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Abstract 

A high resolution interferometric technique was used to determine swelling behavior of 

weakly charged polyacrylamide hydrogels in the presence of oppositely charged surfactants 

and subsequent exposure to cyclodextrins. Hydrogels of copolymerized acrylamide and 2-

acrylamido-2-methyl-1-propanesulfonic acid (0.22, 0.44, 0.88 mol%) and crosslinked with 

bisacrylamide (3, 6, 12 mol%) were employed. The equilibrium swelling and swelling 

kinetics of the hydrogels were determined with 2 nanometer resolution of the optical length 

and sampled at approximately 1 Hz. These properties were determined for the hydrogels 

exposed to cationic surfactants dodecyltrimethylammonium bromide (DTAB) and 

cetyltrimethylammonium bromide (CTAB) at concentrations from 10-7 up to 2·10-3 M. The 

distribution of surfactants within AAM-co-AMPSA hydrogel was investigated by confocal 

laser scanning microscopy imaging of chosen hydrogel equilibrated in CTAB/perylene 

solution. Hydrogels equilibrated at selected surfactant concentrations were subsequently 

exposed to cyclodextrins (α-CD, β-CD, methyl-β-CD and γ-CD) forming inclusion complexes 

with the surfactants. The results show different type of behavior for the two surfactants used, 

arising from the differences in the length of surfactant hydrophobic tail. The changes in the 

surfactant induced swelling of the hydrogels are suggested to arise from the net effect of 

electrostatic screening of sulfonic acid – amide group interactions and surfactant micellization. 

Hydrogels with the largest charge density and lowest crosslink density yielded the most 

pronounced changes in swelling properties on exposure to DTAB or CTAB. The hydrogels 

displayed swelling kinetics on stepwise changes in surfactant concentrations that depended on 

the surfactant concentration range. The high resolution monitoring of hydrogel swelling 

associated with supramolecular complex formation in a three-component system hydrogel - 

amphiphilic molecule - cyclodextrin provide more details in the swelling behavior than 

previously disclosed.  
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1. Introduction 

Fiber optic-based interferometry is a well suited technique for high resolution 

determination of hydrogel volume changes [1]. It has already proved its potential in sensing 

such analytes as glucose [2, 3] and oligonucleotides [4-6]. Herein we present the technique as 

a useful tool for label-free monitoring of swelling phenomena occurring in various hydrogel- 

amphiphile and hydrogel- amphiphile-macrocycle cases. 

Hydrogels, capable to swell and retain large volumes of water in their swollen structure, 

are known to form stable complexes with amphiphilic molecules such proteins/peptides [7, 8], 

lipids [9, 10], and surfactants [11-15]. Hydrogel-amphiphile systems have been developed and 

characterized due to potential applications within controlled drug release [16-18], pollutants 

removal [19-21], enhanced oil recovery [22], or microheterogeneous catalysis [23, 24]. Ionic 

hydrogels shows adsorption properties towards oppositely charged amphiphiles. Association 

of charged surfactants inside hydrogel is driven by coupled hydrophobic and electrostatic 

effects [25].  Release of counterions associated with the charged polymeric chains contributes 

through an entropic mechanism to the association [25]. Surfactants interacting with oppositely 

charged linear or crosslinked polymers tend to aggregate at concentrations much lower than 

their critical micelle concentration (cmc) in solution [26-28]. The presence of interacting 

polyelectrolytes decreases the repulsive interactions between the surfactant molecules 

resulting in micelles being formed at a critical aggregation concentration (cac) lower than the 

cmc. Such surfactant aggregation within hydrogel networks induces volume transitions [15, 

25, 29]. The critical collapse concentration (ccc), referring to the surfactant concentration at 

the onset of the hydrogel transition, is reported to nearly coincide with the cac [25]. While 

swelling behavior of highly charged hydrogels upon exposure to oppositely charged 

surfactants already has been widely studied, the behavior of hydrogels with average distances 

between ionic species larger than the size of surfactant molecule remains less explored. 
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Adsorption of surfactant molecules within weakly charged hydrogels does not guarantee 

sufficient proximity to favor aggregation. In the present study, effects of two surfactants in 

affecting swelling volume of a limited range of weakly charged hydrogels (< 1 mol%) are 

explored. Surfactant aggregates are destabilized in the presence of macrocycles forming 

inclusion complexes with the lipophilic regions of amphiphilic molecules [30, 31].  

Cyclodextrins (CD’s) are a group of well-known macrocyclic carbohydrates, with the 

primary hydroxyl groups on the narrow (primary) side and the secondary hydroxyl groups on 

the wider (secondary) side. The resulting hydrophobic cavity and a hydrophilic outside 

surface [32, 33], support the capability of forming reversible non-covalent host–guest 

inclusion complexes with hydrophobic molecules such as surfactants [30, 34-36]. As a 

consequence of the binding process, some properties of the target molecules can be 

dramatically changed. This is the case of amphiphiles forming micelles or other types of 

aggregates. Thus, introducing CDs to a solution containing micelles of amphiphilic molecules 

alter the equilibrium of the self-assembled micellar state thus leading to destabilization of the 

aggregates [37]. These phenomena attract considerable interests in several fields [31, 38, 39]. 

The aim of the present work is to monitor changes in hydrogel swelling volume 

associated with weakly charged hydrogel – surfactant supramolecular self-assembly in a 

broad range of surfactant concentrations at high precision with respect to volume changes. 

The hydrogels charge densities were chosen to provide the average distances between charges 

inside hydrogel network larger than the size of the surfactant molecule. Secondly, we 

investigate the changes a surfactant equilibrated hydrogel undergo in the presence of 

cyclodextrins that are reported to form complexes with the surfactants. The presence of 

cyclodextrins is expected to induce destabilization of the hydrogel-surfactant self-assembled 

structures. A key feature of the present work is the application of a fiber optic based 

interferometer to provide in-situ high resolution data of the hydrogel swelling. This 
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monitoring tool is superior to the gravimetric and microscopic techniques commonly used [40, 

41] in hydrogel swelling studies. Alongside the interferometric investigation, we 

apply_ENREF_71 confocal laser scanning microscopy imaging to interrogate the distribution 

of surfactant microdomains containing the fluorescent probe perylene [42] within the 

hydrogel. Perylene  adsorb preferentially in hydrophobic domains_ENREF_72 such as the 

interior of surfactant micelles, and exhibit enhanced fluorescence quantum yields in such 

environment [43]. The identification of the distribution e.g., adsorbed preferentially only at 

the outermost region of the hydrogel forming shell/stagnant layer similar to that reported by 

Nilsson and Hansson [44] or more homogenously, will be used for the interpretation of the 

interferometric data. 

 

2. Experimental Section 

2.1. Materials. Acrylamide (AAM, 99%, Sigma), N,N′-Methylenebisacrylamide (Bis, 99%, 

Acros organics), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPSA, 99%, Aldrich), 1-

hydroxycyclohexyl phenyl ketone (99%, Aldrich), sodium chloride (NaCl, 99.5%, Fluka), 

squalane (99%, Aldrich), dimethyl sulfoxide (DMSO, 99.9%, Sigma) were used as received 

for the preparation of the hydrogels. Cetyltrimethylammonium bromide (CTAB, Tokyo 

Chemical Industry, TCI), dodecyltrimethylammonium bromide (DTAB, TCI), α-cyclodextrin 

(α-CD, 98%, Fluka), β-cyclodextrin (β-CD, 97%, SAFC), methyl-β-cyclodextrin (m-β-CD, 

97%, Aldrich), γ-cyclodextrin (γ-CD, 99%, Aldrich), and perylene (sublimed grade, ≥ 99.5% 

Aldrich)  were used as received for determination of swelling properties of the hydrogels 

under various conditions. Deionized water (resistivity 18.2 MΩ×cm, obtained using a 

Millipore setup) was used for all aqueous solutions. 
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2.2. Anionic hydrogels. The appropriate amounts of acrylamide and bisacrylamide were 

dissolved in the deionized water to yield 30 wt% AAM and 3, 6 and 12 mol% Bis relative to 

AAM. AMPSA was dissolved in water in a separate vial. Photoinitiator was dissolved in 

DMSO. The three solutions were mixed together yielding 10 wt% of AAM, 0.22, 0.44 and 

0.88 mol% AMPSA relative to AAM, 3, 6 or 12 mol% Bis relative to AAM, and 0.15 mol% 

of initiator relative to AAM in the pregel solutions. Aliquots of the pre-gel solutions were 

deposited on the tip of the functionalized fiber and polymerized as described [1-4, 45]. 

Following the polymerization, the hydrogels were washed with deionized water for at least 

one day to remove possible unpolymerized monomers and other impurities. The resulting 

hydrogels attached to the end of the optical fiber adapted a nearly hemispherical shape with a 

radius of about 50 m. 

 

2.3. Interferometric characterization of hydrogel swelling.  All experiments were carried 

out at room temperature with the hydrogels immersed in the aqueous solution under constant 

agitation using a magnetic stirrer. The hydrogels covalently linked to the end of the optical 

fibers were protected against mechanical damage during exposure to changing solvent by 

locating them within a glass tubes with an inner diameter of about 5 mm. The hydrogels were 

equilibrated by immersion in 40 ml of deionized water (equilibrium indicated by fluctuations 

in phase signal of the interferometer less than the resolution limit). Aliquots of concentrated 

surfactant solutions were pipetted to the constantly stirred immersing aqueous solution. The 

swelling response of the hydrogels to the stepwise increase of the surfactant concentration 

were determined by the interferometric technique described in detail elsewhere [1]. The 

monitoring of changes in hydrogel swelling on exposure to cyclodextrins was carried out by 

first equilibration of the hydrogels in 40 ml of aqueous surfactant solutions (concentrations 
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either 10-4 M DTAB, 2×10-3 M DTAB or 5×10-4 M CTAB) followed subsequently by 

stepwise increase of cyclodextrin concentrations. 

 The change in the optical length, lopt, was extracted from determined phase change of 

the interferometric wave due to its superior resolution compared to data based on the intensity 

[1]. Parameter lopt was calculated based on the experimentally determined change in phase of 

the interference wave, according to Eq. 1: 

 0

4


 optl

 


         (1) 

where 0 is the center wavelength of the light source (1550 nm). Optical length changes were 

followed with 2 nm resolution and sampling rate of 1 Hz. The magnitude of changes in lopt 

that can be determined is limited by the periodicity of the phase (Eq. 1), practically limiting 

lopt to less than 0/2 for consecutive determinations. We employ the changes in the optical 

length of the hydrogel, lopt, relative to the overall optical length of AAM-co-AMPSA 

hydrogels lopt: S = lopt/lopt, as a first parameter for changes of the hydrogel swelling. 

Parameter lopt is determined relative to lopt selected as the reference state for each 

experimental series. The changes in the degree of swelling associated with subsequent 

surfactant/cyclodextrin additions were followed as function of time. The ratio lopt/lopt was 

empirically observed to change exponentially with time, either equilibration to a new plateau 

maximum or exponential decay, for hydrogel swelling or deswelling processes, respectively. 

The swelling kinetics were therefore analyzed based on an apparent first order rate process of 

S for each step-change in concentration in the immersing bath. Thus, the kinetics of both 

swelling and deswelling processes were represented by an apparent equilibration time 

constant (1/2 = ln2/k) by fitting lopt(t)  e-kt to the experimental data for each level of 

surfactant or cyclodextrin concentration. 
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2.4. Confocal laser scanning microscopy imaging of AAM-co-AMPSA hydrogel with 

bound CTAB. Confocal laser scanning microscopy imaging experiments used to determine 

surfactant distribution inside hydrogels were carried out according to the adopted procedure 

described elsewhere [27]. Perylene was recrystallized from acetone on the walls of flat-

bottom flask, and the solvent removed using a water pump. The flask was filled with MQ 

water and left in ultrasound bath for three hours. The resulting solution was stored in dark 

(overnight, room temperature) followed by filtering (syringe filter, 0.45 μm pore diameter). 

CTAB was dissolved in the aqueous perylene solution to a concentration of 0.5 mM. A 

hydrogel at the end of the optical fiber (0.88 mol% AMPSA, 3mol% Bis) was equilibrated in 

the CTAB/perylene aq. solution overnight and imaged using confocal microscopy. 

 The image of a middle section of the hydrogel was taken using confocal laser scanning 

microscopy (LSM 510 Meta, Carl Zeiss Jena GmbH, Jena, Germany) equipped with an 

Multiphoton laser and LSM 4.2 software. The image was acquired using 40×magnificaton 

water immersion objective (C-Apochromat with numerical aperture N.A. = 1.2), and 

employing two-photon excitation, wavelength ex = 750 nm and an emission band pass filter: 

387-580 nm in front of PMT detector.  

 

3. Results  

3.1. Weakly charged anionic hydrogels immersed in surfactant solutions. The high 

resolution interferometric technique was employed for monitoring of the AAM-co-AMPSA 

hydrogel swelling when exposed to increasing concentrations of DTAB or CTAB surfactants. 

Figure 1A shows the equilibrium of the swelling parameter (lopt/lopt) of the hydrogels with 

increasing surfactant (DTAB or CTAB) concentrations in the immersing aqueous solution. 

The increase of DTAB concentration from 10-7M caused hydrogels swelling up to DTAB 

concentrations of 8.5×10-5, 1.6×10-4, 2.1×10-4 M for the anionic hydrogels with increasing 
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charge density (mol fraction of AMPSA of 0.22, 0.44 and 0.88 mol% relative to AAM, 

respectively). Deswelling was observed for further increase in DTAB concentrations.  

 

 
 
Figure 1. Swelling ratio parameter (lopt/lopt) versus surfactant (DTAB or CTAB) 

concentration for AAM-co-AMPSA hydrogels with A) varied charge densities (0.22, 0.44, 

and 0.88 mol% AMPSA indicated by the numerical prefix) and constant 3 mol% Bis crosslink 

density and B) with varied crosslink density (3, 6, 12 mol% Bis indicated by the numerical 

prefix) at constant charge density 0.44 mol% AMPSA. The measurements were carried out at 

least two times (open and filled symbols for each experimental series) at room temperature. 

The regions I, II and III depict surfactant concentration ranges selected for display of time-

dependence of lopt (Fig. 2). 

 

The anionic hydrogels swelled only slightly at very low CTAB concentrations and 

significantly deswelled beyond 26, 11, and 3.5×10-6 M CTAB for 0.22, 0.44 and 0.88 mol% 

AMPSA hydrogels, respectively. The hydrogels showed reduced equilibrium swelling up to 

CTAB concentration of about 0.8 mM almost independent on the charge density of the 

hydrogel. This CTAB concentration of 0.8 mM coincides with the critical micelle 

concentration of the surfactant in water determined based on surface tension measurements 

[46]. The magnitude of hydrogel swelling/deswelling in the presence of surfactants was larger 



 11

for increasing anionic character of the hydrogels (Fig. 1A). The surfactant induced changes in 

the hydrogel swelling at constant charge density of the network were generally reduced with 

increasing crosslink density (Fig. 1B). The maximum deswelling induced by CTAB was 

10.4%, 7.1% and 4.1% for 3, 6 and 12 mol% Bis, respectively (Fig. S1) for the 0.44mol% 

AMPSA hydrogels.  

Figure 2 displays selected data for the kinetics of the change in the optical length of the 

hydrogel in response to stepwise increase of DTAB surfactant concentration in the three 

different concentration ranges: I 8.5-36 M, II 261-411 M and III 811-1261 M (indicated 

in Fig. 1). The hydrogels swells in region I of [DTAB], while shrinking in regions II and III. 

The experimentally determined time dependences of lopt following a step change in [DTAB] 

(Fig. 2) were used to estimate the kinetic parameter 1/2 (Fig. 3). Parameter 1/2 was in the 

order of 100 s in region I of [DTAB] (Fig. 3). For stepwise increased [DTAB], parameter 1/2 

was almost stable at a plateau of about 100 s followed by an approximately 50 fold reduction 

to 2-4 s, with a transitions occurring at [DTAB] of 35, 100 and 260  for 0.22, 0.44 and 

0.88 mol% AMPSA hydrogels, respectively. Increasing the [DTAB] beyond 1 mM yielded an 

almost [DTAB] independent 1/2. Note that various regions of [DTAB] represent either 

hydrogel swelling or deswelling (Fig. 1).  

 

       



 12

Figure 2. Changes in optical length versus time for 0.44 mol% AMPSA hydrogels crosslinked 

with 3mol% Bis in response to stepwise increased DTAB concentrations. The data are selected 

from region I (a), II (b) and III (c) depicted in Fig. 1a. 

   
 
Figure 3. Equilibration half-life time of changes in optical length associated with anionic 

hydrogels swelling versus surfactant concentration for DTAB (A) and CTAB (B). The data 

were obtained from changes in optical length versus time for stepwise increase in surfactant 

concentrations as exemplified in Fig. 2 for DTAB, and employing anionic hydrogels with 

0.22, 0.44 and 0.88 mol% AMPSA and 3mol% Bis crosslink density. The surfactant 

concentrations denoted are [DTAB] or [CTAB] after their stepwise increase. 

 

 

The kinetics of the hydrogel swelling induced by stepwise changes in CTAB display 

similar trends as for DTAB, but more accentuated (Fig. 3). At low [CTAB] 1/2 increases with 

increasing surfactant concentration up to 60, 16 and 8.5 M for 0.22, 0.44 and 0.88 mol% 

AMPSA hydrogels reaching the values of  35, 87 and 240 s, respectively. Further increase of 

[CTAB] above these maxima of 1/2 yields reduction of 1/2. Parameter 1/2 reaches the 

minimum value of few seconds at CTAB concentration of about 0.2 mM, independent of 

anionic charge density of the hydrogels. In the [CTAB] range from 0.2 to 0.8 mM in the 

immersing solution, 1/2 shows an increase and reaches a maximum at the CTAB 
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concentration of 0.8 mM slightly lower than cmc of that surfactant 0.98 mM [47]. This is 

followed by a decline in 1/2 for increased [CTAB] above cmc.  

 Laser confocal imaging of a AAM-co-AMPSA hydrogel equilibrated in perylene 

saturated 0.5 mM CTAB was employed to obtain information on the distribution of 

surfactants within the hydrogel. The optical micrograph (Fig. 4) indicates a homogeneous 

distribution of the perylene fluorescence intensity within the hemispherical hydrogel attached 

to the optical fiber. This observation suggests a homogeneous distribution of surfactant 

micelles inside the weakly charged hydrogel studied here. This is in contrast with the shell 

like surfactant association on hydrogels reported for highly charged hydrogels [44].  

 

                        

Figure 4. Confocal laser scanning optical micrograph of AAM-co-AMPSA (0.88 mol% 

AMPSA, 3 mol% Bis) hydrogel, at the end of an optical fiber, equilibrated in perylene-

0.5mM CTAB aqueous solution. The fluorescent perylene preferentially embedded in the 

CTAB micelles indicate the distribution of CTAB surfactant micelles within the hydrogel. 

The hydrogel appearing with a hemispherical shape is covalently linked to optical fiber 

(diameter 125 m).  

 

3.2. Anionic hydrogels equilibrated with surfactant immersed in cyclodextrin solutions.  

Cyclodextrins known to form inclusion complexes with surfactants [30, 31, 48-51] were 

expected to destabilize the pre-formed hydrogel-surfactant complexes. The influence of 
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different types of cyclodextrins α-CD, β-CD, m-β-CD and γ-CD on hydrogel swelling ratio 

(lopt/lopt) was studied. For that purpose anionic hydrogels consisting of 0.44 mol% AMPSA, 

3 mol% Bis were pre-equilibrated in 10-4 M and 2×10-3 M DTAB and 5×10-4 M CTAB 

aqueous solution followed by exposure to subsequent step-wise increase in cyclodextrin 

concentration from 10-6 to  5×10-3 M. (Figs. 5 and 6).  

 
 

Figure 5. Swelling ratio parameter (lopt/lopt) versus cyclodextrin concentration of anionic 

hydrogels (0.44 mol% AMPSA, 3 mol% Bis) pre-equilibrated in A) 10-4 M and B) 2×10-3 M 

DTAB. The measurements were carried out at least two times at room temperature. The upper 

scale shows the ratio between the cyclodextrin concentrations and the pre-equilibration 

surfactant concentration.  

 

 

The pre-equilibrated hydrogels in DTAB swelled for α-CD, β-CD and m-β-CD concentrations 

above 10-5 M. The changes in the swelling ratio were larger for the hydrogel pre-equilibrated 

at higher surfactant concentration (Fig. 5). Cyclodextrin m-β-CD induced the largest hydrogel 

swelling compared to α- and β-CD. In contrast, γ-CD induced a continuous decrease of 

swelling ratio. The aqueous solutions with the four cyclodextrins all induced swelling of the 

hydrogels equilibrated in CTAB (Fig 6). The changes in swelling ratio associated with 
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cyclodextrins added to the immersing solution were substantially larger for the hydrogels pre-

equilibrated with CTAB than with DTAB. The magnitude of the swelling for the CTAB pre-

equilibrated hydrogels were largest for the m-β-CD, followed by β-CD and α-CD, while γ-CD 

induced a significantly less swelling response. 

                            

Figure 6. Swelling ratio parameter (lopt/lopt) versus cyclodextrin concentration for anionic 

hydrogels (0.44 mol% AMPSA, 3 mol% Bis) pre-equilibrated in 5×10-4 M CTAB. The 

measurements were carried out at least two times at room temperature. The upper scale shows 

the ratio between the cyclodextrin concentrations and the pre-equilibration surfactant 

concentration.  

 

 The readjustments to a new equilibrium state associated with the increase of the 

concentrations of cyclodextrins were quick (Fig. 7) and the equilibration half-lifetimes were no 

longer than few seconds. This range of 1/2 was found throughout the explored CD 

concentration range. The equilibration was much faster comparing to the kinetics of swelling 

associated with surfactant binding inside the hydrogels. 
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Figure 7. Changes in optical length of anionic hydrogels (0.44 mol% AMPSA, 3 mol% Bis) 

pre-equilibrated in 2×10-3 M of DTAB solution in response to stepwise increase in 

concentration of a) -, b) -, c) -and d) m--cyclodextrins. The concentrations of the 

cyclodextrins from 210 to 410 M are indicated. 

 

 

4. Discussion 

 The net change of the optical length within the hydrogels used as primary experimental 

parameters following exposure to surfactant solutions and also subsequent addition of 

cyclodextrins can be affected by changes in optical properties within the light path and/or 

changes in physical length of the optical pathway. The net change in optl through the hydrogel 

can be expressed as the difference of the integrals of the refractive indices along the optical 

path for the two conditions being compared: 
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2 1
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0 0

( ) ( )
l l

optl n l dl n l dl        (2) 

where li, ni (i=1,2) are the total physical lengths of the optical path and refractive index at the 

conditions indicated by the index, respectively. The recorded signal thus only provides 

information related to differences of the integral of the refractive indices along the optical path 

for the conditions being compared rather than changes in distribution of n in the two states. The 

changes in the optical length combined with information on the refractive index as derived 

from Eq. 2 is reported to correspond to changes in physical dimension as determined by 

confocal microscopy [52]. The result of a homogeneous distribution of the surfactant obtained 

by confocal imaging in the present case (Fig. 4) suggests that it is not necessary to consider 

distribution of the surfactant and its possible influence of the refractive indices in these cases. 

Due to the concentration ranges used, we argue that the changes in physical length of the 

hydrogels are the dominating contribution to the observed changes in optl . 

 Introducing the mean refractive indices along the optical path in the two states: 

 1

0

( )
il

i i in l n l dl  , i = 1,2      (3) 

in Eq. 2 yields: 

 2 2 1 1 1 1optl n l n l n l l n        (4) 

where l and n are the differences in length of the optical path and mean refractive indices, 

respectively. An estimate of the relative importance of the two terms identified in Eq. 4, for the 

exposure of the anionic hydrogels to the surfactants and cyclodextrins can be made based on 

the optical properties of the materials within the applied concentration range. The molar 

concentration of charges for the 0.88 mol% AMPSA hydrogel in the relaxed state was 

calculated to be 12.3 mM. Assuming a charged balanced association of surfactant molecules 

without any dimensional change of hydrogel correspond to a surfactant concentration equal to 
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3.25 g/l. The refractive index increments for DTAB in NaBr salt aqueous solution and for 

cyclodextrins in aqueous solution were found to be 0.149 ml/g [53] and 0.148 ml/g [54], 

respectively. Charged balanced DTAB association in the 0.88 mol% AMPSA hydrogel is thus 

estimated to change the hydrogel refractive index by n = 0.00048. The data obtained on the 

distribution of the surfactant (Fig. 4) also indicate that the assumption of homogeneous loading 

of surfactant within the hydrogel is valid. Thus, the contribution to lopt/lopt from change in n 

at constant physical length is estimated to lopt/lopt = n/n = 0.00035 using  refractive index 

1.361 [1] for acrylamide based hydrogels. This contrasts most of the observed relative changes 

lopt/lopt, typically 100 times or larger. In the following, we therefore attribute the observed 

changes lopt/lopt only to changes in the physical length of the hydrogel materials immersed in 

the aqueous solutions.  

 Equilibration of the anionic hydrogels in surfactant and subsequently in cyclodextrin 

aqueous solutions is therefore interpreted in view of cationic surfactants binding to the network, 

surfactant aggregation mediated hydrogel deswelling, cyclodextrin interaction with the 

surfactants and concomitant effect on swelling equilibrium. A schematic illustration of 

hydrogel collapse in the presence of aggregating surfactants and hydrogel swelling due to 

destabilization of surfactant complexes by cyclodextrin is presented in Fig. 8.  
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Figure 8. Schematic illustration of surfactant aggregation induced hydrogel collapse and re-

swelling in the presence of cyclodextrins forming inclusion complexes with surfactant 

molecules. Screening effect of AAM-AMPSA associations is also illustrated. 

 

 Changes in hydrogel swelling resulting from increase of the number of charges inside a 

hydrogel network or change in the crosslink density, as accounted for within the Flory-

Rehner-Donnan theory, are applied as a qualitative framework in the following. The lack of a 

surfactant enriched shell observed in the present weakly charged hydrogels (Fig. 4) is in 

contrast with surfactants assembled as a layer at the outermost part of more highly charged 

hydrogels yielding a balloon type of swelling behavior [44]. Thus, the theoretical framework 

can be applied assuming a homogeneous material. The observed AAM-co-AMPSA hydrogel 

swelling at low surfactant concentration (DTAB, Fig. 1) can be accounted for in view of the 

intrinsic nature of these hydrogels. All the AAM-co-AMPSA hydrogels were crosslinked 

with stable covalent crosslinker Bis, but in addition association between strongly charged 

sulfonic acid group and weakly charged amide group is likely [55, 56]. Those interactions 

may lead to the formation of weak physical crosslinks [57]. These interactions may be 
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screened with concomitant effect of destabilizing the crosslinks in the presence of low 

molecular weight salt (Fig. S2) or in our case surfactant molecules. Such a reduction of the 

number of crosslinks may result in hydrogel swelling. The swelling at low surfactant 

concentrations was much less pronounced in the case of CTAB – surfactant with longer 

aliphatic chain than DTAB (Fig 1). The hydrogels only slightly swelled at the CTAB 

concentrations lower than 10-5 M and significantly deswelled for increasing [CTAB] larger 

than 10-5 M. The pronounced hydrogel deswelling is suggested to arise from self-assembling 

of the adsorbed surfactant molecules inside the hydrogel network. Due to this aggregation 

the concentration of mobile counterions inside the gel decreases thus reducing the internal 

osmotic pressure of the gel [58]. Surfactant micelles interconnecting different elastically 

active chains may additionally contribute to hydrogel deswelling by increasing the 

crosslinking density [58]. The finding that these surfactant dependent hydrogel swelling are 

larger for the more anionic hydrogels and less for the more highly crosslinked hydrogels (Fig. 

1) are in line with the suggested molecular model. Increasing the anionic polymer network 

charge density increases the electrostatic driven surfactant association and concomitant 

micelle formation. Increasing the covalent crosslink density strengthens the relative 

importance of the elastic restoring contribution to the free energy of ionic hydrogel swelling. 

Figure 9 depict estimated data for CTAB deswelling in the hypothetical case of non-existing 

physical crosslinks from charged sulfonic acid group and weakly charged amide group that 

concomitantly are screened by the surfactant. This indicate that the “bumps” in the CTAB 

concentration dependent deswelling, e.g., in the range 10-4 to 10-5 M of CTAB (Figs. 9 and 1), 

are due to net effects of surfactant association with concomitant micelle formation of CTAB 

and the destabilization of physical crosslinks by screening of the sulfonic acid - amide group 

interactions. 
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Figure 9. Illustration of the relative importance of micelle formation and screening of ionic 

sulfonic acid - amide group estimated in the case of CTAB. Swelling ratio parameter 

(lopt/lopt) versus surfactant CTAB concentration for AAM-co-AMPSA hydrogels 

(0.44mol% AMPSA, 3 mol% Bis, Fig. 1) (open circles), fit of the swelling ratio versus the 

ionic strength determined versus NaCl concentration (Fig. S2) (blue line) and the 

hypothetical case of no ionic crosslinks in the hydrogel calculated by the difference in these 

data (red triangles).  

 

 The hydrogels deswell until the concentration of CTAB in the immersing solution 

reaches 0.8 mM. The deswelling of the hydrogels is most pronounced at this surfactant 

concentration. Increasing [CTAB] beyond this value causes gradual increase of the hydrogel 

optical length relative to that at 0.8 mM. The hydrogel reswelling beyond this concentration 

is likely due to adsorption of excessive charged surfactant molecules [59] and is dominated 
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by increasing osmotic pressure. Such excessive adsorption of surfactant is suggested to be 

accounted for by second cooperative binding process at concentration preceding cmc of the 

surfactant, also referred to as second critical aggregation concentration, cac2 [47]. For the 

shorter DTAB the effect of collective aggregation occurs at higher surfactant concentrations 

than for CTAB.  

 Exposure of the surfactant equilibrated hydrogels to cyclodextrins resulted in 

increasing the optical length within the hydrogel. Among the three mechanisms accounted 

for by the Flory-Rehner theory, it appears that effects of -cyclodextrin through changes in 

crosslink density are more likely than alterations of miscibility or osmotic pressure effects. 

However, due to rather small changes seen in particular in the case of DTAB induced 

swelling, effects through the other mechanisms cannot be ruled out. With this in mind, the 

swelling is suggested to be ascribed to the formation of surfactant-cyclodextrin inclusion 

complexes leading to destabilization of the surfactant complexes. The hydrogel-DTAB 

complex systems behaved differently at presence of γ-CD compared to the other types of 

cyclic carbohydrates. In this case the hydrogel deswelling was observed. γ-CD in contrast to 

α-CD, β-CD and methyl-β-CD, may host two guest surfactant molecules [60, 61]. The 

formation of double stranded complexes of polyethylene-glycol and γ-CD was shown to lead 

to the gelation [62, 63]. The same effect may occur in hydrogel-DTAB system where γ-CD 

may play a role as a supramolecular crosslinker by hosting two DTAB molecules leading to 

the hydrogel shrinkage. -CD may supply additional binding sites for the surfactant 

molecules present inside the hydrogel network that are not yet involved in micellar 

crosslinks. This additional crosslinking should be more dominant the less surfactant bound to 

the hydrogel network is involved in micelles. This is in line with the experimental 

observation of a more pronounced -CD induced deswelling at lower DTAB concentration 

(10-4 M, aggregation onset), than at the higher concentration (2·10-3 M) where a larger 
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fraction of the bound surfactant molecules is involved in micellar, physical crosslinks (Figs. 

5a and b). The same phenomenon may explain why the swelling of CTAB-hydrogel system 

in the presence of γ-CD is less pronounced than in the case of α-CD, β-CD and methyl-β-CD. 

In case of CTAB surfactant, at the concentration of 5·10-4 M micelles are already formed 

leading to significant deswelling. Overall, the results suggest that there are two competing 

processes in hydrogel-surfactant--CD system, one is the destabilization of surfactant 

micellar aggregates leading to swelling and another is the formation of surfactant--CD-

surfactant bridges that may lead to collapse. Therefore, observed swelling/deswelling 

changes are net changes resulting from the two concomitant phenomena. 

 The apparent critical collapse concentrations (ccc) for the hydrogels were estimated 

based on swelling/deswelling curves vs. surfactant concentration (Table 1).  

 

Table 1.  Critical concentrations and free Gibbs energy of CTAB aggregation for 3 mol% BIS 

hydrogel-surfactant systems.   

  AMPSA content, mol % 

Property Surfactant 0.22  0.44  0.88  

ccc, M DTAB  86 161 211 

 CTAB  26 11 4 

G0
a, kJ/mol CTAB  -26.0 -28.1 -30.9 

 

As the ccc nearly coincide with surfactant critical aggregation concentration (cac) [25] the 

Gibbs free energy of aggregation (Table 1) was calculated based on Eq. 5 [64]: 

 

 G0
a = RTln(cac)                          (5) 
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The free energy of CTAB surfactant aggregation inside the hydrogels was found to be 

increasingly negative with increasing charge density of the hydrogel. Thus, the increase of 

AMPSA molar content resulted in higher aggregation driving forces. The apparent ccc is 

observed to increase with increasing AMPSA fraction in the hydrogel in the case of DTAB. 

This is different from the trend commonly observed for highly charged hydrogels and 

polymers interacting with oppositely charged surfactants [28, 65]. It is suggested that the 

present observation (Fig. 1) is due to the relative importance of two processes: 1) 

destabilization of sulfonic acid – amide group interactions leading to hydrogel swelling and 2) 

formation of additional physical crosslinks resulting from surfactant molecules aggregation 

inside hydrogel network. Depending on which of the two processes dominates the hydrogel 

swells or deswells. The DTAB concentration for which the collapse starts should rather be 

attributed to the beginning of domination of the surfactant aggregation process over 

disruption of sulfonic acid – amide group interactions than the beginning of surfactant 

aggregation. In other words: the onset of micelle formation may precede hydrogel collapse 

thus swelling of the hydrogel-DTAB upon cyclodextrins exposure may be observed for 

[DTAB] lower than critical collapse concentration. In the case of CTAB high charge density 

causes stronger association of surfactant molecules inside a hydrogel and therefore the 

concentration of CTAB inside a hydrogel necessary for aggregation and a concomitant 

hydrogel deswelling is attained at lower [CTAB] in the external solution. Therefore only 

slight hydrogels swelling is observed at the CTAB concentrations preceding significant 

collapse. DTAB with shorter hydrophobic tail is not able to aggregate at such a low 

concentrations as CTAB. Instead, the molecules act as low molecular salt to screen 

interactions between sulfonic acid and amide groups and concomitant hydrogel swelling (Fig. 

1). The swelling is the more pronounced the higher the charge density of the hydrogel. The 
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hydrogel swelling associated with the screening of the sulfonic acid – amide group 

interactions can accentuate the need to increase the surfactant concentration to initiate 

micelle formation due to concomitant reduced network charge density (per unit volume) 

associated with the swelling.  

 The kinetics of hydrogel swelling/deswelling response on incremental changes to 

surfactants or cyclodextrins can be compared to various possible rate limiting factors in the 

process. It is previously reported that ionic hydrogels of similar size display time constants  

of about 2-3 seconds for changes in ionic strength and 95-130 seconds for changes in pH [1]. 

Additionally, kinetics constants of 100 seconds and larger for swelling of phenylboronic acid 

incorporated hydrogels associated with changes in glucose have been reported [3]. These 

data indicated that the swelling kinetics associated with changes in ionic strength reflected 

the limit due to the diffusion of the network chains, while the others were limited by the rate 

of interactions among the involved species. Thus, also for time constants larger than 2-3 

seconds observed in the present data (Fig. 3), it is assumed that the kinetics of hydrogel 

swelling in the presence of surfactants reflect kinetics of molecules self-assembly inside the 

hydrogel material. The kinetics of hydrogel swelling induced by the presence of diluted 

surfactants were much slower compared to the processes inducing deswelling (Fig. 3). This 

may be explained by considering the processes which drive the swelling or collapse. The 

swelling occurs due to slow association and assembling of surfactant molecules concomitant 

with ion exchange and physical crosslink breakage while deswelling results from cooperative 

process of surfactant micelle formation [66]. The differences in nature of the two processes 

driving either hydrogel swelling or deswelling may explain the differences in the kinetics of 

hydrogel response. In contrast to the rather slow, and concentration dependent surfactant 

induced hydrogel swelling readjustment, the kinetic constants associated with the 
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cyclodextrin exposure are comparatively small, and approach that for the network 

readjustment of 2-3 seconds. 

 

5. Conclusions 

 A high resolution interferometric technique has been successfully applied to study 

changes in equilibrium swelling ratio and swelling/deswelling kinetics associated with 

supramolecular complex formation in hydrogel - amphiphilic molecule – macrocycle three-

component system. The technique supports in-situ determination of the hydrogel optical 

length changes associated with anionic hydrogel- cationic surfactant complexation processes 

and the changes associated with destabilization of the formed hydrogel-surfactant complexes 

with different types of cyclodextrins (α-CD, β-CD, methyl-β-CD and γ-CD). The high 

resolution of the technique allowed for monitoring of unexpected swelling of low charge 

density hydrogels exposed to diluted surfactants which precedes their collapse at higher 

concentrations of amphiphiles. The results show different type of behaviors for the two 

surfactants at low concentrations, arising from the differences in the length of surfactant 

hydrophobic tails. The critical collapse concentration of the hydrogel induced by CTAB 

decreases with increasing charge density, thus supporting current literature data [28, 65]. At 

variance, for DTAB there is an apparent increase in the surfactant concentration for the onset 

of hydrogel deswelling with the increasing charge density of the hydrogel. This is suggested 

to be accounted for in terms of screening of sulfonic acid – amide group interactions. The 

importance of two different mechanisms contributing to the AAM-co-AMPSA hydrogel 

response to surfactants: 1) destabilization of sulfonic acid – amide group interactions and 2) 

formation of additional physical crosslinks resulting from surfactant molecule aggregation 

inside hydrogel network has been scrutinized. The net effect of these phenomena in the case 

of DTAB makes it difficult to identify onset of hydrogel collapse with cac, while this is not 
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the case for CTAB. The kinetics of supramolecular self-assembly inside the hydrogels 

materials were shown to be a limiting factor for hydrogel swelling rate. The hydrogel-

surfactant complexes were destabilized in the presence of cyclodextrins interacting with 

surfactant hydrophobic tails however -cyclodextrin was shown to be less efficient 

destabilizing agent compared to other cyclodextrins due to its ability to host two surfactant 

molecules[60, 61] and thus form supramolecular crosslinks.  
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