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 Durable compact polyelectrolyte complexes (CoPECs) with controlled porosity 
and mechanical properties are prepared by ultracentrifugation. Because the 
starting materials, poly(allylamine hydrochloride) (PAH) and poly(acrylic acid 
sodium salt) (PAA), are weak acids/bases, both composition and morphology 
are controlled by solution pH. In addition, the nonequilibrium nature of polyelec-
trolyte complexation can be exploited to provide a range of compositions and 
porosities under the infl uence of polyelectrolyte addition order and speed, and 
concentration. Confocal microscopy shows these “saloplastic” materials to be 
highly porous, where pore formation is attributed to a combination of deswelling 
of the polyelectrolyte matrix and expansion of small inhomogenities by osmotic 
pressure. The porosity (15–70%) and the pore size ( < 5  μ m to  > 70  μ m) of these 
materials can be tuned by adjusting the PAA to PAH ratio, the salt concentration, 
and the pH. The modulus of these CoPECs depends on the ratio of the two poly-
electrolytes, with stoichiometric complexes being the stiffest due to optimized 
charge pairing, which correlates with maximized crosslinking density. Mechan-
ical properties, pore sizes, and pore density of these materials make them well 
suited to three dimensional supports for tissue engineering applications. 
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  1. Introduction 

 Functional materials for use in bio-
logical environments and biomedical 
applications, ranging from enzyme car-
riers or drug delivery systems to tissue 
engineering scaffolds, require hydration 
and often porosity to interact effi ciently 
with their environments and allow the 
exchange of material (from small mol-
ecules to cells) and information (usually 
in the form of chemical signals). [  1  ]  Conse-
quently, various types of porous matrices, 
especially hydrated polymeric materials 
as hydrogels, have attracted attention over 
the last half century. 

 Polyelectrolyte complexes are a versatile 
class of physical hydrogels which rely on 
physical cross-links formed by interactions 
between positively and negatively charged 
groups on polycations and polyanions. 
The main driving force for their forma-
tion is the entropy gain associated with the 
release of small counterions and hydra-
tion water, [  2–4  ]  this process is reversible and salt ions are able to 
break polyelectrolyte ion pairs in a process termed doping. [  5  ]  

 Precipitation of individual polyelectrolytes and salt doping of 
the complex are shown respectively

 Pol +Cl−
aq + Pol−Na+

aq →Pol + Pol s
− + Na+

aq + Cl−aq→precipitation  
  (1.1)   

 Pol +Pol s
−+Na+

aq + Cl−aq →Pol+ Cls−+ Pol− Nas
+→salt doping  

 (1.2)   
where “aq” is the aqueous phase and “s” is the solid polyelectro-
lyte complex phase. 

 The morphology and applications of polyelectrolyte com-
plexes depend on the polyelectrolytes used and the conditions 
under which they are combined: dilute solutions and a large 
excess of one of the polyelectrolytes leads to the formation of 
quasi-soluble complexes with applications in drug delivery. [  6  ]  
Strongly hydrated polymers can yield liquid-like coacervates 
used in the food [  7  ]  and pharmaceutical industries. [  8  ]  Alternating 
deposition provides polyelectrolyte multilayers [  9  ]  with applica-
tions ranging from electronics and optics, [  10  ]  to biomedical 
devices [  11,12  ]  and stimuli responsive materials. [  13,14  ]  Solution 
precipitated polyelectrolyte complexes (PECs) are obtained 
m 673wileyonlinelibrary.com
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by mixing roughly stoichiometric amounts of polyanions and 
polycations. Though easy to prepare, PECs are extremely dif-
fi cult to process, as they are infusible and insoluble in most 
solvents. [  2  ,  15,16  ]  Using ternary solvents Michaels and cow-
orkers [  15,16  ]  were able to dissolve PECs and cast fi lms of these 
materials. For decades, this remained the only processing tech-
nique for macroscopic PEC materials, thus restricting PECs 
mainly to membrane type applications. Recently Schlenoff 
and coworkers discovered that it is possible to plasticize com-
plexes made of the strong polyelectrolytes poly(styrene sul-
fonate) (PSS) and poly(diallyldimethylammonium) (PDADMA) 
by doping with high concentrations of salt suffi ciently to 
allow their compaction by ultracentrifugation [  17,18  ]  and their 
processing by extrusion, [  19  ]  leading to macroscopically homo-
geneous materials they termed compact polyelectrolyte com-
plexes (CoPECs) with interesting mechanical properties 
resembling those of cartilage [  18  ]  or tendon. [  19  ]  In the present 
work we applied this new processing technique, ultracentrifu-
gation in the presence of salt, to complexes of two weak polye-
lectrolytes, poly(acrylic acid) (PAA) and poly(allylamine hydro-
chloride) (PAH). Multilayers of these two polyelectrolytes have 
been extensively studied, especially as coatings for biomedical 
applications. [  20–22  ]  Their versatility is due to the possibility of 
tuning the charge density of the polyelectrolytes by pH. PECs 
made from PAA and PAH are not only responsive to salt con-
centration ( Equation   1.2 ) but also to pH, [  23–26  ]  as shown in 
 Scheme    1  .  

 Mechanical properties, hydration, and structure of materials 
for biomedical applications not only determine macroscopic 
behavior and the exchange of matter, but also, together with 
their (bio)chemical composition, infl uence cell response. [  27  ]  
The latter is of paramount interest for tissue engineering appli-
cations, where suitable microenvironments are used to direct 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Scheme  1 .     a) Structures of poly(allylamine hydrochloride) (PAH) and poly
cipitation and proton doping for PAA/PAH PECs, where the uncharged form
forms are noted PAH  +   and PAA  −  , respectively.  
cell behavior. [  27  ]  Various approaches have been developed to 
control properties in different types of materials: introduction 
of cross-links is used to tune mechanical properties, introduc-
tion of hydrophilic groups to adjust hydration. Pores can be cre-
ated through induced phase separation [  28,29  ]  or the use of solid 
or gaseous porogens. [  30,31  ]  However, these approaches usually 
require multiple steps, including synthesis and/or processing. 
In this work, we will show that the infl uence of kinetic phe-
nomena on PEC formation [  32  ]  offers convenient ways of con-
trolling their properties and structure through straightforward 
variations of assembly conditions. Though individual ion pairs 
between charged groups on polyanions and polycations in 
PECs are under thermodynamic control as suggested by  Equa-
tions (1)  and  (2) , the cooperativity of interactions means longer 
chain segments can be kinetically trapped. [  33  ]  Even in the pres-
ence of high concentrations of salt the PEC cannot equilibrate 
quickly. In consequence, the way in which the polyelectrolytes 
encounter each other in solution becomes important for the 
formation of these materials, leading to kinetic control. As we 
will show this kinetic control can be used not only to deter-
mine the composition of the materials, but also to control 
their structure, porosity, pore size distribution, and mechanical 
properties.   

 2. Results and Discussion 

 Precipitates obtained by mixing PAA and PAH solutions could 
be compacted by ultracentrifugation, yielding macroscopically 
homogeneous materials with tough mechanical properties: 
CoPECs ( Figure    1  ). During preliminary experiments it became 
clear that the appearance and stiffness of the CoPECs depended 
on the precise way in which the solutions were mixed.   
mbH & Co. KGaA, Weinheim

(acrylic acid) (PAA) and the notations of the acid and base forms. b) Pre-
s of PAH and PAA are noted PA and PAAH, respectively, and the charged 
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     Figure  1 .     Stretching of an ultracentrifuged PAA/PAH complex with a PAA 
to PAH ratio of 1:1 conditioned in 0.15 M NaCl, pH 7.4. From top to 
bottom: before stretching; during stretching to 4.5 times the initial length; 
after 10 min the force is removed and the complex goes nearly entirely 
back to its original length (here, after letting it relax for 5 min). Original 
length of complex is 2 cm.  

     Figure  2 .     Infl uence of the speed and order of addition of the polyelectro-
lyte solutions on the PAA/PAH ratio in PECs at 1 M ( �  PAA in PAH,  �  
PAH in PAA,  ♦  simultaneous addition) and 2.5 M NaCl (� PAA in PAH, 
◊ PAH in PAA,  �  simultaneous addition).  
 2.1. Preparation and Composition 

 Initially, the infl uence of several parameters on the composi-
tion of ultracentrifuged complexes of PAA and PAH was inves-
tigated. Solution  1 H NMR spectroscopy was used to obtain the 
ratio of the two polyelectrolytes in the complex: small pieces of 
complex were fi rst rinsed in D 2 O solutions having the same 
NaCl concentration and pH as the solutions used for precipita-
tion and ultracentrifugation for 8 h in order to replace H 2 O with 
D 2 O. Complexes were then dissolved in 2.5 M NaBr in D 2 O 
containing 0.35 M DCl. An example of a  1 H NMR spectrum of 
a dissolved complex is shown in Figure S1 (Supporting Infor-
mation) together with the individual spectra of PAA and PAH 
under the same conditions. It can be seen that the spectra of 
the dissolved complexes are linear combinations of the spectra 
of the constituents. By comparing the intensity of the signal 
around 3.35 ppm (3.8–3.1 ppm), corresponding to the protons 
on the CH 2 -group alpha to the amine group on PAH, to the 
broad multiplet ranging from 2.9 to 1.1 ppm corresponding to 
the signals from the three hydrogens on each of the backbones 
of PAA and PAH, the PAA to PAH ratio can be obtained using 
 Equation 3 . This approach was verifi ed with measurements on 
mixtures of known amounts of PAA and PAH directly dissolved 
in the same solvent. 

 The composition of the complexes before and after ultra-
centrifugation varied by at most 2%. As seen in  Figure    2   the 
order and rate of mixing of the solutions of PAA and PAH are 
of prime importance for the ratio of the two polyelectrolytes 
in the resulting complex. The polyelectrolyte that is added to a 
solution of the other polyelectrolyte is always in defi cit, based 
on the repeat units, in the resulting complex. The slower the 
addition, the more pronounced the deviation from 1:1 stoichi-
ometry, though the effect levels off. The expected 1:1 pairing 
of charged groups to yield stoichiometric PECs of PAA and 
PAH is obtained when stoichiometric polyelectrolyte solutions 
are mixed simultaneously, as observed for mixtures of PSS and 
PDADMAC. [  19  ]   
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 673–682
 The infl uence of mixing order and speed clearly show the 
importance of kinetics. When a drop of PAA (PAH) solution 
is added to a beaker containing PAH (PAA) solution, forma-
tion of insoluble PEC occurs immediately, and the solution 
becomes turbid. The PEC formed at this point has an excess 
of PAH (PAA), the polyelectrolyte in excess. [  34  ]  As addition 
continues, the concentration of solution polyelectrolyte in the 
beaker decreases due to PEC formation. However, the coopera-
tivity of the interactions in the complex kinetically “freezes” the 
excess PAH (PAA) in the PEC, preventing access of the added 
PAA (PAH) to uncomplexed PAH (PAA) units. At some point 
all the PAH (PAA) in solution will be incorporated into PEC 
and further added PAA (PAH) will not produce more PEC. The 
resulting PEC will have an excess of PAH (PAA). In the system 
studied here the leveling-off of the infl uence of the addition 
speed occurred when an added drop had the time to entirely 
mix with the solution before a new drop was added (as could 
be made visible using dyes). This indicates that convection phe-
nomena have an important infl uence: the faster the addition, 
the more the mixing resembles the mixing of equal amounts of 
the solutions (as in simultaneous addition) and the closer the 
relative concentrations of the two polyelectrolytes during this 
process are to 1:1. 

 The second major infl uence on the ratio was the concentra-
tion of the polyelectrolyte solutions ( Figure    3  a): For addition of 
PAA to PAH at a medium speed (addition of 1 equivalent in 14 
s), the lower the concentration, the closer the ratio to 1:1, a trend 
which leveled off for high concentrations. This observation gives 
additional insight in how the complexes actually form. The con-
centration region used here is close to the expected overlap con-
centration of the chains (0.6 M for PAH and 0.25 M for PAA 
assuming ideal coil behavior). [  35  ]  At the lowest concentrations, in 
the dilute solution regime, complexation will take place between 
675wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Infl uence of (a) the concentration and (b) the pH of stoichiometric polyelectrolyte 
solutions on the PAA/PAH ratio in ultracentrifuged complexes. a) PAA solutions of different 
concentrations were added to PAH solutions having the same concentrations (all in 2.5 M 
NaCl Tris buffer at pH 7.4). The addition time for one equivalent was 14 s. b) Complexes were 
obtained by adding simultaneously PAA and PAH solutions with a polyelectrolyte concentration 
of 0.1 M with respect to the repeat units and 0.15 M NaCl. For comparison the PAA/PAH ratio 
calculated from the degree of protonization obtained using the Henderson-Hasselbalch equa-
tion using a pKa of 4.0 for PAA and a pKa of 11.0 for PAH is given (solid line). Each ionized 
PAA unit is assumed to pair with one ionized PAH unit.  
individual macromolecules, which is thought to favor inter-
mixing at a molecular level and hence 1 to 1 pairing. The initial 
complexes aggregate to form well matched insoluble PECs. For 
higher concentrations, chain overlap occurs. An incoming PAA 
chain will most probably complex with several PAH chains at 
the same time, forming initially non-stoichiometric complexes. 
These will further aggregate and form inherently non-stoichio-
metric complexes that make charge matching diffi cult.  

 NaCl concentration (up to 2.5 M) had no major infl uence on 
the ratio of the two polyelectrolytes in the complexes (Figure 
 2  and Figure S2 in the Supporting Information) showing the 
driving force for the formation of ion-pairs between charged 
groups on the polyelectrolytes remains strong even in the pres-
ence of NaCl. As expected, pH on the other hand, had a strong 
infl uence on the PEC ratio due to the change of charge density 
of the polyelectrolytes (Figure  3 b). [  24  ,  36  ]  These experiments were 
carried out at a NaCl concentration of 0.15 M, which facilitated 
the manipulation of the very soft complexes obtained at extreme 
pH values. Complexes made at low pH had a signifi cantly 
higher PAA content and those made at high pH a signifi cantly 
lower one, consistent with PAA and PAH having reduced ioni-
zation at low pH and high pH, respectively. The ratio of PAA 
to PAH in the complex is expected to scale inversely with their 
degrees of ionization. Assuming that each ionized PAA unit 
interacts with each charged PAH unit, one can calculate the 
PAA to PAH ratio given the pKa values of both polyelectrolytes 
using the Henderson-Hasselbalch equation. The apparent pKa 
values of PAA and PAH, however, depend on the salt concen-
tration and on the presence of the second polyelectrolyte, and 
they are shifted to more extreme values (lower for PAA, higher 
for PAH) within polyelectrolyte complexes. [  24  ,  36,37  ]  We hence 
calculated this ratio for different combinations of pKa values 
in order to fi nd the best fi t to the experimental data. The cal-
culated ratios using pKa values of 4.0 and 11.0 for PAA and 
PAH, respectively, which yields the best agreement with the 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
experimental data assuming ideal behavior, 
is presented in Figure  3 b (see the Supporting 
Information for details on the calculations 
and fi tting). These pKa values are in good 
agreement with those obtained by poten-
tiometric titration of PAA/PAH complexes 
(4.3/10.0 in 0.5 M NaCl, 1.9/10.7 in Milli-Q 
water), but deviate signifi cantly from those 
obtained for the individual polyelectrolytes 
in solution (5.4/9.3 in 0.5 M NaCl, 6.5/8.7 in 
Milli-Q water). [  24  ,  36  ]  These results indicate that 
the charge ratio, and therefore the polymer 
ratio in the complex, is strongly infl uenced 
by the polyelectrolytes already integrated 
within the complex having more extreme 
pKa values than the same polyelectrolytes in 
solution. This in turn suggests that under the 
conditions tested, either primary complexes, 
which formed between polyelectrolytes in 
solution, can reorganize while aggregating, 
or that a substantial part of the complexation 
takes place between polyelectrolytes already 
engaged in complexes. In both cases it would 
be the pKa values of the polyelectrolytes in 
the complex that would determine the fi nal charge ratio and 
not their solution pKa values.   

 2.2. Porosity and Water Content 

 By simply changing mixing order and mixing speed it was pos-
sible to adjust the molar ratio of PAA to PAH in the complex 
between 0.6 and 1.4. In the next step the infl uence of this ratio 
on the properties and structure of the CoPECs was investigated, 
focusing on porosity, water content, and mechanical properties. 
Porosity and mechanical properties are important for appli-
cation of these materials, and are of special interest for their 
use in biomedical applications. The water content of PECs is 
of importance in order to understand their properties and their 
response to environmental stimuli. 

 Previous studies on the PSS/PDADMA system showed that 
such complexes can have porosity in the micrometer range. [  18  ]  
Optical microscopy of ultracentrifuged PAA/PAH complexes 
revealed morphological details of complexes having different 
PAA to PAH ratios in contact with solutions of various ionic 
strengths and pH values. Complexes were imaged with a fl u-
orescence confocal microscope using their intrinsic (auto) 
fl uorescence. PAA and PAH alone, either as powder or as con-
centrated solutions, also gave a signal under these conditions. 
The origin of this intrinsic fl uorescence, which was previously 
attributed to aromatic groups [  38  ]  when PSS was employed 
in CoPECs, was unclear, although it may stem from initiator 
residue at chain ends. The use of confocal microscopy has the 
advantage that relatively thick slices can be used and no special 
techniques for preparation of the samples are needed. However, 
under physiological conditions (NaCl 0.15 M, pH 7.4) mostly 
used here for imaging, the complexes are not transparent and 
it was only possible to image the freshly cut surface while three 
dimensional imaging did not provide further information about 
the structure of these complexes. 
heim Adv. Funct. Mater. 2013, 23, 673–682
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     Figure  4 .     Infl uence of the PAA to PAH ratio on the microstructure of the 
ultracentrifuged complexes. Shown are fl uorescent confocal microscopy 
images (  λ   ex : 488 nm) of slices of complexes prepared in 2.5 M NaCl at 
pH 7.4 and conditioned in 0.15 M NaCl tris buffer at pH 7.4. Scale bars 
are 100  μ m. The porosity is given as a percentage. Insets show how the 
various pore sizes contribute to the overall porosity. (Larger versions of 
several of these images are shown in the Supporting Information.)  
 By changing the addition order and speed, PAA/PAH 
CoPECs having different PAA to PAH ratios were prepared in 
2.5 M NaCl and the structure of these complexes was observed 
after conditioning them for 24 h in 0.15 M NaCl at pH 7.4 
( Figure    4   and Figure S4–S8 in the Supporting Information). 
Though all these complexes were porous, the extent of the 
porosity, the pore size and distribution (determined through 
image analysis) depended strongly on the ratio of the two 
polyelectrolytes. The overall porosity, the mean pore size, and 
especially the size of the biggest pores increased as the PAA 
to PAH ratio approached 1. (The behavior was similar for an 
excess of PAA as shown in Figure S7 and Figure S8 in the 
Supporting Information) In particular, in the case of stoichio-
metric PAA/PAH complexes two distinctive populations of 
pores were present: large pores with diameters ranging mainly 
from 40 to 70  μ m and numerous small pores with diameters 
from 5 to 15  μ m. In these complexes the matrix formed a dis-
tinct membrane around the big pores, and the appearance of 
small pores on these membranes together with the big pores 
coming into contact suggest interconnectivity of the pores. 
While the porosity depended strongly on the ratio (it changed 
by a factor of 4 between CoPECs having a PAA to PAH ratio 
of 1 and those having a ratio of 0.6), changes in the water con-
tent with PAA to PAH ratio were less pronounced ( Figure    5  , 
only about 20% difference for those CoPECs). Furthermore, 
the stoichiometric complex showed both the highest porosity 
and the lowest water content in 0.15 M NaCl. The higher 
water content of the complexes having an excess of one of 
the polyelectrolytes is presumed to be due to the additional 
hydration water associated with the small counterions present 
in the complex in order to achieve charge balance. Stronger 
swelling was also observed for non-stoichiometric PAA/PAH 
multilayers. [  20  ]    

 To understand what controls this variety of porosity, pore 
sizes, and distributions, the infl uence of salt concentration and 
ultracentrifugation was studied. For PSS/PDADMA CoPECs 
it was noted that the size of the pores changes with salt con-
centration. [  18  ]  PAA/PAH complexes were thus made and ultra-
centrifuged in 2.5 M NaCl and then equilibrated in solutions 
having different NaCl concentrations (from 0.15 to 2.5 M 
NaCl). The CoPECs were then sliced and imaged while in con-
tact with the different salt solutions. Micrographs for a CoPEC 
having stoichiometric amounts of PAA and PAH in solutions 
having different NaCl concentrations are shown in  Figure    6  a. 
(The image in Figure  6 a at 0.15 M NaCl corresponds to the one 
in Figure  4  bottom right obtained under the same conditions.) 
The large pores were hence already present in 2.5 M NaCl (the 
ionic strength under which these complexes were made). Small 
pores were not observed under these conditions, but started 
appearing once the NaCl concentration was lowered to about 1 
M, at the same time the diameter of the larger pores increased. 
Decreasing the salt concentration further led to a strong 
increase of the number of small pores, while the size of the 
large ones increased only slightly. A similar effect was observed 
for polyelectrolyte multilayers when changing the salt concen-
tration after fi lm build-up. [  39  ]  For ultracentrifuged PAA/PAH 
complexes having a slight excess of (for example) PAH only 
relatively small pores were present at 2.5 M NaCl (Figure S10, 
Supporting Information). A decrease of the salt concentration 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 673–682
led only to a slight increase in size of these, yet to a signifi cant 
increase of their number.  

 Micrographs of stoichiometric complexes made under the 
same conditions but after only a short time of centrifugation 
677wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Infl uence of the PAA to PAH ratio of ultracentrifuged complexes 
prepared in 2.5 M NaCl on their water content at 0.15 M NaCl, pH 7.4.  

     Figure  6 .     Infl uence of the salt concentration on the microstructure, the 
porosity, and the water content of ultracentrifuged complexes prepared 
at 2.5 M NaCl, pH 7.4 having a PAA to PAH ratio of 1:1. a) Shown are 
fl uorescent microscopy images (  λ   ex : 488 nm) of slices of complexes con-
ditioned in solutions at pH 7.4 having different concentrations of NaCl. 
Scale bars are 100  μ m. b) Water content and porosity obtained under the 
same conditions.  
at low speed (Figure S9, Supporting Information) showed that 
before ultracentrifugation the large pores are substantially 
larger, reaching up to more than 200  μ m. It is imagined that 
these pores are formed when primary complexes that precipi-
tate from solution stick together. As the pieces do not pack 
perfectly together, voids appear. During ultracentrifugation the 
complexes are homogenized under the action of the centrifugal 
fi eld. However, this homogenization is not complete and the 
voids are not entirely closed due to the low mobility of the poly-
electrolytes. As will be shown below the mobility of the polye-
lectrolytes was lowest in the stoichiometric complexes, thus the 
biggest voids remain in these complexes. Smaller defects might 
also be present in the complexes. When the ionic strength is 
decreased the pore sizes increased up to a maximum size about 
twice the size they had at the conditions used for precipitation 
and ultracentrifugation (2.5 M NaCl). The overall size increase 
is strongest for the stoichiometric complex. In this case small 
pores, that could stem from small defects in the complex, 
appear at low ionic strength. 

 On a macroscopic level the complexes swell with decreasing 
salt concentration as can also be seen from the increase of the 
water content. For the case of the stoichiometric complex this is 
shown in Figure  6 b. However, the swelling is less than would 
be expected from the increase of the porosity. This means that 
the matrix actually shrinks with decreasing salt concentra-
tion as would be expected for a stoichiometric PEC. [  4  ,  19  ]  This 
behavior was also observed for PAA/PAH multilayers. In 
0.15 M NaCl a stoichiometric PAA/PAH CoPEC contained about 
73% water predominantly located in the pores (porosity 68%). 
The remaining water is assumed to be hydration water of the 
matrix, giving a water content of the matrix around 15 to 20%, 
which is in good agreement with the hydration measured for 
PAA/PAH multilayers. [  5  ,  20  ]  While the matrix itself shrunk, and 
the pores grew with decreasing ionic strength, the complex 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 673–682
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     Figure  7 .     Infl uence of the salt concentration during preparation on the microstructure of 1:1 ultracentrifuged complexes equilibrated in 0.15 M NaCl, 
pH 7.4. Shown are fl uorescent microscopy images (  λ   ex : 488 nm) of slices of complexes made from polyelectrolyte solutions having different con-
centrations of NaCl and ultracentrifuged under these conditions. The complexes were then all conditioned in 0.15 M NaCl at pH 7.4. Scale bars are 
100  μ m.  
swelled on a macroscopic scale due to the increased osmotic 
pressure probably exerted by domains of non-stoichiometric 
complex located on the walls of the pores. [  40  ]  Together with the 
voids and inhomogeneities remaining after ultracentrifugation 
shrinking of the matrix at low salt concentration leads to the 
observed porosity and pore size distributions. 

 Porosity, pore size, and distribution depended on the ratio 
of the polyelectrolytes and the ionic strength, or more pre-
cisely on the difference in the ionic strength at which the com-
plex was made. This can be employed in several ways to tune 
the porosity. Varying the ratio of PAA to PAH as discussed 
above through the precipitation conditions is a fi rst example. 
Changing the salt concentration of a solution in contact with 
the complex is a second possibility, and an example of the 
inherent responsiveness of these materials to external stimuli. 
In a third approach we made stoichiometric complexes from 
solutions containing different amounts of salt ( Figure    7  ). 
When these were conditioned in 0.15 M NaCl after the ultra-
centrifugation the pores depended on the NaCl concentration 
at which the complex was made. A complex made in 1.5 M 
NaCl showed two distinct populations of pores similar to those 
in the complex made at 2.5 M NaCl, yet smaller. If the complex 
was made in 1 M NaCl no small pores appeared, while a large 
number of large pores was present. Further decrease of the 
ionic strength during precipitation led, however, to less uni-
form patterns of porosity. This is due on the one hand to the 
fact that the change in ionic strength is not suffi cient to swell 
the pores signifi cantly and on the other hand to less effective 
homogenization during ultracentrifugation at these lower salt 
© 2013 WILEY-VCH Verlag Gm

     Figure  8 .     Infl uence of the pH on the microstructure of 1:1 ultracentrifuged 
copy images (  λ   ex : 488 nm) of slices of complexes conditioned in 0.15 M Na
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concentrations. At the same time the water content (at a given 
NaCl concentration, e.g., 0.15 M) changed also with the salt 
concentration at which the complexes were made (Figure S11, 
Supporting Information).  

 The importance of the PAA to PAH ratio in determining the 
structure and properties of these complexes lies in its infl uence 
on charge compensation between charges on the polyelectro-
lytes. Excess charge on one of the polyelectrolytes leads to charge 
compensation by small counter ions and hence to increased 
hydration and swelling of the matrix. [  24  ]  In the case of PAA and 
PAH that bear respectively weak acid and weak basic groups, 
this charge balance can also be infl uenced through the pH (see 
Scheme  1 ). As shown in  Figure    8  , this could effectively be used 
as a further way to control the porosity of the materials and 
shows the responsiveness of these complexes to pH.  

 Together, these results show that it is possible to create mate-
rials with a wide variety of porosities, and pore sizes and distri-
butions by only changing the mixing conditions of two polyelec-
trolyte solutions, and to control the porosity by external stimuli 
such as salt concentration or pH.   

 2.3. Mechanical Properties 

 The mechanical properties and the way in which these are infl u-
enced by the PAA to PAH ratio in the ultracentrifuged com-
plexes were studied using rheology. In particular, we studied 
the response of the complexes to shear stress and the frequency 
dependence of the storage and loss moduli G ′  and G ′  ′ , and of 
679wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  9 .     a) Frequency dependence of G ′ , G ′  ′ , and tan ( δ ) for ultracentrifuged complexes having different PAA to PAH ratios in 0.15 M NaCl, pH 7.4. 
b,c) G and tan ( δ ) at (b) 0.01 and (c) 1 Hz depending on the PAA to PAH ratio under the same conditions.  
tan ( δ ) on disks of the complexes using a plate-plate geometry 
in a fi xed stress rheometer and a piezorheometer working 
with fi xed strain for the highest frequencies. The PEC samples 
were conditioned in 0.15 M NaCl at pH 7.4 for at least 24 h 
before the measurements. Results for complexes having stoi-
chiometric amounts of PAA and PAH and either a large PAA 
or PAH excess are shown in  Figure    9  a. Data from overlapping 
frequency ranges using the rheometer and the piezorheometer 
were identical within 3%.  

 For the stoichiometric CoPEC G ′  and G ′  ′  showed a relaxa-
tion behavior over the whole frequency domain studied here. In 
view of the extent of the frequency range (8 decades) this cannot 
be explained by a single relaxation mechanism. In particular 3 
distinct regions can be differentiated: At low frequencies G ′  is 
superior to G ′  ′  indicating a gel-like behavior. This is associated 
with the physical cross-links formed by ion-pairs between posi-
tive and negative groups on PAH and PAA, respectively. How-
ever, the fact that a distinct elastic plateau is not observed sug-
gests the presence of additional types of relaxation. Such relaxa-
tions could be attributed to the presence of pores, and more 
precisely to the presence of polyelectrolytes in the pores and 
on the walls of the pores exerting an osmotic pressure and an 
additional viscous component to the behavior of the CoPECs. [  18  ]  
At intermediate frequencies a marked viscoelastic behavior 
was observed with G ′  and G ′  ′  being of similar magnitude and 
increasing roughly in parallel. At the same time the phase angle 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
passes through a maximum. This behavior is associated with 
the relaxations of the polymer chains forming the gel. In the 
high frequency region both G ′  and G ′  ′  increase with increasing 
frequency, though the increase of G ′  dominates. This refl ects 
the progressive freezing of intrachain molecular relaxations 
with increasing frequency. Such a behavior is characteristic 
for the transition zone preceding glassy behavior. However, 
the glassy plateau is not reached within the frequency region 
studied. The general behavior of PAA/PAH CoPECs resembles 
hence the one of PSS/PDADMA CoPECs with the major differ-
ence being the absence of a marked “saloplastic” plateau. [  17  ]  

 For complexes having an excess of one of the polyelectrolytes 
the curves seemed to be shifted to higher frequencies (though 
a superposition is not possible) and the gel-like behavior was 
still less expressed (see Figure S12 in the Supporting Informa-
tion for the curves corresponding to different ratios). Accord-
ingly, both G ′  and G ′  ′  at a given frequency decreased strongly 
with increasing deviation from stoichiometry. This corresponds 
to the complexes becoming softer. In Figure  9 b and Figure  9 c 
the shear modulus G, corresponding to (G ′  2   +  G ′  ′  2 ) 0.5  and tan 
( δ ) at two frequencies (0.01 and 1 Hz) are shown for various 
PAA to PAH ratios. The closer the ratio is to 1: 1, the stiffer 
were the resulting materials. This is somewhat surprising as 
this also corresponds to them being the most porous. How-
ever, the rigidity of polymeric materials increases with the den-
sity of cross-links, [  41,42  ]  and a 1 to 1 matching of the charges 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 673–682
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on the polyelectrolytes yields the highest density of cross-links. 
Furthermore, we have seen (Figure  5 ) that the water content 
is actually lowest in stoichiometric complexes, which further 
increases the overall cross-link density. Together these explain 
the strong increase in modulus for stoichiometric complexes. 
The observed modulus for stoichiometric complexes even at the 
highest frequencies measured here (shear modulus around 4 
MPa, corresponding to a Young’s modulus of 12 MPa) is still 
signifi cantly lower than those reported for PAA/PAH multi-
layers, for which Young’s moduli of the order of 70 MPa were 
found. [  43  ]  A direct comparison is, however, diffi cult, as we per-
formed our measurements at fi nite frequencies. Apart from 
this, the high porosity of the complexes investigated here may 
contribute to this difference. If the salt concentration is lowered, 
the complexes became stiffer (Figure S13, Supporting Informa-
tion), with the curves being shifted to lower frequencies. This is 
due to a decrease in the doping level ( Equation 1.2 ), leading to 
an increase of the cross-link density. 

 The maximum of tan ( δ ) for the stoichiometric CoPEC lies 
close to 1 Hz, corresponding to the transition region between 
the gel-like behavior and the onset of the freezing of the 
molecular movements. Tan ( δ ) at this frequency decreases with 
increasing non-stoichiometry corresponding to the gel-like 
behavior being displaced to higher frequencies (Figure  9 ). The 
relatively high tan ( δ ) for the CoPEC having the highest excess 
of PAA indicates its liquid-like behavior. At 0.01 Hz the tan ( δ ) of 
the stoichiometric CoPEC is lowest, indicating that its behavior 
is the most elastic and solid like due to the high density of ionic 
cross links. CoPECs with PAA to PAH ratio signifi cantly dif-
ferent from 1 to 1 show a more liquid like behavior and thus 
fl ow more easily. This increased mobility of the polyelectrolyte 
chains in turn is assumed to lead to a better homogenization of 
the complexes during ultracentrifugation. 

 The ultracentrifuged PAA/PAH complexes also showed 
excellent resistance to stretching, and, for example, the stoichio-
metric complex in 0.15 M NaCl could be stretched to more than 
6 times its original length before breaking. When stretched 
to 4.5 times its original length the complex recovered nearly 
entirely its original length when the stress was released, though 
this took about 10 min (Figure  1 ).    

 3. Conclusions 

 In this work we showed that the approach for compaction of 
polyelectrolyte complexes by ultracentrifugation can not only 
be applied to strong polyelectrolytes (PSS/PDADMA) but also 
to couples of weak polyelectrolytes, in this case PAA and PAH. 
In this way macroscopically homogeneous, yet porous mate-
rials showing good mechanical resistance and elasticity under 
physiological conditions were obtained. By simply changing 
the mixing conditions, composition, porosity, and mechanical 
properties could be controlled over a wide range. These mate-
rials are furthermore responsive both to salt concentration and 
pH, allowing for a fi ne tuning of their structure. 

 Previous studies of polyelectrolyte multilayers composed of 
PAA and PAH have shown their potential for biomedical appli-
cations. Together with the possibilities to control their three 
dimensional structure and their mechanical properties shown 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 673–682
here, this makes compact complexes of PAA and PAH excellent 
candidates for biomaterials, such as scaffolds for tissue engi-
neering applications.   

 4. Experimental Section 

  Materials : Poly(acrylic acid) (PAA, Sigma-Aldrich,  M  w  250 000 g/
mol) and poly(allyl amine hydrochloride) (PAH, AlfaAesar,  M  n  40 000 g/
mol,  M  w  104 000 g/mol) were dissolved in water, dialyzed for 2 days 
against water, neutralized, and lyophilized. NaCl ( > 99%, Carlo Erba), 
tris(hydroxy)methyl aminomethane (Tris base, 99.96%, Euromedex), 
acetic acid ( > 99.8%, Sigma-Aldrich), ethanolamine (98 + %, Alfa Aesar), 
DCl (99 atom% D, Sigma-Aldrich), D 2 O (99.9 atom% D, Eurisotop), 
and KBr (99 + %, Acros) were used as received. 18 M Ω  Milli-Q-water 
(Millipore) was used in all experiments. 

  Complexes : PAA/PAH polyelectrolyte complexes were precipitated 
by mixing aqueous solutions of PAA and PAH. Mixing was performed 
by adding either one solution to a beaker containing the other solution 
or by simultaneously pumping both solutions into one beaker using a 
peristaltic pump (Ismatec) at various fl ow rates. Reactions were stirred 
with a magnetic stirbar at 200 rpm. The polyelectrolyte concentration, 
NaCl concentration, and pH were varied during the study. Buffers were 
10 mM in Tris, acetate, or ethanolamine, respectively. When used as a 
variable, pH was adjusted over a wide range in 0.15 M NaCl. 

 Complexes were transferred into polycarbonate thick-wall centrifuge 
tubes (Beckman Coulter Inc.) with their supernatant and ultracentrifuged 
in a Beckman Coulter Ultracentrifuge using a Ti90 rotor at 188 000g for 
4 h at 23  ° C.  

 NMR Spectroscopy : Proton NMR spectroscopy (Bruker Avance 400 MHz 
spectrometer) was used to measure the ratio of PAA to PAH in the 
complexes as follows: excess solution was removed from a piece of 
complex (20–30 mg) using paper wipes. To exchange most of the 
hydration H 2 O with D 2 O the complex was rinsed with 1 M NaCl in D 2 O (in 
three 0.5 mL aliquots over 8 h). The piece of complex was then dissolved 
in 0.5 mL of a D 2 O solution containing 2.5 M KBr and 0.35 M DCl. The 
ratio of PAA to PAH in the complex was obtained by comparison of the 
intensity of the signal around 3.35 ppm (corresponding to the hydrogens 
on the CH 2 -group alpha to the amine group) to the remaining signal:

 

P A A

P A H
=

I(1.1−2.9 ppm) − 1.5 · I(3.1−3.8 ppm)

1.5 · I(3.1−3.8 ppm)   (3)    

 (See Figure S1 in the Supporting Information for the corresponding 
spectra.) For calibration, spectra of mixtures of known amounts of PAA 
and PAH in the same solvent were recorded. Chemical shifts are given 
relative to the water signal set to 4.79 ppm. 

  Water Content : Complexes were equilibrated under the desired 
conditions, then dried at 80  ° C for 72 h. Weighing the complexes before 
and after drying yielded an estimate of the water content. 

  Microscopy : Slices of complexes equilibrated under the desired 
conditions were obtained by rapidly freezing them in liquid nitrogen 
and slicing them using histological blades. The slices were stored in the 
corresponding buffer solutions. 

 Fluorescence microscopy images were obtained on a Zeiss LSM 
confocal microscope using a 10 ×  objective with excitation at 488 nm. 
The autofl uorescence of the polyelectrolytes was used for imaging. Pore 
sizes and porosities were determined using the ImageJ software. [  44  ]  
For the determination of the porosity parts of the images (200  μ m  ×  
200  μ m) were transformed into binary images, from which the porosity 
could be obtained. Three distinct regions of three different images 
were used for each condition. The pore sizes were obtained by using 
the integrated routines for the analysis of particles. These results were 
confi rmed by manually measuring the diameters of the pores on parts of 
the images. The obtained pore sizes thus correspond to the sizes of their 
projections, which hence underestimate the actual pore diameters. [  45,46  ]  
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However, they should be adequate for the comparison of the pore sizes 
under different conditions. 

  Rheology : For mechanical testing, freshly ultracentrifuged complexes 
were compressed in 2.5 M NaCl between two plates separated by a 
1 mm spacer for 1 h then transferred fi rst into Tris buffer containing 
0.15 M NaCl at pH 7.4, then into the desired solutions. The ca. 
1-mm-thick sheets were cut into disks of diameter 35 mm and their 
thickness was measured. The disks were kept in the buffer until testing. 

 To characterize the mechanical behavior of ultracentrifuged 
polyelectrolyte complexes on an extended frequency range, shear 
measurements made with a conventional rheometer operating at fi xed 
stress (Haake Rheowin Rheometer, Fisher Scientifi c) were supplemented 
by shear measurements performed with a piezorheometer. All tests were 
performed in a plate-plate geometry with the sample in contact with the 
corresponding solutions (typically 0.15 M NaCl, 10 mM Tris, pH 7.4). 
For measurements using the classical rheometer, especially suited for 
measurements at low frequencies, preliminary tests were performed 
to determine the suitable stress for operating in the linear viscoelastic 
regime. The piezorheometer on the other hand allows one to acquire 
data in a range of frequency (up to a few kHz), inaccessible to classical 
rheometers. This apparatus is a plate-plate strain rheometer that uses 
piezoelectric ceramics vibrating in the shear mode. A detailed description 
can be found in references. [  47,48  ]  For the samples studied here, shear 
measurements were performed at 25  ° C for frequencies ranging from 
10  − 1  Hz to 3 kHz. The applied strain,  ε , was very low ( ε   ≈  10  − 5 ) and the 
validity of the linear response was checked experimentally.   

 Supporting Information 

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