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In the present work, Crank’s model was used to characterize 

solute transport in inkjet printed polyelectrolyte gels. The 

diffusion of a small charged molecule (fluorescein), various 

size linear uncharged molecules (dextrans), and a globular 

protein (albumin) in printed PSS-PDDA with near 10 

stoichiometric composition happened respectively at about 10-

8, 10-9, and 10-10 cm2/sec. Polyelectrolyte complexes printed 

with non-stoichiometric ratios were found to be non-

equilibrium structures consisting of three populations of 

polymer chains: fully complexed chains, chains in partial 15 

electrostatic interaction with the complex, and chains in 

excess having minimal interaction with the complex. This 

structure may be multiple phases.  The applicability of 

hydrodynamic and free volume models to describe transport 

in printed polyelectrolyte gels was discussed. 20 
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Introduction 

The developing interest in tissue engineering has also exposed a 25 

need for gels with good mechanical properties that also allow 

rapid diffusion of metabolites and signaling proteins.  Unlike 

many synthetic gels used in tissue engineering, extra-cellular 

matrix is a highly ionized, multi-phase structure. Ionic self-

assembled polyelectrolytes, also known as polyelectrolyte 30 

multilayers (PEMs), have developed into exceptional 

biomaterials due to the high degree of molecular control over the 

film architecture and thickness, the ability to integrate bioactive 

molecules without losing their functionality, and the simple 

process to make these thin films 1. The most widespread 35 

techniques to make PEMs are dip-coating 2, spin-coating 3, 4, and 

spraying 5. Despite their versatility and sub-nanometer control 

level, these techniques require a homogenous and smooth 

substrate, specific surface chemistry, expensive equipment, 

sequential washing, and long adsorption times 6. It would take 40 

weeks to make two millimeter thick films using the traditional 

dipping method 4. To accelerate the fabrication process, spin 

coating has been optimized and the same thickness was 

achievable in less than a day 7.  

More recently inkjet printing was proposed as a rapid and 45 

controllable way to make ionic self-assembled polyelectrolytes 

with the ability to make patterns on a wide variety of substrates 8, 

9. Previous work has shown that print settings and ink 

concentrations can be adjusted to form micrometer thick gels in 

less than an hour 8. This formation speed and the flexibility of the 50 

substrate type make ionic self-assembling polyelectrolyte gels an 

appealing scaffold system for simultaneous printing with living 

cells for tissue engineering applications. 

To evaluate the suitability of a given hydrogel for tissue 

engineering applications, it is critical to understand how nutrients, 55 

waste products, gasses and bioactive agents are exchanged within 

it. To do so, a common approach has been to determine the 

diffusion coefficients of well characterized solutes by measuring 

their release rate from the hydrogel of interest. Solute transport in 

hydrophilic gels can be categorized based on the rate-limiting 60 

step for their controlled release such as: diffusion, swelling, or 

chemically-controlled 10. Swelling-controlled release (Case II 

transport), takes place when the diffusion of the solute is faster 

than hydrogel swelling. Diffusion-controlled release (Case I 

transport) is by far the most widely applicable mechanism 10-12. In 65 

order to identify the solute transport mechanism in a given 

hydrogel system, the most frequently used semi-empirical method 
12, 13 is the so called ‘power rule’ developed by Ritger-Peppas for 

non-swellable gels under perfect sink conditions 14. Except in 

hydrogels with large pores (> 0.1 µm) or forced flow conditions, 70 

solute transport through hydrogels is primarily driven by Fickian 

diffusion rather than convection 11. Crank’s model is the solution 

of Fick’s law applied to a homogenous distribution of a given 

solute in a gel matrix, also referred to as ‘monolithic solution in a 

matrix system’ with a ‘slab’ geometry 15, 16. This model can 75 

predict the diffusion of a wide range of solutes including small 

molecular weight drugs and biomacromolecules like proteins 17 

and DNA 15. Fickian diffusion is applicable in most gels provided 

that their structure is primarily amorphous and homogenous.18 

Fickian analysis is, however, inadequate if the gel is significantly 80 

heterogeneous 19 with regard to structural discontinuities (e.g. 

localized crystallization or phase separations), non-swollen glassy 

regions (large size gels with slow water diffusion), 20  

interpenetrating structures,21 or composite formations (such as 

fibrous inclusions). 22, 23 85 

The aim of this paper is to characterize transport in slow printed 

polyelectrolyte gels and discuss the applicability of the 

commonly used free volume 24 and hydrodynamic 25 transport 

theories to these printed ionic self-assembling gels. To do so, the 

release profile of a small charged molecule (fluorescein), various  90 
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(a) (b) 

Figure 1. Experimental setup to measure solute release in 1X PBS at 

physiological pH. (a) Printed PSS-PDDA gel on glass substrate, and 

(b) after adding 1X PBS and metal mesh to prevent debris pick up 

during sampling. 

size linear uncharged molecules (dextrans), and a globular protein 

(albumin) from printed gels of poly(sodium 4-styrene sulfonate) 

(PSS) and poly-(diallyl dimethyl ammonium chloride) (PDDA) 

were measured under physiological conditions. Crank’s model 

was then applied to calculate diffusion coefficients 26. The 5 

mixture ratio of anion to cation was varied to evaluate the effect 

of stoichiometry on transport in printed polyelectrolyte gels. In 

addition to shedding light on the suitability of polyelectrolyte gels 

in tissue engineering, the measured diffusion coefficients will 

prove useful in designing tunable drug delivery systems and 10 

selective protein filters for immunoassay applications. 

Experimental 

Ink preparation 

Aqueous solutions of PSS with average molecular weight (Mw) 

~70,000 g mol-1
 (Aldrich, USA) and PDDA with Mw < 100,000 g  15 

mol-1
 (Aldrich, USA) were prepared by dilution with Milli-Q 

water (18.2 MΩ/cm) from as-received PSS (powder form) and 

PDDA (40% w/v), respectively. The final polymer concentration 

for both PDDA and PSS in the ink solutions before printing was 

1.0% w/v. Solute molecules used in the diffusion experiments 20 

were added to each polyelectrolyte ink to trap solute molecules 

uniformly throughout the printed gel thickness. Solute 

concentrations were such that the solute amount at time t = 0 is 

equal or less than 3 % of the printed gel’s dry weight.  Solutions 

were filtered with a 0.5 mm filter before loading them in 25 

cartridges. 

Sample Gel printing  

PSS-PDDA gel samples were formed on glass cover slips using 

the slow print settings on the IIS 56 printing system (Imtech, 

USA) described in our previous work 8. The print frequencies for 30 

each ink were selected to reach the target anion / cation mixture 

ratios. Samples were made in a rectangular shape 6.5 mm wide 

by 22 mm long as shown in Figure 1.The thickness, used in the 

diffusion studies, of wet printed gels were measured using a KH-

7700 3D digital light microscope. 35 

Diffusion characterization 

Solutes 

The solute release from printed PSS-PDDA gels was measured in 

1X PBS at 37°C to determine their diffusion rates under 

physiological conditions. Different size solutes were chosen to  40 

 

Figure 2. Plane sheet ‘slab’ configuration. 

represent the size range of compounds essential to cell viability 

and function. The ratio of positive to negative charged polymers 

in printed PSS-PDDA gels was also varied to evaluate the 

change, if any, of the diffusion rates.  

Fluorescein (332 Da, Sigma-Aldrich, MO, USA) was used as a 45 

solute model for small negatively charged molecules at 

physiological pH. Dextran solutes tagged with fluorescein 

isothioyanate (FITC) were used as a solute model for linear 

uncharged molecules.  Four molecular weights were tested: 10k, 

40k, 150k, and 250kDa (Sigma-Aldrich, MO, USA).  Albumin 50 

(67 kDa), a ubiquitous serum protein, tagged with FITC (Sigma-

Aldrich, MO, USA) was used as a solute model for globular 

molecule negatively charged at neutral pH (isoelectric point = 

4.7). 

Release profile measurement 55 

The solute release profile was established by measuring the 

concentration of solutes in the supernatant surrounding the  

printed PSS-PDDA gels. In brief, gel samples were placed in an 

Eppendorf tube (Figure 1.b) and briefly washed with PBS 

solution to remove most of the unbound solute molecules, 60 

polymers, and additives. Immediately after the wash, a fresh 1.0 

ml of 1X PBS was added to each sample tube (Figure 1.c) and 

placed capped in 37°C. 

After thorough mixing of the supernatant, a 100 µL sample was 

pipetted each time in a non-treated 96 multiwell Costar® plate 65 

(Corning Inc., NY, USA) then placed in a SpectraMax M2 

microplate reader (Molecular Devices, CA, USA). Liquid 

samples were excited at 485 nm and fluorescence was measured 

at 525 nm emission wavelength. Once measured, the same pipette 

tip was used to aspirate the 100 µL sample from each well and 70 

placed back in the Eppendorf tube they were sampled from.  

For each solute, fluorescence measurements were then taken after 

5, 10, 20, 30, 45, 60 min, then every hour for the first 10 hours, 

then taken twice a day till day 3 and once a day thereafter. The 

solute amount in the supernatant at time t, noted Mt, was 75 

calculated from the measured fluorescence values using pre-

established standard curves. Measurements were carried till Mt 

reached its maximum, Minf. Fractional release, defined as Mt / 

Minf, was then calculated and plotted against time to form 

experimental release profiles. For each solute type and for each 80 

PSS:PDDA ion ratio, the reported release profiles and the 

subsequent diffusion coefficient values were based on a minimum 

of N=3 repeats.  
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(a) 

 

(b) 

Figure 3.  Release profile of FITC-Dextran from printed gels in 1X 

PBS at 37°C for a target ion mixture ratio (IMR) of 0.22 (2:9). 

Dextran molecular weights: 10k, 150k, and 250k. (a) Full range fitted 

with Crank’s mode, and (b) Log graph for Mt/Minf < 0.6. Note that 

values plotted in (a) are averages ± one standard deviation based on 

N=3 repeats.  

Model and assumptions 

In order to determine the diffusion coefficients from the 

experimental release profiles, the following assumptions were 

made. The mass transport of diffusing solutes is release-rate 

limiting. The diffusion coefficient of the diffusing species is 5 

constant. Diffusing substances are homogeneously distributed 

throughout the printed PSS-PDDA gel samples, i.e. ‘monolithic 

system’ conditions. Perfect sink conditions are provided in the 

release medium during the entire release period. The device is not 

significantly swelling or swells very rapidly upon contact with 10 

physiological buffer and then reaches an equilibrium state. The 

printed PSS-PDDA gel samples do not erode significantly during 

solute release. The printed gel samples have plane sheet ‘slab’ 

geometry (Figure 2) where diffusion is reduced to one dimension 

in a medium delimited by two parallel planes 26. l is the half-15 

thickness and L the length of the sheet. The film thickness, 2l, is 

uniform and equal to the average measured thickness at the 

swollen state. 

Calculation of diffusion coefficient 

The mathematical expression used to model the diffusion of 20 

FITC-tagged solutes from the printed polyelectrolyte gels is 

based on Fick’s second law expressed in equation (1), where c is 

the solute concentration at time t and at a distance x away from 

the center of the plane. 

��
�� = � ���

���     (1) 25 

In the case of uniform initial distribution diffusing solutes in 

plane sheet (slab) geometry, equation (1) is subjected to the 

following boundary conditions (2) and (3) where C0 is the initial 

concentration of diffusing solutes. 

For x between – l and l, and for t = 0; C (0) = C0 (2) 30 

For x = - l, x = l, and for t > 0; C (t) = 0  (3) 

Using the separation of variable technique, the solution in the 

form of trigonometric series of the diffusion equation (1) with the 

boundary (2) and (3) is expressed in equation (4) (Crank’s 

Model) 26.  35 

�	
�
�	

= 1 − 
�∑

(
�)�
���� exp �


�(����)���

�� �� cos	((����)��� #)$
�%&   (4) 

 

If Mt denotes the total amount of diffusing solutes that left the 

sheet at time t, and Minf the corresponding amount after infinite 

time, equation (5) becomes: 40 

'(
')�*

= 1 − ∑ +
(����)��� exp �


�(����)���

�� ��$
�%&   (5) 

The theoretical values of the fractional release over time were 

calculated using the first 26 terms of the series in equation (6). 
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MATLAB version 7.7.0.471 (MathWorks, MA, USA) was used 

to compute the values and generate the theoretical release 

profiles. For each sample set, R-squared values were then 

calculated to find the best fit using curve fitting tool of 50 

MATLAB. 

Results 

For illustration purposes, two sets of profiles are shown 

respectively in Figures 3.a and 4.a. The first set shows the release 

profiles of 10k, 150k, and 250k dextran solutes from PSS-PDDA 55 

gels printed with 2:9 anion to cation mixture ratio. The second set 

shows the release profile of albumin from PSS-PDDA gels 

printed with 0.67 (2:3), 1.34 (4:3), and 4.0 (4:1) anion to cation 

ratio. The release profile of dextrans shown in Figure 3.a had a 

single phase characteristic release profile while that of albumin 60 

had a two phase, initial and late, release profiles as shown in 

Figure 4.a. Crank’s model was then fitted to the full range of the 

experimental release profile to calculate the diffusion coefficient 

in printed gels, noted Dig. The thickness of PSS-PDDA gels 

studied ranged from 0.2 and 0.5 mm and satisfied the ‘slab’ 65 

geometry assumption where l to L ratio is higher than 10. To help 

identify the transport mode in printed PSS-PDDA gels, the value 

of the exponent ‘n’ of the semi-empirical ‘power rule’ developed 

by Ritger-Peppas was determined by plotting the natural log of 

the fractional release, Ln(Mt/Minf), versus the natural log of the 70 

elapsed time, Ln(t), then fitted using linear regression as shown in 

Figure 3.b and 4.b (values Mt/Minf used to were less than 0.6 14). 

For all reported values in printed PSS-PDDA gels, the goodness 

of fit (R2) was above 0.9. The experimental release  

profiles, Crank’s model, and Ritger-Peppas model fitted plots for 75 

all other studied solutes and ion mixture ratios can be found in  
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(a) 

 

(b) 

Figure 4.  Release profile of FITC-Albumin from printed PSS-PDDA 

gels in 1X PBS at 37°C for ion mixture ratio of 0.67 (2:3), 1.34 (4:3), 

and 4.0 (4:1). (a) Full range fitted with Crank’s mode, and (b) Log 

graph for Mt/Minf < 0.6 for both initial and late release phases. Note that 

values plotted in (a) are averages ± one standard deviation based on N=3 repeats. 

Limem’s work 27. The calculated values of Dig for dextran, 

fluorescein, and albumin in printed PSS-PDDA gels are 

summarized respectively in Table 1 through 3 and plotted in 

Figure 5 against the PSS:PDDA ion ratio used. The diffusion of 

small charged molecules (fluorescein, 0.3 kDa), various size 5 

uncharged molecules (dextrans, 10 – 250 kDa), and protein 

(albumin, 67 kDa)) in printed PSS-PDDA with near 

stoichiometric composition (Table 4) occurred respectively at 

about 10-8, 10-9, and 10-10 cm2/sec. These measured values in 

printed PSS-PDDA gels is consistent with that reported for PSS-10 

PDDA multilayers made with a classical dipping technique, noted 

Dig (PEMs) 28-30. 

Discussion 

Validity of Fickian diffusion 

The calculated values of the diffusion exponent ‘n’ (Ritger-15 

Peppas) for fluorescein, dextran, and albumin were between 0.41 

and 0.91 (Tables 1-3). Based on these values two types of 

transport are present: Fickian diffusion, i.e. n ~0.5, and 

anomalous (non-Fickian) transport, i.e. 0.5 < n < 1 14. For 

fluorescein and dextrans (Tables 1 and 2) regardless of their 20 

molecular weights, the values of ‘n’ were between 0.41 and 0.61. 

The mode of transport is therefore primarily driven by Fickian 

diffusion. In this case the rate of solute diffusion is much less 

than that of polymer network relaxation, and hence the transport 

is diffusion controlled 14. Solute release then follows Fick’s law 25 

and the estimation of the diffusion coefficient using Crank’s 

model 26 is appropriate. As for FITC-Albumin (Tables 3), the 

values of ‘n’ were between 0.62 and 0.91, indicating an 

anomalous type of transport. In this case, the diffusion and 

relaxation rates are comparable. These concurrent processes make 30 

it highly complicated to solve, requiring advanced mathematical 

treatment or numerical modeling 31. 

Table 1. Calculated diffusion coefficient (Dig) of FITC-Dextran solutes 

from gels printed with different PSS:PDDA ion ratios in 1X PBS at 37°C.  

PSS:PDDA 
ion ratio 

Dextran 
Size 

Fitting with 

Crank’s model 

(Full range) 

Fitting with Ritger-

Peppas 

(Mt/Minf < 0.6) 

Dig (cm2/s) k n 

2:9 (0.22) 

10k 4.9× 10-8 0.0177 0.45 

150k 4.3 × 10-8 0.0093 0.52 

250k 3.4 × 10-8 0.0047 0.59 

1:1 (1.00) 

10k 1.4 × 10-8 0.0063 0.57 

40k 7.4 × 10-9 0.0042 0.57 

150k 4.7 × 10-9 0.0057 0.49 

4:3 (1.34) 
10k 2.4 × 10-8 0.0197 0.45 

150k 8.7 × 10-9 0.0168 0.41 

4:1 (4.00) 
10k 2.5 × 10-8 0.0038 0.61 

150k 2.7 × 10-8 0.0061 0.59 

 35 

Table 2. Calculated diffusion coefficient of Fluorescein from gels printed 

with  1:1 PSS:PDDA ion ratios in 1X PBS at 37°C. 

PSS:PDDA 
ion ratio 

Fitting with Crank’s 

model (Full range) 

Fitting with Ritger-Peppas 

(Mt/Minf < 0.6) 

Dig (cm2/s) k n 

1:1 (1.00) 1.7× 10-8 0.0279 0.61 

 

Table 3. Calculated diffusion coefficient of FITC-Albumin solute from 

gels printed with different PSS:PDDA ion ratios in 1X PBS at 37°C. 40 

PSS: 

PDDA 

ion 
ratio 

Phase of 

diffusion 

Fitting with Crank’s 

model(Full range) 

Fitting with Ritger-

Peppas (Mt/Minf < 0.6) 

Lag Time 

(days) 

Dig   
(cm2/s) 

k n 

0.67 

(2:3) 

Initial 0 2.8 × 10-9 0.000134 0.79 

Late 4 3.1 × 10-10 0.000001 0.91 

1.00 

(1:1) 

Initial 0 2.4 × 10-8 0.001300 0.65 

Late       5      2.8-5.0 × 10-10 0.000200 0.62 

1.34 

(4:3) 

Initial 0 5.9 × 10-9 0.002508 0.54 

Late 5 4.0 × 10-10 0.000003 0.85 

4.00 
(4:1) 

Initial 0 9.9 × 10-9 0.005875 0.48 

Late 5 4.7 × 10-10 0.000010 0.77 

Network properties 

One may distinguish between diffusion through water-filled pores 

and a bulk diffusion mechanism through the homogeneous 

polymer phase. In water filled pores, the diffusion of solutes is 

close to their diffusion in pure water, noted Diw, provided that 45 
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Table 4. Diffusion coefficients in water (Diw) and in printed PSS-PDDA gels (Dig), hydrodynamic radii (RH), and molecular weight of fluorescein, 

dextran, and albumin solutes. 

Solute Shape / charge (i) 
Mw 
(Da) 

RH 
(nm) 

Diw 
(cm2/s) × 106 

Dig
(ii)

 (printed) 
(cm2/s) × 108 

Dig / Diw 
(printed) 

Dig
(iii) (PEMs) 

(cm2/s) × 108 

Fluorescein Small / negative 332 0.4 (32) 3.3 (33) 2.4 0.0072 0.00015 (34, 35) 

Dextran 
Linear/ 

Non-charged 

10,000 2.4 (32, 36) 1.1 (33) 1.4 0.0127 N/A 

40,000 5.6 (36, 37) 0.71 (33) 0.74 0.0104 N/A 

77,000 7.5 (36) 0.26 (29) N/A N/A 0.6 (29, 30) 

150,000 8.8 (38) 0.31 (33) 0.43 0.0138 N/A 

Albumin 
Globular / 

negative 
67,000 3.1 (39) 0.51-0.73(33, 40, 41) 0.03-0.05 0.0007 0.01–0.03 (28) 

 

(i) Charge under physiological pH. 

(ii) Diffusion coefficients as measured in printed PSS-PDDA made with stoichiometric ratio of cations and anions. 5 

(iii) Diffusion coefficient as reported in the literature of solutes in PSS-PDDA polyelectrolyte multilayers made with classical dipping technique. 

 

they have a similar or smaller size than the pore, i.e. Diw/Dig ~ 1. 

In the bulk however, solute transport is slowed down significantly 

due to the obstructing effect of polymer chains, i.e. Diw/Dig << 1. 10 

Based on the results, shown in Table 4, dextran diffusion was 

significantly slowed for molecular weights equal or higher than 

10kDa (Diw/Dig ~ 0.01). On the other hand, PSS-PDDA non-

annealed multilayers were permeable to low molecular dextrans 

(Mw 4,400) 30. The characteristic pore (mesh) size ξ of the 15 

polyelectrolyte complex printed with near stoichiometric ratio is 

then between the hydrodynamic radius of 4.4 kDa and 10 kDa 

dextrans, i.e. between 1.9 and 2.4 nm. With reference to the 

classification of hydrogels based on porosity-related swelling 

kinetics where 1 ≤ ξ < 10 nm 32, the printed PSS-PDDA 20 

complexes are non-porous homogenous hydrogels. It should also 

be noted that the pore size depends on the nature of the 

polyelectrolyte pair and the fabrication conditions used (annealed 

versus non-annealed). The smallest reported pore sizes were 

between 0.4 and 0.5 nm for PSS/PAH annealed multilayers 42.  25 

Effect of solute size 

With the classical understanding of polymer network in chemical 

hydrogels, one would expect that solutes with a radius larger than 

the mesh size would not be released out of the gel, much like 

large fish trapped inside a tight fishing net where the knots 30 

represent the covalent bonds crosslinking adjacent polymer 

chains. Some examples of these chemical gels are chitosan gels 

crosslinked with glutaraldehyde 43, Poly(4-vinylpyridine) cross-

linked with alkyl dihalide 44, and acrylate gels. These gels found 

application as separation membranes where the characteristic 35 

mesh size, ξ, of the crosslinked network acted as a cut-off line for 

macromolecules with sizes larger than ξ 43, 44. A frequently used 

model to describe this restricting effect is the Renkin 45 model 

assumes that solutes are spheres passing through cylindrical 

pores. For a complete picture of the restrictive effect of chemical 40 

hydrogel, solute geometry should also be taken into account 46. 

Typical examples studied included proteins (e.g. albumin, 

cytochromes, etc.) and dextrans. Proteins represent hard globular 

solutes while dextrans are random coil flexible polymers 47. 

Following the models of DeGennes and Edwards for polymer 45 

diffusion, as linear chains dextrans will reptate through the gel 

network much faster than would be possible for rigid spherical 

molecules of similar molecular weight 46, 48.  

In other words, the molecular cut-off in a given chemical gel 

(fixed ξ) is higher for flexible polymers compared to that of hard 50 

globular solutes, which is consistent with the faster release rates 

reported in Table 4 of dextrans versus albumin. 

As for albumin, it should first be noted that the measured initial 

release was about hundred times faster than late release and 

consistent with the measured release rates of fluorescein. This 55 

observation indicates that the initial release observed in the FITC- 

albumin profile is likely dominated by the presence of loose FITC 

in the printed complex followed by the characteristic release of 

albumin at about 10-10 cm2/sec. Second, the size of albumin (RH = 

3.1 nm) was larger than the estimated mesh size of printed PSS-60 

PDDA (~ 2 nm), yet it still diffused out of the gel. Therefore, it is 

unlikely that polyelectrolyte complexes are gels with set distance 

between crosslinks, i.e. ‘fixed’ mesh size ξ, and rather confirms 

that they are “living systems” 49 very sensitive to changes in their 

environment. They undergo continuous internal reorganization of 65 

charge 50 and should rather be treated as ‘viscous fluids’ 51 held 

together via transient ‘junction zones’ 52. Instead of a fish net, 

printed polyelectrolyte gels should rather be pictured as a noodle 

plate with mixed vegetables inside. Regardless of the size, 

polyelectrolyte chains (noodles) rearrange themselves to allow 70 

the passage of the solutes (vegetables). The rate at which this 

passage occurs depends greatly on the nature of the solute (shape, 

size, and charge) and the nature of the polyelectrolyte pair. Strong 

polyelectrolytes (high charge density) would act like overcooked 

noodles where the chains are sticky and rearrangement takes 75 

longer, whereas weak polyelectrolyte would be less sticky and 

rearrange faster. 

Effect of solute charge 

As listed in Table 4, the diffusion coefficient of Albumin (MW = 

67 kDa, globular shape molecule with an overall negative charge 80 

at physiological pH, and RH = 3.5 nm, measured Dig ~ 4×10-10 

cm2/s) was one order of magnitude slower than that of 77 kDa 

dextran (linear uncharged, RH = 7.5 nm, Dig ~ 6×10-9 cm2/s). The 

measured diffusion coefficients of albumin in slowly printed 

PSS-PDDA complexes were in the same range as that measured 85 

in PSS-PAH multilayer capsules 28. These results are also 

consistent with the diffusion of other proteins (e.g. Avidin) 53 and  

Page 5 of 8 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

6  |  J. Mater. Chem. B, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

Figure 5. Effect of the PSS:PDDA ion ratio on the diffusion 

coefficient of Fluorescein, Albumin and 10k, 40k, 150k, and 250k 

Dextran solutes in printed gels in 1X PBS at 37°C. 

zwitterionic molecules in general at about 10-10 cm2/s 54, 55. These 

studies demonstrate the existence of an electrostatic drag 

resulting from the electrostatic interaction between the charged 

solutes and the surrounding polyelectrolyte complex. 

Effect of gel stoichiometry 5 

The release profiles of albumin (Figure 4.a) were distinct from 

those of dextrans (Figure 3.a). All dextran release profiles 

displayed a single phase release with a characteristic diffusion 

coefficient ranging from 0.4 to 4.9×10-8 cm2/sec. However, 

albumin release occurred in two phases: initial and late releases. 10 

The initial release happened at rates between 0.3 to 2.8×10-8 

cm2/sec while late release took place at rates between 2.8 and  

4.7×10-10 cm2/sec (Tables 4). Based on these results, the initial 

release of albumin occurred roughly at similar rates as those of  

dextrans. Second, the initial release of albumin showed a strong 15 

dependence on the stoichiometry of the printed gel sample 

(Figure 5). Release was slowest (0.3 ×10-8 cm2/sec) from gels 

printed with excess positive charge, i.e. PDDA, compared to 

stoichiometric gel samples (1.0 ×10-8 cm2/sec). Third, the late 

release of albumin was independent from the initial printed gel 20 

stoichiometry (Table 4 and Figure 5). 

The slower release of albumin from gels printed with PSS:PDDA 

ion ratio of 0.67 (excess positive charge) can be explained by the 

electrostatic interaction between the negatively charged albumin 

at physiological pH and the excess PDDA. On the other hand, the 25 

similarities between albumin release rates in the late phase 

indicate that the environment surrounding the diffusing solute 

(albumin) in the various samples is rather similar. Therefore, gel 

samples must have changed over time and can be understood in 

the light of the compositional change discussed in our previous 30 

work 8. Given this consideration, PSS-PDDA gels originally 

printed with different polyelectrolyte ratios caused albumin to 

diffuse out with distinct rates in the initial phase. Concurrently, 

excess polymer is also diffusing out of the non-equilibrium 

complex. At the end of the initial phase (release), all PSS-PDDA 35 

gels reach a near-stoichiometric ratio composition (equilibrium 

state) beyond which albumin diffused out at similar rates. It can 

be further deduced that the rearrangement (diffusion) rate of  

 

 

 

Figure 6. Applicability of free volume theories to solute transport in 

PSS-PDDA printed gels. 

polyelectrolyte chains in non-stoichiometric gels is in the order of 

10-8 cm2/sec. 40 

This analysis is in agreement with polyelectrolyte multilayer 

literature. In fact, in HA/PLL multilayers, some chains appeared 

fixed at the time scale of fluorescence recovery after photo-

bleaching experiments (diffusion coefficient < 10-11 cm2/sec), 

whereas there exists a population of slowly diffusing polyions 45 

(diffusion coefficient ≈ 10-10 cm2/sec) and a third population of 

rapidly diffusing chains (diffusion coefficient ≈ 10-8 cm2/sec) 56. 

The first population consists of the fully complexed 

polyelectrolyte chains. The second corresponds to chains in 

partial electrostatic interaction with the complex (in accord with 50 

the release rate of albumin in our experiments). The third  

represents excess polymer chains having minimal interaction with 

the complex. 

Applicability of classical transport theories 

For homogenous gels composed of flexible polymer chains 25, the 55 

hydrodynamic and free-volume theories may be applicable. The 

hydrodynamic-scaling model described best the diffusion of 

solutes in homogeneous hydrogels; however, it suffers from 
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containing an undefined polymer solvent interaction parameter, kc 
25. On the other hand, free volume models 57 are more frequently 

used even in the polyelectrolyte multilayer literature 30. 

Nonetheless, they are typically applied to situations for which the 

assumptions made in their derivation are not valid and are not 5 

physically consistent 25. To further confirm the limitation of these 

models in the case of polyelectrolyte complexes, the free volume 

model was applied to the printed PSS-PDDA gels and results 

shown in Figure 6. Based on the model, the relation between the 

natural log of (Dig/Diw) and -�,//(1 − -�,/) should be linear as 10 

expressed in equation (7), where v2,s is the polymer volume 

fraction in the swollen state, k2 is a constant describing the 

polymer-solvent interaction, and ψ	 is a factor accounting for the 

sieving effect of the gel 32, 33.  

ln ��)4
�5

� = ln(6) − 7�89
�( :�,;

�
:�,;
)   (7) 15 

The plots in Figure 6 show weak linear correlations (R2 ~ 0.7) for 

dextrans and no correlation for albumin (R2 ~ 0). Based on these 

results, it may be argued that the free volume theory gives a fair 

description of the transport of non-charged molecules. However it 

is not applicable in the case of charged solutes. The model lacks a 20 

component to account for the interaction between charged solutes 

and the charged polyelectrolyte chains. This interaction increases 

the drag on solutes hence resulting in slower diffusion rates. 

Furthermore, the time-dependent composition of ionic self-

assembled polyelectrolyte gels, notably for non-stoichiometric 25 

gels, makes modeling a more challenging task. 

Furthermore, the time-dependent composition of ionic self-

assembled polyelectrolyte gels, notably for non-stoichiometric 

gels, makes modeling a more challenging task.  While the 

fluorescein, dextrans and albumin all show Fickian diffusion, it 30 

would be expected that some diffusants will bind to one of the gel 

components and show non-Fickian behavior. 

 

Conclusion 

Solute transport in the bulk of printed polyelectrolyte complexes 35 

occurs primarily through Fickian diffusion. The diffusion 

coefficients of small molecules (RH < 1 nm), various size 

uncharged molecules (2.4 ≤ RH ≤ 8.8 nm), and protein (albumin, 

RH ≤ 3.1 nm) in printed complexes were respectively in the order 

of 10-8, 10-9, and 10-10 cm2/sec. The often used free volume was 40 

found applicable to model the transport of uncharged molecules 

in printed polyelectrolyte complexes. However, this model falls 

short in the case of charged molecules due to the lack of a term 

describing the electrostatic drag imparted on solutes by the 

surrounding polyions.  Polyelectrolyte complexes are “living 45 

systems” very sensitive to changes of their environment. They 

undergo continuous internal reorganization of charge 50. Unlike 

chemical gels, polyelectrolyte complexes should be treated as 

‘viscous fluids’ 51 held together via transient ‘junction zones’ 52. 

The apparent mesh size ξ in near stoichiometric composition was 50 

estimated to about 2 nm.  
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