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ABSTRACT: Guanidinium is one of nature’s strongest
denaturants and is also a motif that appears in several
interfacial contexts such as the RGD sequence involved in cell
adhesion, cell penetrating peptides, and antimicrobial
molecules. It is important to quantify the origin of
guanidinium’s ion-specific interactions so that its unique
behavior may be exploited in synthetic applications. The
present work demonstrates that guanidinium ions can both
break and form strongly associating ion complexes in a
context-dependent way. These insights into guanidinium’s

(6 6) Strong inter-polymer — PAH
~ 7 ion complex ==Pss
Gndm™* -
Nat Kt SDendm” a g5y

behavior are elucidated using polyelectrolyte complexes (PECs), where interpolymer ion pairs between oppositely charged
polymers play an important role in determining material stability. Different polycation—polyanion combinations can span a large
range of association affinities, where more strongly associating complexes can remain insoluble in concentrated salt solutions
and in extreme pH conditions. This high stability is desirable in several application contexts for PECs, but also renders them
challenging to process and, therefore, to study since they cannot be dissolved into polymer solutions. Here we demonstrate that
guanidinium salts are very effective in dissolving the poly(styrenesulfonate)/poly(allylamine) (PSS:PAH) complex, which has
one of the highest reported polycation—polyanion association affinities. We also demonstrate the importance of charge identity
in complexation phenomena by functionalizing guanidinium directly into poly(allylamine), resulting in a complex that remains
stable under highly denaturing conditions. The model system of PSS:PAH is used to glean insights into guanidinium’s
denaturing activity, as well as to broadly comment on the nature of ion-specific interactions in charged macromolecules.

P olyelectrolyte complexes (PECs) were difficult to process
into functional materials before development of the layer-
by-layer (LbL) assembly technique. This approach led to an
explosion of work using these materials to obtain coatings for a
variety of applications. " A similarly important advancement in
the field was made when salt-mediated processing (“salo-
plastics”) was introduced to process bulk PECs.>* Here, salt is
an analog for temperature where a solid-like PEC can be
“melted” in appropriate salt concentrations into an associating
polymer solution, commonly known as the coacervate phase.
The liquid-like coacervate phase is more tractable from a
processing standpoint, where the salt concentration can be
tailored to modulate the viscosity and, ultimately, be cast into
more useful formats such as films,” rods,* or fibers.® Since the
number of potential polyelectrolyte combinations is large, a
collective understanding of how the constituting polymer
identities and the associated details, such as charge identity,
topology, and hydrophobicity, dictate the observed macro-
scopic material response is only incipient. Given the vast
number of applications to which polyelectrolyte complexes, or
polyelectrolytes in general, are relevant, it is important to
clearly correlate these molecular level details to measurable
material parameters.

While different salts used to swell PECs result in a material
response in a fairly predictable manner, according to ionic
solvation,” different polycation/polyanion combinations ex-
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hibit more complex trends. Specifically, different constituting
polyelectrolyte pairs have very different association affinities.”
Weakly associating complexes have a low salt resistance,
defined as the critical salt concentration needed to completely
dissolve the material by charge screening.” On the other end of
the spectrum, strongly associating complexes have a very high
salt resistance and are frequently insoluble. Such strongly
associating complexes are often found in nature, in protein—
protein interactions for example.” The measured salt resistance
of a specific complex is a nontrivial function of the ion-pairing
strength,” chain topology,'® hydrophobicity’ and molecular
weight.8 Importantly, the salt resistance of a complex is also
dependent on the specific salt being considered; a complex will
have a low salt resistance against a salt that is effective for
breaking that particular complex.'’ The most well-studied
complex with high salt resistance is the pairing of poly-
(allylamine) with poly(styrenesulfonate) (PSS:PAH), which
has been popular for LbL assemblies, precisely due to its high
association affinity that makes processability simpler, but also
precludes salt-mediated dissolution into a coacervate
phase.”'”"? Indeed, PSS:PAH cannot be dissolved in
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Figure 1. Effect of poly(allylamine) HCl (PAH) and poly(N-ethyl-4-vinylpyridinium) (QVP-C2) adsorption on the interfacial tension (y) at a
water/chloroform interface. More hydrophobic molecules adsorb to a greater extent, thus, lowering the tension from the pristine water/chloroform
value of £32.8 mN/m. The polymers were added to the aqueous phase at a repeat unit concentration of S mM. A total of S mM NaClO, was also

present in the aqueous phase.
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Figure 2. (a) Swelling behavior, (b) density-shear modulus product, and (c) viscoelastic phase angle (¢) as a function of ionic strength for spin-
coated PSS:PAH films. Swelling % is calculated in reference to the dry film. PSS:PAH shows little sensitivity to increasing concentration of KBr,
which is one of the most effective salts for dissolving polyelectrolyte complexes. PSS:QVP-C2 exhibits increased swelling and diminished
mechanical properties with increasing salt concentration. Viscoelastic properties were measured at 15 MHz using the quartz crystal microbalance, as
described previously.>** For reference, polymer glasses have a shear modulus of ~2 X 10° Pa and a ¢ ~ 1° at this frequency, and IG*| = IG’ + iG”|
and ¢ = arctan(G”/G’) as usual. pH of all solutions were ambient at ~5.5—7.

potassium bromide solutions, which is one of the most
effective salts in breaking ion pairs.”>'" Yet, it remains
desirable to be able to process PSS:PAH saloplastically since
once it is formed into functional materials, the final product
would be highly stable under many conceivable application
environments.

As mentioned earlier, hydrophobic effects, ion-pairing
associations, molecular weights, and chain topology can all
ascribe stability to PECs against salt solutions and pH changes.
Since molecular weight effects are more pronounced at low
degrees of polymerization and because the most common
chain topology is linear, we focus here on the limit of linear
high molecular weight chains, but note that these factors are
important and have been considered elsewhere.”'® This leaves
us to consider the roles of hydrophobicity and ion-pairing
association in charged complexes, which are also two
important factors determining protein stability. In our recent
work, we demonstrated that more hydrophobic complexes are
more salt resistant, showing greater and greater stability in salt
solutions as the complex is made progressively more
hydrophobic.” Let us now consider the polycations PAH and
poly(N-ethyl-4-vinylpyridinium) (QVP-C2), where the latter is
expected to be relatively more hydrophobic. The relative
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hydrophobicity/hydrophilicity of these two polyelectrolytes
can be quantified by their propensity to segregate at water/
chloroform interfaces, as measured from a drop in the
interfacial tension. Figure 1 shows that QVP-C2 readily
partitions to a water/chloroform interface due to its hydro-
phobic character, while poly(allylamine) has no observed
interfacial affinity due to its relatively hydrophilic nature. If
hydrophobicity is a dominating noncovalent interaction in
complexes of these two polycations with the same polyanion,
then one would expect the more hydrophilic complex involving
poly(allylamine) to be more weakly associating with a lower
salt resistance.” Yet, we find this not to be the case.

Figure 2 plots the salt responsiveness of PSS complexed with
PAH and QVP-C2, showing that the more hydrophobic
complex of PSS:QVP-C2 swells ~40% in water, while
PSS:PAH only swells 230%. These data were obtained with
the quartz crystal microbalance, which is able to measure the
linear viscoelastic behavior of PEC films (~1.5 um) at a
frequency of 15 MHz.>'* This technique is advantageous
because it allows precise mechanical characterization while
simultaneously quantifying the swelling ratio of pore-free
samples by measuring changes in the film thickness. The
swelling ratio is directly related to the water content of the
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Figure 3. (a) Swelling behavior, (b) density-shear modulus product, and (c) viscoelastic phase angle in response to guanidinium salts for spin-
coated PSS:PAH films. Both the bromide and thiocyanate salts of guanidinium (Gndm) are effective in swelling PSS:PAH, resulting in lower shear
moduli and an increased phase angles, unlike the response for KBr in Figure 2. The mechanical properties are primarily a function of the water
content,” as observed from well-defined swelling-modulus master curves (Figure S2). Viscoelastic properties reported at 15 MHz.

PEC films (see Experimental section). Here, the modulus of
PSS:PAH initially is nearly glass-like at ~#9 X 10° Pa (for
reference, polystyrene at room temperature is ~2 X 10° Pa).
Even more surprisingly, PSS:PAH appears resistant to swelling
with increasing KBr ionic strength, after an initial response at
low salt concentrations (a similar response is also observed for
other common salts, see Figure S1), but PSS:QVP-C2 keeps
swellin§ with a corresponding modulus decrease, as one would
expect.”” During the initial swelling response of PSS:PAH, the
complex was observed to swell to 40—50% from the initial
swollen state of about 30% in pure water. While this initial
swelling response at low ionic strengths is somewhat peculiar,
conflicting reports exist in literature where similar behavior has
been observed in some polyelectrolyte multilayers involving
poly(allylamine),">'® but not in others.'”'® In our experi-
ments, we observe that this initial swelling at 0.1 M occurs over
several hours (Figure S6), consistent with at least one study
explicitly reporting it.'> Therefore, the slow time scales
associated with this phenomenon could be a reason for the
experimental discrepancies, as the measurement time scale
becomes critical, and more detailed investigations are required
to elucidate the underlying mechanisms.'” However, the
majority of studies acknowledge PSS:PAH’s relatively high
modulus/lower water content'®*° and insensitivity to
salt,'"'%212% consistent with our own observations in the
present work. The relatively high modulus and low water
content of the PSS:PAH complex, even though it is
quantifiably more hydrophilic, may be attributed to the
tighter/stronger ion pairs that form between the two
monomers. This observation is complementary to other
reports that have found PSS:PAH to be highly stable in a
variety of salt solutions.” Understanding this stability is
desirable since materials and soft assemblies formed using
this unique ion pair would also be highly stable.

Thus far, intuition has misled expectations in terms of PEC
stability, and it appears that processing PSS:PAH remains
difficult. Numerous publications have focused on the
interaction of Hofmeister series of salts to study interaction
with PECs, usually focused on the anions.”® Poorly solvated
salt species are generally found to interact more strongly with
complexes, and well-solvated species such as lithium typically
interact weakly.” KBr is one of the best salts for dissolving
PECs since the bromide ion can efliciently break ion pairs, but
does not precipitate polycations at high concentrations. More
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poorly solvated anions such as perchlorate and thiocyanate
tend to precipitate out some polycations.24 However, we
speculate that it may be possible to use a more poorly solvated
cation than potassium to process PECs. This speculation was
inspired by observing the well-known role of guanidinium ions
in protein denaturation.”>*® Guanidinium thiocyanate is one of
the strongest known denaturants and also happens to be a very
weakly solvated salt.”> Many essential molecular details that
contribute to protein stability are also relevant to PECs, and
therefore, it can be expected that salts that are strong
denaturants would also be strong dopants for PECs. Figure 3
shows that, when subjected to increasing concentration of
guanidinium bromide (GndmBr) or guanidinium thiocyanate
(GndmSCN), PSS:PAH complexes swell significantly with a
corresponding decrease in the modulus, unlike the response
observed for KBr. Importantly, the mechanical properties of
these complexes are ultimately determined by the amount of
water inside the complex, as plotted in Figure S2 and as we
have reported previously.” The rheological response of a highly
swollen coacervate phase (~ 16 wt % PEC), obtained at an
overall GndmBr concentration of 3.25 M is shown in Figure 4,
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Figure 4. Time—temperature superposition of PSS:PAH coacervate
formed at a overall GndmBr concentration of 3.25 M. Here, the
polymer concentration is 16 wt % in the coacervate phase. A typical
polymer solution response is observed even at this high salt
concentration. The lowest temperature of —7 °C could be measured
before the onset of freezing effects. The associated relaxation
spectrum (H(4)) is plotted in Figure S4.°
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Figure S. (a) Reaction scheme for systematic guanylation of poly(allylamine), (b) phenomenological phase behavior of PSS:PAH-Gu complexes as
a function of guanylation percent at pH = 6, and (c) schematic representation of a possible explanation for the observed phase behavior.
Guanidinium is able to break the relatively strong ion-complex of styrenesulfonate with allylamine, but not allylguanidine.

where we have used time—temperature superposition to access
a broad range of time scales. Here, the typical response of a
coacervate is observed, with a liquid-like behavior at high
temperatures and low frequencies and a power-law behavior of
~0.5 at low temperatures and high frequencies. A comparison
of GndmBr to other salts for swelling PSS:QVP-C2 is also
made in Figure S3, where GndmBr also appears to be a strong
dopant.

Polyanions and polycations associate due to the large
entropy gain from counterion release. While entropy is the
dominant driving force for association, a polyelectrolyte
complex’s responsiveness and strength are primarily deter-
mined by ion and polymer specific interactions. This
importance of polymer specific interactions was highlighted
in this work by noting that PSS:PAH is stronger and more
stable than PSS:QVP-C2, even though the later is
quantitatively more hydrophobic. Ion-specific interactions
allow guanidinium ions to break PSS:PAH complexes when
all other common salts fail to do so. Since guanidinium is an
organic cation ubiquitous in biology as part of the amino acid
arginine, the following question can be posed: how would the
complex respond if guanidinium charges were introduced
directly into the PAH backbone? Alternatively, what is the role
of charge identity in amine versus guanidine in determining the
physical properties of the complex? This simple difference can
have significant implications in the development of effective
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antimicrobial agents with low toxicity and low drug
resistance.””””** For a polypeptide, this would correspond to
quantifying the difference in association of lysine versus
arginine with a common polyanion. In the present case it is
straightforward to convert PAH into a statistical copolymer
with amine and guanidine using the scheme in Figure 5a. Due
to the molecular simplicity of poly(allylamine) and poly-
(allylguanidine), this approach is attractive for studying the
differences between primary amines (lysine-like) and guanidi-
nium (arginine-like) charges.

The interaction of poly(styrenesulfonate) as the model
polyanion with poly(allylamine-co-allylguanidine) (PSS:PAH-
Gu) can now be studied as a function of the salt concentration
by observing whether the resulting complexes remain solid-like
or can be dissolved into polymer solutions. Figure Sb provides
a phenomenological phase map of the formed complexes as a
function of the guanidinium fraction on the polycation. The
complex is classified as solid-like if it appears insoluble, a
coacervate if a liquid—liquid phase separation occurs, and a
polymer solution if it is dissolved completely. We discover that
the phase behavior of PSS:PAH-Gu is extremely sensitive to
the guanidinium fraction on the backbone. At just 10%
guanidinium, the complex forms a cloudy gel instead of a
coacervate, indicating the presence of insoluble aggregates. The
rheological response of this “cloudy gel” is atypical of complex
coacervate’s polymer solution response, such as in Figure 4,

DOI: 10.1021/acsmacrolett.8b00824
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but is characteristic of colloidal gels, as shown in Figure §5.%°
At higher guanidinium fraction the complex only forms solid-
like complexes, suggesting that guanidinium has a higher
affinity for poly(styrenesulfonate) than poly(allylamine),
consistent with a recent study reporting guanidinium
containing polyelectrolyte multilayers to be more rigid.*
However, it is quite possible these complexes may be far from
their thermodynamic equilibrium, and more detailed inves-
tigations are needed to corroborate these preliminary
observations. Such unique behavior of guanidinium has been
observed and utilized in other self-assembling macromolecular
systems,”’ > and the present work here provides fundamental
insights into those observations.

In the current work, we have demonstrated that ion-specific
interactions play a key role in determining the stability and
responsiveness of charged complexes. These interactions can
be exploited to both disassemble complexes, or to increase
their stability, depending on the context. In this particular case,
guanidinium was a powerful agent for disassembling the
otherwise strongly associating PSS:PAH complex. This ability
to break strong ion-pairs likely compliments other pro osed
mechanisms for guanidinium’s denaturing activity.”” 3436
While guanidinium is a strong denaturant as a free salt, it is a
strong binding agent when incorporated into the polymer
itself, rendering complexes with anionic moieties highly stable,
suggesting a mechanism for its interfacial adhesion promoting
properties.”” Therefore, the context in which ion-specific
interactions are considered is extremely important for
rationalizing observations. Lastly, given guanidinium’s bio-
logical relevance, its behavior in synthetic macromolecular
systems could be better explored because of its technological
significance.”® The present work introduces PAH-Gu poly-
electrolytes as a simple and accessible model platform for
future investigations.
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