNIPAM chains,
now mobile and dynamic, can collapse first and self-associate
into hydrophobic domains bridging polymer chains. As such,
the activation of the electrostatic interactions between the
longer polyelectrolyte backbones leads to an overall increase of
the number of crosslinking points per unit volume and, there-
fore, of the moduli.
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Finally, the adhesive performance is tested after performing
a combined temperature and salt switch (Figure 3C). After
loading the adhesive between probe and substrate, a 0.1 m
NaCl aqueous solution, preheated at 50 °C, is added and after
1 h of contact the probe is retracted. Since the kinetics of the
transition is different, this would be equivalent to test the tem-
perature switch first (leading therefore to a higher number
of physical interactions within the material): when the target
temperature is reached, the collapse of the thermoresponsive
chains occurs on a timescale on the order of secondsP! and is
homogeneously distributed throughout the material. On the
other hand, during a salt switch only the regions in immediate
proximity of the aqueous medium are quickly triggered, as
shown in Figure 2A, while the complete transition requires a
setting time spanning from 60 min, as observed in this system,
up to 24 h.132

The adhesive fails again in a cohesive fashion, leaving resi-
dues on the probe, and the final work of adhesion is similar
(7.2 ] m™) to the one obtained after a salt switch (6.5 ] m~2)
(Figure 3D). This means that the insertion of the PNIPAM
chains would promote a suitable adhesion performance in
biological environments, such as the human body, where the
glue would experience both a gradient in temperature and ionic
strength. Additionally, the combination of PNIPAM chains and
polyelectrolyte domains allows more control over the whole
setting process in such a complex environment.

In conclusion, we have shown that PNIPAM-reinforced
coacervates provide a good underwater adhesion performance
in response to different triggers. The adhesive exhibits a
liquid-to-solid transition without the addition of any covalent
crosslinking agent, but exclusively in response to a change in
temperature and salt concentration of the surrounding envi-
ronment. As the environmental conditions used in this study
resemble the physiological conditions, we believe that the com-
bination of electrostatic interactions and thermoresponsive
units results in a material system with promising properties
for injectable adhesives for soft tissue repair or wound closure:
future work will be focused on further improving the mechan-
ical properties and on testing the underwater adhesive perfor-
mance on soft tissues.
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