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Abstract

This study investigates the roles of two distinct features of ionically cross-linked networks - ionic cross-
links and fixed charges - in determining their nanomechanical properties. The layer-by-layer assembled
poly(allylamine hydrochloride)/poly(acrylic acid) (PAH/PAA) network is used as the model material. The
densities of ionic cross-links and fixed charges are modulated through solution pH and ionic strength (IS), and
the swelling ratio, elastic and viscoelastic properties are quantified via an array of atomic force microscopy
(AFM)-based nanomechanical tools. The roles of ionic cross-links are underscored by the distinctive elastic and
viscoelastic nanomechanical characters observed here. First, as ionic cross-links are highly sensitive to solution
conditions, the instantaneous modulus, £y, exhibits orders-of-magnitude change upon pH- and IS-governed
swelling, distinctive from the rubber elasticity prediction based on permanent covalent cross-links. Second,
ionic cross-links can break and self re-form, and this mechanism dominates force relaxation of PAH/PAA under
a constant indentation depth. At most states, degree of relaxation is > 90%, independent of ionic cross-link
density. The importance of fixed charges is highlighted by the unexpected elastic nature of the network despite
low ionic crosslink density at pH 2.0, 0.01M. Here, the complex is a net charged, loosely cross-linked, where
the degree of relaxation is attenuated to = 50% due to increased elastic contribution arising from fixed charge-
induced Donnan osmotic pressure. In addition, this study develops a new method for quantifying the thickness
of highly swollen polymer hydrogel films. It also underscores important technical considerations when
performing nanomechanical tests on highly rate-dependent polymer hydrogel networks. These results provide
new insights into the nanomechanical characters of ionic polyelectrolyte complexes, and lay the ground for

further investigation of their unique time-dependent properties.

Keywords: ionic cross-links, fixed charges, polyelectrolytes, viscoelasticity, layer-by-layer assembly.
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1. Introduction

Hydrogel networks formed by charged polyelectrolytes and connected by physical cross-links are
distinct from covalent, non-ionic networks. The molecular-level distinction primarily lies in two characters, the
presence of electrostatic interactions from uncompensated fixed charges and the breakable/recoverable nature of
cross-links. These two characters are mainly responsible for their unique mechanical properties,' ™ a wide range
of stimulus-responsive physical properties, and in turn, various biomedical and engineering applications.” When
physical networks are formed as nano-to-micrometer thick films, the reduced dimension renders great potential
in applications that require rapid response time within seconds to minutes.” In many of these applications, such
as cell substrates,”™ sensors and actuators,” '° drug delivery,'' anti-fouling'?, and tissue engineering,
understanding and controlling their mechanical properties is imperative for their successful utilization. For
example, in cell culture, elastic modulus can strongly influence cell adhesion'* and differentiation,® '* primary
cell phenotype'® and stem cell lineage specification.'” Recently, other mechanical factors, such as loss
modulus,'® stress relaxation patterns'’ and charge density”® were also found to play important roles in regulating

cell phenotype and activities.

Layer-by-layer (LbL) assembled polyelectrolyte complexes are one common type of such networks. In
the past decade, there have been extensive studies on their mechanical properties. The instantaneous, elastic

moduli were quantified by methods including quartz crystal microbalance (QCM),*! instrumented

25,26

nanoindentation,* strain-induced elastic buckling,* bulging test,”* osmotic swelling, and atomic force

14,27-37

microscopy (AFM)-nanoindentation on planar films or microcapsules.*® ** These studies showed that the

elastic moduli are highly sensitive to post-assembly testing conditions, including solution bath pH,*”** jonic

29-31 d 32,33
3

strength (IS) electrical fiel and hydration energy of free counter-ions.”' In the meantime, assembly

14, 34 29 35,36
SIS, ,

conditions, such as assembly pH, additional covalent cross-linking and assembly sequence’’, also
markedly affect the elastic modulus. Besides elasticity, time-dependent viscoelastic properties were also
explored via whole film-level measurements such as piezo-rheometer,* dynamic uniaxial tensile tester,"’

capillary wave* and QCM with dissipation monitoring (QCM-D), # as well as localized AFM-
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29, 38, 44-46

nanoindentation. These whole-film measurements enabled direct quantification of the frequency-

dependent storage and loss moduli, as well as time-dependent relaxation behaviors, while AFM was able to

29, 44, 46

detect the local rate-dependence of modulus at nm-to-pum scale. These studies provided a quantitative

measure of the viscoelasticity in LbL films, and demonstrated the change in viscoelastic behaviors with the

testing solution ionic strength.’"*!

Despite these efforts, there still lacks a mechanistic understanding regarding the nanomechanics of LbL
films held by physical cross-links. In particular, it is unclear how the reversible nature of physical cross-links
and the presence of fixed charges — the two distinct characteristics of ionically cross-linked networks —
independently or cooperatively affect the stimulus-responsive mechanical properties of these LbL films. For
example, for covalent networks, according to the theory of rubber elasticity,”” there is a well-established inverse
relation between the elastic modulus, £, and swelling ratio, v;. Upon swelling, the permanent cross-link remain
unchanged, the cross-link volume density scales inversely to vy, and thus, £ ~ vs'l/ 34 For the ionically cross-
linked networks, however, upon changes in solution environments, swelling/deswelling involves breaking and
re-formation of ionic cross-links, as well as changes in its fixed charged density.*' The rubber elasticity
theory does not account for these changes, and the connection between swelling and mechanical properties is
missing. Furthermore, for covalent networks, due to the permanence of cross-linking, time-dependent
mechanics is governed by the polymer segmental motion,’” as well as fluid flow-induced poroelasticity.> For
ionic ones, as cross-links can break under stress and re-form by itself, the governing mechanisms can be
markedly different. Also, the fixed charges on polymer chains could contribute to the elastic mechanics through
Donnan osmotic swelling.>* To date, this effect due to fixed charges has not been clearly elucidated. Without a
fundamental understanding of these deterministic factors, it is difficult to quantitatively control the assembly

and/or application environment to achieve the nanomechanical properties optimized for various applications.

The objective of this study is to uncover how the elastic and viscoelastic nanomechanical properties of
LbL films are governed by ionic cross-links and fixed charges. For the films made of weak polyelectrolytes,

these two factors can be controlled by the modulation of solution pH and IS. Toward this end, poly(allylamine
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hydrochloride)/poly(acrylic acid) (PAH/PAA, Fig. 1a) LbL films are used as the model network. In aqueous
solutions, the PAH/PAA network is connected by ionic pairs™ between the protonated amine-groups of PAH
(solution pK, = 10.5 when in the form of PAH/PAA LbL films)*® and charged carboxylate-groups of PAA (pK,
~ 2.3 when in the form of PAH7.5/PAA3.5 LbL films).* The solution pH was varied between 2.0 and 5.5 to
allow tuning of the ionization degree of PAA, while keeping PAH fully ionized. The film thus undergoes
reversible swelling/de-swelling upon changes in pH, switching between being highly cross-linked, net neutral
(higher pH) and loosely linked, net charged (lower pH) (Fig. 1b). * n addition, the solution IS was varied
between 0.01M to 1.0M to allow tuning of cross-link density and electrostatics. In net neutral states, IS
influences the cross-link without affecting the charged nature of polymers through the “doping” effect.”” In net

charged states, IS tunes the magnitude of electrostatic interactions via Debye screening.”

To achieve our goal, an array of atomic force microscopy (AFM) tests were developed and applied to
assess the film thickness, instantaneous indentation modulus and viscoelastic force relaxation in monovalent
NaCl solutions. The experimental results were interpreted through elastic and viscoelastic contact mechanics
models to extract material properties including instantaneous and equilibrium moduli, as well as relaxation time
constants. As a result, this study provides the first experimental evidence that highlights the unique elastic and
viscoelastic features of PAH/PAA endowed by fixed charges and ionic cross-linking. Through tuning each
factor of pH or IS while maintaining the other at constant, this study is the first to de-convolute the contribution
of each factor. The breakable and reversible nature of ionic cross-links is found to result in a highly
environment-sensitive, viscoelastic nature of the network that is distinctive from covalent networks. On the
other hand, the presence of fixed charges leads to an unexpected more elastic nature at the net charged state,
despite having the lowest cross-link density. These properties are expected to provide insights into the
mechanics of physically cross-linked hydrogel networks in general, and render necessary benchmark for

designing mechanics-based applications of stimulus-responsive materials.
2. Materials and Methods

2.1 Sample preparation
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Poly(allylamine hydrochloride) (PAH, M,, = 120,000-200,000, Alfa Aesar, Ward Hill, MA) and
poly(acrylic acid) (PAA, M,, = 100,000, Sigma-Aldrich, St. Louis, MO) were used as received. Following
previously established procedures,” the 50-bilayer, ionically cross-linked PAH/PAA multilayer films,
(PAH7.5/PAA3.5)s, were prepared via layer-by-layer (LbL) assembly in 0.01M polyelectrolyte deionized
water solutions (repeat unit concentration) at pH 7.5 for PAH, and 3.5 for PAA, respectively. The pH of
assembly solution was adjusted by adding HC1 or NaOH. With a total of 100 building layers, PAA was the top
layer of the film to ensure a hydrophilic nature on the surface.”’ The use of a 50-bilayered film is to minimize
the effects of substrate constraints and non-linearity in mechanical properties at large deformation strains. The
LbL assembly was carried out on freshly Piranha solution-cleaned glass slides via a programmable slide stainer
(HMS, Zeiss, Peabody, MA) at room temperature. The films were then air dried and stored for < 48 hours

before tests.
2.2 Film thickness measurement

Two AFM-based modalities were used to measure the film thickness, H, after selective film removal.
First, for H < 10 pm, contact mode AFM imaging® (Dimension Icon, BrukerNano, Santa Barbara, CA) was
used (Fig. 2a, method I). This method was applied to films at the dry state and at the less swollen states in
solution (pH > 3.0, Fig. 2b). When H is comparable or greater than 10 um, due to the limit of AFM z-piezo (~10
um for Dimension Icon AFM),” contact mode imaging is not applicable. A new “z-motor assisted” method
employing both the z-piezo and z-step motor was developed to quantify A (Fig. 2a, method II; a detailed
description of the potential application of this method is provided in ESI, Appendix Al). First, the AFM tip was
placed over the film. When the AFM system was engaged at a pre-set indentation force, Fy (= 3 — 5 nN), the
movement of z-step motor onto the film was recorded as z;. After retraction of the tip to its original location, the
tip was laterally moved to the substrate region where the polymer film was removed. The same procedure was
repeated to record the motor movement, z,. At the pre-set force Fy, the indentation depth was measured as D by
nanoindentation (as discussed in details later). The thickness H was thus calculated as H =z, — z; + Dy. This

method was validated on micro-fabricated Si substrates with 5-um height steps, as well as direct comparison of

6



Page 7 of 30 Soft Matter

1

2

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

PAH/PAA in the states where H~ 5 — 10 um (e.g., pH = 3.0 and IS = 0.1 M, Fig. 2¢). When validated on micro-
fabricated Si substrates with spatial resolution of the AFM z-step motor is 100 nm,” the systematic error is < 1%
when H > 10 um (Fig. 2¢). This LbL film has an as-assembled dry thickness of 3.35 = 0.01 pm (mean + SEM, n
=48, Fig. 2d), assessed by contact mode AFM imaging. Accordingly, the volume swelling ratio vy is thus

calculated as (Fig. 2d),

ot —H 4,
y o= Y 2 100%.
dry

2.3 AFM-based nanoindentation and force relaxation

AFM-based nanoindentation and ramp-and-hold force relaxation experiments were performed in the
indenter mode of the 3D Molecular Force Probe (MFP-3D, Asylum Research, Santa Barbara, CA). The
microspherical indenter tip was prepared by attaching one polystyrene colloid (R, = 12.5 um, elastic modulus
is~4 GPa,60 infinite compared with that of PAH/PAA, Polysciences, Warrington, PA) onto a tipless cantilever
(nominal spring constant k£ = 5.4 N/m, NSC35/Cr-Au, cantilever C, NanoAndMore, Lady's Island, SC) by M-
Bond 610 epoxy (Polysciences) using the optical microscope and z-step motor of the Dimension Icon AFM.
Depth-controlled nanoindentation was conducted at a constant loading/unloading indentation rate, vp = 5 pm/s,
up to a maximum indentation force = 1 uN using the MFP-3D. During the indentation, the z-piezo ramp
velocity was continuously adjusted in the indenter mode to maintain this constant indentation depth rate. For the
relaxation test, immediately following the indentation, the force was measured as a function of time during the
30 seconds hold period. The indentation depth was kept constant by adjusting the z-piezo position in the
indenter mode to compensate for the reduction in cantilever bending due to force relaxation. All of the
experiments were performed in pH = 2.0 — 5.5, IS = 0.01 — 1.0 M NaCl solutions. For each IS, pH was adjusted
by adding HCI while reducing the concentration of NaCl to maintain constant IS. Experiment at each IS and pH
combination was repeated on at least 10 locations on each of the 3 samples. The data from each sample were
pooled since no statistical differences were found across these samples (p > 0.05 via Kruskal-Wallis test for

each pH and IS).
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As the nanomechanical properties of PAH/PAA are highly rate-dependent, to demonstrate the necessity
of maintaining constant indentation rate during indentation, and constant depth during force relaxation, two sets
of open-loop control experiments were performed at pH 5.5 and 2.0, IS = 0.01M. During the open-loop
indentation, the z-piezo displacement velocity, instead of indentation rate, was kept constant, whereby the
indentation rate varied due to increased cantilever bending. During the open-loop force relaxation, the z-piezo
displacement, instead of indentation depth, was kept constant, whereby the indentation depth, D, also varied due
to changes in cantilever bending. A detailed description of technical considerations in AFM-based

nanomechanical studies of highly rate-dependent polymer networks is provided in the ESI (Appendix A2).
2.4 Data analysis

For each indentation location, the indentation force versus depth (#-D) curve was obtained by
calibrating the cantilever deflection sensitivity on a mica substrate, and actual spring constant via the thermal
oscillation method,®' respectively. For each F-D curve, the tip-sample effective contact point was determined
via an algorithm developed previously for soft materials in the absence of attractions.®* ®* The effective
instantaneous indentation modulus, £y, was calculated by fitting the whole loading portion of each curve to the

linear elastic Hertz model with finite thickness correction via least squares linear regression (LSLR),
4 E 1/2 13/2
F:EmRﬁp D**C,(F,D,H,R),

where v is the Poisson’s ratio (= 0.49 for highly swollen hydrogels),** Riip 1s the tip radius, and C, is the
substrate constraint correction factor that depends on F, D, H and Rﬁp.“ Here, E represents the instantaneous

modulus measured at the constant indentation rate of vp =5 pm/s.

During the force relaxation, the deflection and z-piezo displacement were recorded as a function of time
at a sampling rate of 2 kHz. At each time point, the temporal modulus, E(¢), was calculated by fitting F(¢) and D
to the substrate-corrected Hertz model, whereby D was constant during the relaxation. To quantitatively

elucidate the viscoelastic force relaxation behavior, the five-element SLS model®® was applied to each curve,
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0 &)

where E is the equilibrium modulus, £, and E; are the moduli corresponding to the two relaxation time
constants, 7; and 17, respectively (E; > E»). This five-element model was chosen since it requires minimum
number of parameters to adequately describe the relaxation (coefficient of determination, R* > 0.94 for all fits),
while the simpler three-element model with one time constant cannot explain the relaxation patterns. The fit

was conducted via the nonlinear fitting tool based on the Levenberg-Marquardt Algorithm (LMA) in Matlab,
whereby the boundary condition was set as £, =E_ +E, + E, att= 0, and the initial fitting condition was set

as E1/Ey=0.85, E»/Ey = 0.1, 7; = 0.05 sec, and 7, = 2 sec, respectively.
3. Results

The film thickness, H, and associated degree of swelling, vy, were quantified via contact mode AFM
imaging and z-motor method (Fig. 2a-c). Solution pH and IS were found to synergistically modulate the values
of H and v, as shown in Fig. 2d. In the tested range of IS, values of film thickness at pH > 3.5 were at their
minima, close to those measured under dry conditions (vy = 20 — 35%). At pH < 3.5, the film underwent
substantial swelling, at all tested IS. Specifically, at 0.01M IS, film thickness increased when lowering pH from
3.5 to0 2.0, reached a maximum of 17.3 + 0.8 um (v; = 429 + 34 %) before the film dissolved at pH <2.0. At
higher IS of 0.1M and 1.0M, while its trend of pH-dependence was similar to that at 0.01M, the film thickness
decreased with increasing IS. In addition, the pH thresholds of film swelling and dissolving were also affected
by IS. At 0.1M, the film started significant swelling at pH = 3.0, and dissolved at pH < 2.5. In comparison, at

1.0M, the film started to swell at pH = 2.5, but quickly dissolved at pH < 2.5.

The instantaneous modulus, £y, was calculated by applying the substrate-corrected Hertz model to the
whole loading portion of F-D curves,®” shown as the curves in four representative states (Fig. 3a). Similar to
swelling, values of E also exhibited marked pH- and IS-dependence (Fig. 3b). At each IS, E retained at a

similar magnitude at pH > 3.5, but decreased up to two orders during swelling at pH < 3.5. Interestingly, at pH
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> 3.5, in contrast to the lack of sensitivity in film thickness to solution IS (Fig. 2d), we detected a ten-fold
difference in E across the tested IS. On the other hand, at pH < 3.5, the overall decreasing trend in modulus
was in alignment with the increase in swelling at all IS, although the magnitude change in modulus was much
greater than the thickness. In addition, at pH = 3.0, £, was significantly lower than at its adjacent pH conditions
(2.5 and 3.5) at both 0.01M and 0.1M, but not at 1.0M. The relationship between swelling ratio and

instantaneous modulus is further highlighted in the three representative states summarized in Fig. 4.

In contrast to the marked variation of film thickness and instantaneous modulus with pH and IS shown
in Figs. 2 and 3, viscoelastic force relaxation patterns were similar across a wide range of tested states. Based on
the five-element SLS model shown in Fig. Sa (see Materials and Methods for detailed description), the
equilibrium modulus, Ey, and two viscoelastic relaxation modes, (£}, 7;) and (E», 12), were extracted (Fig. 5b).
The degree of relaxation, denoted as (1 — E./Ep), was > 95% at all states of pH > 3.0 (Fig. 6a). In addition, as
shown by the same data replotted against film thickness, H (Fig. 6b), and instantaneous modulus, £y (Fig. 6¢),
the relaxation trend was independent of these two parameters at pH > 3.0. At 0.01M and 0.1M, under the near
dissolution pH of 2.5, the relaxation degree was modestly lower (= 90%). From the five-element SLS model fit,
two relaxation time constants and moduli were calculated at each state, corresponding to two different
governing mechanisms, as will be discussed later in detail. Across these states, the relaxation was found to be
dominated by the short-term relaxation mode (£}, 71), whereby E; accounted for > 70% of E, (Fig. 7a). The
short-term time constant, 7;, exhibited only minor variations between 25 £ 5 msec (pH 3.0, 0.01M) and 46 + 9
msec (pH 5.5, 0.01M) (Fig. 7b). This domination was present also for the two near dissolution states at higher
IS (pH 2.5, 0.1M and 1.0M, Fig. 7a,b), as the results suggested a minor role of elastic modulus (E./Ey < 10%,
Fig. 6a), and major contribution of £ (E\/Ey > 70%, Fig. 7a). In contrast, the long-term relaxation mode only

contributes to < 20% of Ey (E»/Ey, Fig. 7c), and with larger variations in 7, across all the states (Fig. 7d).

At pH 2.0, 0.01M, at the most swollen state with lowest instantaneous modulus, the relaxation behavior
of PAH/PAA was found to be much more elastic, as shown in Figs. 6 and 7. The degree of relaxation was

attenuated to 50.9 + 2.5% (Fig. 6a). According to the five-element SLS model, the short term relaxation (£, 7;)

10
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also had a much smaller contribution to the overall modulus, E1/Ey = 36.5 + 1.5% (Fig. 7a). The time constant,
71, was also found to be significantly longer compared with other pH and IS states (Fig. 7b). On the other hand,

similar to other states, the long term relaxation played a relatively minor role (E2/Ep = 12.6 + 1.6%, Fig. 7¢).
4. Discussion

Based on the pH- and IS-dependent swelling and mechanical properties of PAH/PAA, we report novel
findings on the molecular mechanisms that govern the nanomechanics of ionically cross-linked polyelectrolyte
networks. The roles of ionic cross-links and fixed charges are de-convoluted through the modulation of pH and
IS. First, the relations between modulus and swelling ratio of PAH/PAA are different from the prediction by
rubber elasticity theory, and show direct impacts of the stimulus-responsive nature of ionic cross-links. The
importance of fixed charges in the instantaneous modulus is highlighted by the substantial pH-governed
swelling (Fig. 2d), as well as IS-dependence of Ej in the charged state (Fig. 3b). Second, the viscoelastic force
relaxation is shown to be largely dominated by the localized breaking and re-formation of ionic cross-links, a
mechanism distinctive from the chain conformation-governed relaxation. Third, the roles of fixed charges are
highlighted by the unexpectedly stronger elastic response at the highly net charged state of pH 2.0, 0.01M (Fig.
6a). When the Donnan osmotic swelling effect arising from fixed charges results becomes important, the

network behaves much more elastically despite having the lowest cross-link density.
4.1 Roles of stimulus-responsive ionic cross-links in swelling and instantaneous modulus

The stimulus-responsive nature of ionic cross-links is illustrated by the pH- and IS-dependence of
thickness H (Fig. 2d) and instantaneous modulus E, (Fig. 3b). Specifically, the swelling-mechanics behavior
that is unique compared with that of covalent networks can be highlighted by three representative states in Fig.
4. First, the ten-fold (1.0M) to hundred-fold (0.1 and 0.01M) decrease in £y during pH-induced swelling is
different from covalent networks, in which cross-links stay permanent during swelling. According to the rubber
elasticity theory,"’ the conformational entropy-governed elastic modulus scales with vy 3% For example, when

a covalent network swells at a ratio equivalent to that of PAH/PAA from pH 5.5 to 2.0 at 0.01M (3.2 £ 0.1 x,

11
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Fig. 4a), a 68.9 &+ 0.3% reduction in v,, and thus, a 32.3 + 0.2% decrease in E is expected (Fig. 4b). For polymer
films end-grafted to a planar substrate, this reduction could be attenuated by the internal compressive stress

built upon substrate-constrained swelling.®” **

In contrast, upon swelling, PAH/PAA experiences major loss in
the amine-carboxylate paired ionic cross-links. This effect leads to the observed orders-of-magnitude decrease
in E, that far exceeds the prediction by rubber elasticity47 (Fig. 4b). In addition, for weak polyelectrolyte
networks such as PAH/PAA, there is a secondary effect that can increase £y when lowering pH (< 3.0). As the
protonation of carboxylic acid groups increase the number of uncompensated amine groups (i.e., fixed charges),
additional osmotic pressure arising from net positive charge can contribute to an increase in elastic modulus.>*

% However, this effect is expected to be much weaker than the loss in cross-links, and does not appear to

reverse the decreasing trend of £y as pH decreases.

Second, the reduction of £, upon de-swelling when increasing IS at net neutral states (pH > 3.5, Fig. 3)
also does not conform to the rubber elasticity theory. For example, at pH 5.5, PAH/PAA undergoes moderate
de-swelling when increasing IS from 0.01M to 1.0M (Fig. 4a). However, instead of experiencing an increase in
Ey, as would be predicted by rubber elasticity, £y decreases for approximately ten-fold (Fig. 4b). Under these
net neutral states, compensation of fixed charges is achieved through both “intrinsic” pairing between opposite
fixed charges on polymer chains, and “extrinsic” pairing between fixed charges and free counter-ions.”™ ” Ionic
cross-links in PAH/PAA can only form between the intrinsic carboxylate-amine pairs. At a higher concentration
of free ions, there is an increased portion of extrinsic ionic pairing, i.e., pairing between the carboxylate or
amine groups and free counter ions (H", Na', CI” here) (Fig. 1b), and in turn, a decreased portion of intrinsic
pairing.®' Increasing IS thus effectively reduces ionic cross-link density, namely the “doping” effect,” as

highlighted by the IS-governed modulus decrease when increasing IS at pH 5.5 (Fig. 4).

Interestingly, across the three representative states shown in Fig. 4, the influence of pH appears to be
much stronger on both the degree of swelling and modulus than that of IS. This is because, as discussed
previously, pH directly determines the density of molecular sites available for ionic cross-link formation (the

charged carboxyl groups here), while IS mainly plays a regulatory role by impacting the likelihood of these
12
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available sites in forming cross-links. In addition, pH also results in the substantial swelling at pH = 2.0, 0.01M
(state 4 in Fig. 4) through the osmotic swelling effect, whereas this effect is negligible at the two net neutral

states of B and C used to illustrate the impacts of IS in Fig. 4.
4.2 Roles of fixed charges in swelling and instantaneous modulus

The impacts of fixed charges on nanomechanics can be extracted, and differentiated from the
contributions by ionic cross-links based on the swelling and mechanical behaviors at net charged states. First,
the marked swelling (Fig. 2d) at low pH < 3.0, is dominated by the effects of increased fixed charge density.
The increased osmotic pressure exerted by the net positive charges of unpaired amine groups on PAH and
associated re-distribution of free ions lead to substantial swelling in a typical Donnan equilibrium (Fig. 1b),”"
similar to the trend previously observed on end-grafted polyelectrolyte monolayers.”>”* A more swollen, new
equilibrium state is reached when a balance between the Donnan osmotic swelling and resistance to further
polymer stretching due to loss in conformational entropy is reached. In the meantime, protonation of
carboxylate groups upon lowering pH also leads to a marked decrease in ionic cross-link density. However, the
impacts of cross-link loss on swelling are very minor. As discussed previously, increasing IS from 0.01M to
1.0M also results in appreciable loss in ionic cross-links due to the “doping” effect.’® However, this effect leads

to a marginal decrease in film thickness, H, rather than an increase (Fig. 2d).

The contribution of osmotic pressure exerted by the net positive fixed charges to mechanics is
highlighted by the IS-dependence of Eo.”* According to the Donnan equilibrium, osmotic pressure due to the
asymmetric distribution in free counter-ions versus co-ions is largely attenuated at higher IS.”> At the nanoscale,
Donnan equilibrium can also be more precisely described in the context of electrical double layer (EDL)
repulsion by the Poisson-Boltzmann theory.”® This effect is quantitatively depicted by the Debye screening
length, k', the distance whereby local electrical potential from one point charge decreases to 1/e of its original

magnitude.’* Osmotic forces can contribute to compressive modulus if the average fixed charge-charge distance,

I, is less than or comparable to x . In monovalent electrolyte solutions, &~ =+/&RT/2F 200 , Where ¢ is the
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permittivity of the network medium at room temperature, R is the universal gas constant, 7 is the absolute
temperature in K, F'is the Faraday constant (96,500 C/mol), and ¢y is the ionic strength of the medium. If the
permittivity of water is used as a first-level approximation, e = 6.92 x 10° C/(N'-m?), x ' is calculated as 3 nm,
I nm and 0.3 nm at IS = 0.01M, 0.1M, and 1.0M, respectively. According to PAH monomer configuration, the
closest distance between adjacent amine groups on PAH is = 0.46 nm, calculated in ChemBio3D (PerkinElmer,
Waltham, MA). The average charge distance, /., is greater than this theoretical minimum value, since not all
PAH amine groups are charged, and a portion of charged groups is compensated by the carboxyl groups and
free counter-ions (Fig. 1b). It is thus reasonable to expect [. > x ' at 1.0M, and it is possible /, < x ' at 0.01M
and 0.1M. Under this scenario, the contribution of EDL repulsion to Ej is expected to be appreciable at lower IS,
but negligible at 1.0M. Taken together both effects, at the same pH, E| is higher at lower IS, likely owing to the
presence of higher ionic cross-link density and greater osmotic pressure (Fig. 3). Our ongoing studies using the
attenuated total reflectance-infrared spectroscopy (ATR-FTIR)’® aims to determine the charge density with the

PAH/PAA complex, and thus, will provide a quantitative assessment to the observed IS-dependence of Ej.

The presence of fixed charges appears to also affect the IS-dependent dissolution pH threshold of
PAH/PAA. At IS = 0.01M, the film starts swelling at pH < 3.5, and dissolves at pH < 2.0 when most carboxyl
groups are protonated (Fig. 2d). In contrast, at 1.0M, the swelling starts at pH 2.5, close to the bulk pK, of PAA
~ 2.3, and soon dissolves at pH < 2.5 (Fig. 2d). According to the Poisson-Boltzmann theory, and its
continuum-level approximation, the Donnan equilibrium,>* local concentration of H" within PAH/PAA is lower
than the bulk due to the presence of fixed positive charges. The local pH in the PAH/PAA complex is thus
higher, and this difference is greater at lower IS. As a result, in the presence of fixed positive charges, the bulk

pKa for the dissolving threshold of PAA is further reduced at lower IS.*°

Another impact of fixed charges on Ej is demonstrated by the increase in instantaneous modulus from
pH 3.0 t0 2.5 at IS=0.01M and 0.1M (Fig. 3b), despite expected loss in ionic cross-links and significant
swelling (Fig. 2d).*" A possible explanation is that the increase in net charge density reaches a threshold

whereby [, becomes less than or comparable to « . As a result, the increase in Ey due to osmotic pressure
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overweighs the impacts of ionic cross-link loss from pH 3.0 to 2.5. This hypothesis is partly supported by the
fact that this self-stiffening swelling is absent at 1.0M IS, where the contribution of osmotic pressure is

negligible.
4.3 Viscoelastic relaxation mechanisms arising from ionic cross-links and fixed charges

Force relaxation test results (Fig. 5) underscore the novel viscoelastic characteristics of PAH/PAA,
which is endowed by the breakable and recoverable nature of ionic cross-links, and its cross-talk with fixed
charges. For covalent networks, viscoelastic force relaxation is mainly governed by the conformational change,
reptation and disentanglement of polymer chain segments, whereby cross-links remain unaffected.”” Therefore,
the degree of relaxation decreases with increasing cross-link density due to stronger hindrance to polymer
segmental motion.”® In contrast, in PAH/PAA, ionic cross-links can reversibly break and re-form under external

3,79
stresses.>’

This time-dependent mechanism takes place at the localized sites of each amine-carboxylate ionic
pair. It is thus likely not directly governed by the polymer chain segmental motion. The cross-link density-
regulated segmental motion hindrance can thus have much less influence on relaxation. Indeed, in this study,
the independence of force relaxation degree (1 — E./Ey > 0.95) on H (Fig. 6b) or Ej (Fig. 6¢) across a wide
range of states at pH > 3.0. As PAH/PAA is purely held by ionic cross-links, this nearly 100% relaxation

provides a direct, strong evidence that ionic cross-link breaking and re-formation dominate the viscoelasticity of

1onic networks.

At net charged states, there is an increased portion of elasticity, evidenced by the reduced degree of
relaxation, (1 — E./Ey) (Fig. 6a). At pH 2.5, 0.1M and 1.0M, (1 — E/Ey) is modestly lower (= 90%) than that of
higher pH, net neutral states. Under these two conditions, the network becomes much more swollen (Fig. 6b)
and net charged. Upon the drastic loss of ionic cross-links, polymer chain segmental length between adjacent
cross-links increases. For these loosely bound networks, it is possible that the polymer conformational entropy-
driven elasticity can play a modest role in the overall modulus. In addition, osmotic pressure arising from fixed

charges may also contribute to elasticity,*® but this effect is minor at higher IS.
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The impacts of fixed charges on viscoelasticity are best illustrated by the unexpected, more elastic
nature at pH 2.0, 0.01M (Fig. 6a). At this state, PAH/PAA is highly charged, loosely cross-linked, and has the
lowest instantaneous modulus £ (Fig. 6b,c). Since the modulus of hydrogel networks scales with cross-link
density, networks with lower modulus are expected to undergo more viscoelastic relaxation due to reduced
hindrance in chain segmental motion. In contrast, an opposite trend is observed on PAH/PAA here, as is most
likely due to the increased contribution of osmotic pressure to elasticity,™ given the Debye length, ' ~ 3 nm >
l.. At this state, owing to both the increased elastic osmotic pressure and marked reduction in the overall
modulus (Ey = 0.091 £ 0.013 MPa), the relative contribution of elasticity to £y becomes much more substantial,

and thus, the weight of cross-link breaking and re-formation governed relaxation is reduced (Figs. 5b and 6).
4.4 Viscoelastic relaxation time constants and modes

Across a wide range of pH and IS states, the domination of short term relaxation (E/E)), and its
insensitivity to film thickness and modulus (Fig. 7) is also different from the viscoelastic relaxation of covalent
networks, which is strongly regulated by cross-link density.*' The lack of cross-link density dependence again
confirms that the short term relaxation is mostly governed by mechanisms independent of cross-link density, i.e.,
breaking and re-formation of ionic cross-links. Domination of this mode in the overall modulus also supports
the hypothesis that cross-link breaking and re-formation is the major viscoelasticity mechanism with a time
constant = 35 msec (average 7 across pH = 2.5 — 5.5 at all IS). The less important long term relaxation possibly
involves several viscoelastic mechanisms that take place synergistically, including polymer chain
conformational change, reptation and disentanglement, fluid flow as well as cross-link breaking and re-
formation.”® With the current experimental set-up, roles of individual mechanism cannot be directly de-
convoluted. However, since the contribution of £, to Ej is marginal (Fig. 7c), the cross-link breaking and re-
formation mechanism that governs 7; can be regarded as the dominating viscoelasticity mechanism overall.
Lastly, these results together suggest that for ionic networks, since cross-links can break and re-form during
relaxation, it is the instantaneous modulus, Ey, instead of the equilibrium modulus, £, that better represents the

cross-link density at the initial, un-deformed state.
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Similar to the scenario of E./E, (Fig. 6a), at pH 2.0, 0.01M, the lower ratio of E}/E (Fig. 7a), and
significantly longer 7; (Fig. 7b) suggest that cross-link breaking and re-formation is likely not the only
mechanism governing this relaxation. At this highly swollen, loosely bound state, PAH/PAA adopts much
longer segmental chain length between adjacent cross-links, and with a higher water content (80.4 + 0.1 %
calculated based on the dry versus wet H) (Fig. 1b). It is possible for other time-dependent modes, such as chain
segmental motion and fluid flow to have a more appreciable role in the relaxation corresponding to z;. In
particular, given the high water content, fluid flow-induced poroelasticity could be an important factor in both
short and long term force relaxation.”® Ongoing studies are using our custom-built, AFM-based dynamic

63, 82, 83

oscillatory nanorheometer to de-convolute the roles of intrinsic viscoelastic modes and fluid flow-

induced water-polymer interactions.
5. Conclusions

In this study, using PAH/PAA LbL films, we revealed the roles of two distinct molecular characteristics
of ionically cross-linked networks, ionic cross-links and fixed charges, in their elastic and viscoelastic
nanomechanical properties. The stimulus-responsive nature of ionic cross-links held by the amine-carboxylate
ionic pairing endows the network with a swelling-mechanics relationship that cannot be explained by the rubber
elasticity theory based on the permanence of covalent cross-links. Furthermore, from the force relaxation tests,
viscoelasticity is found to be dominated by the localized breaking and re-formation of ionic cross-links. The
time-dependent relaxation pattern exhibits a consistent time constant 7 of a 35 millisecond across most pH and
IS states, independent of cross-link density or degree of swelling. One exception is found at pH 2.0, 0.01M,
where osmotic pressure from fixed charges leads to a more elastic response with longer relaxation time
constants. As the mechanical properties of non-covalently cross-linked networks is key to realize their wide
biomedical and engineering applications, we expect this study to provide a fundamental knowledge base that

enables a better informed design of their mechanics-based applications.

Our ongoing studies on ionically cross-linked networks aim to quantitatively explain the origins of the

viscoelasticity of ionic networks, and to de-convolute different time-dependent mechanisms. We are using
17
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ATR-FTIR® to measure the pH and IS-dependent fixed charge density and ionic cross-link density. The
nanomechanical properties will be interpreted based on these results as well as the rubber elasticity’’ and
Donnan equilibrium theories” to connect the elastic and viscoelastic properties with their molecular states. In
addition, we are studying force relaxation and creep of PAH/PAA under intermittent loading to further probe
into the unique viscoelastic nature of ionic networks. Through employing our recently developed AFM-

63,82, 83
nanorheometer, ™ "~

we are de-convoluting the fluid flow-governed poroelasticity from the intrinsic
viscoelasticity of these networks. We expect these studies on the pure ionic network of PAH/PAA will lay the

ground for revealing the mechanical and electromechanical characters of more complicated hydrogel networks,

such as inter-penetrating networks®* and extracellular matrices of biological tissues.®
Electronic Supplementary Information

Additional technical discussions on the film thickness measurement (Appendix A1) and AFM-based

nanomechanical studies of highly rate-dependent polymer networks (Appendix A2) are provided in the ESL.¥!
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Figure Captions

Fig. 1 Layer-by-layer (LbL) assembled poly(allylamine hydrochloride)/poly(acrylic acid) (PAH/PAA)
PAH/PAA material model system. (a) pH-governed molecular state changes of PAH and PAA. (b) Schematic of
the pH and ionic strength (IS)-dependent molecular organization of the ionically cross-linked PAH/PAA
networks.

Fig. 2 pH and IS-dependent film thickness, H, of (PAH7.5/PAA3.5)so LbL films using two methods. (a)
Schematics of methods I and II for the measurement of H. Method I: contact mode AFM imaging for 4 < 10
um. Method II: the z-motor assisted method for H > 10 um, including three steps: 1) Indentation on the film up
to a pre-set force yielded the z-step motor movement distance, z, 2) the probe tip was laterally moved to over
the surface of substrate via the x/y-step motor, 3) Ramp on the substrate yielded the z-step motor movement
distance, z,. The film thickness, H, was calculated as H =z, — z; + D, where D is the indentation depth at the
pre-set force. (b) Height sensor outcome of one typical contact AFM imaging on the film with selective removal
region shows the measurement of H by method I. (c) Comparison of H measured by methods I and II at 0.01M,
pH 3.0 yielded no statistical differences (p > 0.05 via Mann-Whitney U test). (d) Film thickness, H, and
associated swelling ratio, vy, at all tested pH and IS (mean + SEM for n > 15 measurements on at least three
samples at each condition). The dashed line represents the dry film thickness (SEM is less than the line width).

Fig. 3 Effects of pH and IS on the instantaneous indentation modulus, £y, of (PAH7.5/PAA3.5)so LbL films via
AFM-based nanoindentation. (a) Typical indentation force versus depth (F-D) curves at different pH and IS
(mean + STD of > 10 positions for each curve). The density of experimental data was reduced to increase clarity,
and the solid line represents the least square linear regression fit of substrate-corrected Hertz model.®® (b)
Instantaneous indentation modulus calculated from F-D curves, Ey, of (PAH7.5/PAA3.5)s at various pH and IS
(mean = SEM for n > 15 positions on at least three samples). All experiments were performed at 5 um/s

constant indentation depth rate by a microspherical tip (R = 12.5 pm).

Fig. 4 Effects of pH and IS on the concomitant changes in modulus £y and film thickness H of
(PAH7.5/PAA3.5)s0 LbL films. (a) The network switches from highly cross-linked, net neutral to much less
cross-linked, net changed state from pH 5.5 to 2.0 at 0.01M IS, showing by = 3.2 £ 0.1 X (mean £ SEM)
increase in H and =~ 135.6 = 4.8 x reduction in Ej. (b) The network switches from highly cross-linked, net
neutral to less cross-linked, net neutral state from 0.01M to 1.0M at pH 5.5, showing by = 22.0 & 0.4 % decrease
in H and = 9.0 £ 2.0 x reduction in £y (mean = SEM, n > 15, *: p <0.0001 via Mann-Whitney U test).

Fig. 5 AFM-based force relaxation measurement of (PAH7.5/PAA3.5)s, at constant indentation depth. (a)
Schematic of five-element standard linearized solid model implementing two viscoelastic relaxation time
constants, 7; and 7,, where instantaneous modulus, E(f) = E,, + Ejexp(—t/t) + Eyexp(—t/12). (b) Typical
normalized E(¢) versus initial indentation modulus, £y, curves showing distinctive relaxation behaviors at
different pH and IS of PAH/PAA. Dashed lines are the SLS model fit by non-linear least squares regression via
the Levenberg-Marquardt algorithm (LMA).

Fig. 6 Degree of viscoelastic relaxation, shown as the ratio of equilibrium modulus, £, versus instantaneous
modulus £y, of (PAH7.5/PAA3.5)s¢. (a) Impacts of pH and IS on E./Ey, and the associated degree of relaxation,
(1 — EL/Ep) (mean £ SEM, n > 15, *: p <0.001 via Mann-Whitney U test showing markedly higher elastic
portion at pH 2.0, 0.01M compared with all other conditions). (b,c) Replot of the degree of relaxation versus (b)
film thickness, H, and (c) instantaneous modulus, £, (mean + SEM, n > 15, to increase clarity, data are shown
for pH 5.5, 3.5, 2.5 at all IS, and pH 2.0 at 0.01M).

Fig. 7 Viscoelastic relaxation at both shorter (a,b) and longer (c,d) time domains at different pH and IS,
predicted by the five-element SLS model. (a) £, and (¢) £, normalized by initial modulus, £y, and
corresponding time constants (b) 7; and (d) 7,, where E| corresponds to the greater degree of relaxation (mean =+
SEM, n> 15, *: p <0.001 via Mann-Whitney U test showing significantly different short term relaxation trends
at pH 2.0, 0.01M compared with all other conditions).
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Fig. 1

a poly(allylamine hydrochloride) poly(acrylic acid)
@~ -0~ fixed ions
NH,* NH O_OH o, _0O
* pK ’ PK, @ -NH,*
p— — ® -COO-
n n n n
pH=35-5.5 pH=35-55 free ions
lower IS higher IS o Na* or H*
© CI-or OH-

ionic pairing

intrinsic
@'© (cross-link
forming)
least cross-linked highly cross-linked less cross-linked ; extrinsic
highly swollen less swollen less swollen

net charged net neutral net neutral



Soft Matter Page 24 of 30

Fig. 2
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Fig. 3
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Fig. 5
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Fig. 6
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Fig. 7
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