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Abstract
Macromolecular biomaterials often require covalent crosslinking to achieve adequate stability for
their given application.However, the use of auxiliary chemicalsmay be associatedwith long-term
toxicity in the body.Oppositely-charged polyelectrolytes (PEs) have the advantage that they can self-
crosslink electrostatically and those derived frommarine organisms such as chitosan (CS) and
carrageenan (CRG) are inexpensive non-toxic alternatives to glycosaminoglycans present in the
extracellularmatrix of human tissues. The aimof this studywas to explore the properties of
crosslinker-free PEC gels and freeze-dried PEC sponges based onCS andCRGprecursors.We offer
new insights into the optimisation of conditions andmechanisms involved in the process and offer a
systematic study of property changes across a full range of pH values. Zeta-potentialmeasurements
indicated that the PECs produced at pH 2–6 had a high strength of electrostatic interactionwith the
highest being at pH 4–5. This resulted in strong intra-crosslinking in the PEC gels which led to the
formation of higher yield, viscosity,fibre content and lowermoisture content. Theweaker interaction
betweenCS andCRG at pH7–12 resulted in higher levels of CS incorporated into the complex and the
formation ofmore inter-crosslinking through entanglements and secondary interactions between
PECunits. This resulted in the production of stable PEC spongematerials comparedwith the PEC
materials produced at pH 6 and below. From the range of samples tested, the PECs produced at pH7.4
appeared to show the optimumcombination of yield, stability and homogeneity.

Introduction

There is an increasing interest in the development of effective biomaterials that possess appropriate
physicochemical and biological cues for their intended applications. Biomacromolecules such as polysaccharides
havewide potential as biomaterials, but often require chemical crosslinking to confer appropriate stability and
mechanical strength [1]. Some auxiliary crosslinker chemicals (such as glutaraldehyde)have been reported to be
toxic andmutagenic, and their fate in the body is not alwayswell understood [2]. ‘Self-crosslinking’ via electrostatic
interactions (polyelectrolyte (PE) complexing) can avoid the use of cytotoxic crosslinkerswhilstmaintaining
stability [3]. Unlike covalently crosslinkedmacromolecules, the advantage of polyelectrolyte complexes (PECs) is
that no significant purification processes are requiredprior to administration [1]. The PECs are dynamicmaterials
owing to their reversible electrostatic bonds and charged groupswhichmake themhighly sensitive to their
surrounding environment (especially to pH, ionic strength andPE concentration). This dynamic structure can lead
to controlled swelling anddegradation, andmay, therefore, be used for applications such as drugdelivery and anti-
fouling surfaces in changing physiological environments.

This research focuses on the preparation, and physicochemical characterisation of PECs based on chitosan
(CS) and carrageenan (CRG) derived from shrimp shells and red seaweed, respectively. CS andCRG are less
expensive than their glycosaminoglycan (GAG) counterparts found in the extracellularmatrix of the body such
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as hyaluronic acid, chondroitin sulfate and heparin. The low costs are due to the abundance of waste shrimp
shells and farmed red seaweed and their relatively simple extractionmethods [4]. CS, a positively-charged
polysaccharide is widely considered as the secondmost abundant organicmaterial after cellulose [5]. CS
possesses appealing intrinsic properties such as being biodegradable [6] and bacteriostatic [7]. CRG, a
negatively-charged polysaccharide, can be an inexpensive alternative to heparin [8]. It contains highly sulfated
charged groupswhich can provide non-thrombogenic properties to coatings.

Polysaccharides possess potential anti-adhesive characteristics due to their surface topography (roughness),
physicochemistry (surface free energy, hydrophilic orhydrophobic, cationic or anionic behaviour) andmolecular
weights [9]. In addition, negatively-charged polysaccharides have been considered to be important for the
electrostatic repulsionof cells due to thenegatively-charged cell surfaceGAGs such as hyaluronic acid present
around the cellmembranes [10]. Hyaluronic acid coatings onglass slides have been successfully used to reduce the
adhesion ofS. epidermidis andE. coliby several orders ofmagnitude comparedwithunmodified glass slide [11].
Commercial products of hyaluronic acid coatings are currently used tominimise post-surgery adhesion (tissue
attachments on implants).Heparin is anotherwidely-used polysaccharide for the coating of coronary stents,
however to date this has not been found to reduce thrombosis and restenosis over non-coated coronary stents [12].
Heparinhas been blendedwithCS to formfilmswith antithrombotic properties that prevent platelet adhesion and
thrombosis [13]. Dermatan sulfate has been polymerisedwithpolyurethane at different degrees of substitution and
was found to reduce the in vitro adhesion of platelets, red blood cells,macrophages and bacterial cells (E. coli)on all
copolymerfilms comparedwith the unmodified polyurethane [14]. A study carried out byBratskaya et al (2007)
[15] showed antibacterial and anti-adhesive responses fromCS-CRGmulti-layered coatingswhen testedwith two
Enterococcus faecalis strains isolated from infected biliary stents. The results showed that themultilayerswere
better at reducing bacterial deposition in comparisonwith the glass control and covalently graftedCS. The
adhesion ofnegatively-charged bacteriawas higher onCS terminatedmultilayers thanCRG terminated
multilayers.However, theCRG terminatedmultilayers showedno antibacterial activity. BothCS [16] andCRG
[17] are commonly found tobenon-toxic and it canbepredicted that thesematerialswouldbe suitable in anti-
fouling applications. Examples can include coatings for urinary catheters or coronary stents.

Themotivation forusingCS-CRGPECsas opposed toCS andCRGalone is the potential for stable coatings, gels,
films and spongeswithout further crosslinking, purificationormodification. For example, once thePECgel is
produced, it canbe solvent cast intonon-porousfilms [18]or freeze-dried intoporous sponges [19]. CShydrogel
alone canbe toobrittle for someapplications [20] andcontrol of drugdelivery for suchhydrogels canbepoor [1]. CS is
alsohighly soluble in acidic conditionsdue to itspKa valueof 6.4 [21]. CRG is soluble inwater and therefore cannotbe
used in its pure formwithout covalent crosslinking [22]. CRG is alsoknown tobemorehydrophilic thanCS [23], and
therefore themechanical andhydrationproperties ofCS-CRGPECsmaybe tailoredby controlling the composition.

In this research, a rigorous approach to the synthesis and characterisation ofPECgels and sponges is presented.
Previous researchhas shown that pH is a highly influential parameter on the chargedensity of PEswhich could
alter the physicochemical properties of PECs [24].However, there are currently nodetailed studies investigating
the effect of pHon thephysicochemical properties ofCS-CRGPECs.This studywill improve the understanding of
the effect of electrostatic complexing and self-crosslinking typeupon the stability of thematerial. It is hypothesised
that varying thepHduring PECpreparationwill have a significant influenceon the strength of the electrostatic
interaction andultimately on the viscosity of PECgels and stability of PEC sponges produced.

Method

Materials
Lowmolecularmass CS (72mPa s, 1%w/v in 1%v/v acetic acid at 25 °C)with 93.1%degree of deacetylation
andκ-CRG (6.4mPa s, 0.3%w/v inH2O at 25 °C)were purchased fromSigma-Aldrich, UK. TheCSwas
sourced fromPandalus borealis (coldwater shrimp) shell in Iceland. TheCRGwas sourced fromChondrus
crispus (red seaweed) in the Philippines.

Zeta-potential
The ζ-potential ofCS (0.1%w/v) andCRG (0.1%w/v)were determinedwith aZetasizerNanoZS (Malvern
Instruments Ltd,Malvern,UK) at 25 °C.Experimentswere performed at pHvalues ranging from2 to 12 at one
pH-unit intervals. Awide range of pHvalueswas tested to assess thepossible interactionwindowand the strength
of the electrostatic interactionwas calculated (ζCS×ζCRG=mV2) according toWeinbreck et al (2004) [25].

Preparation of PEC gels
For a unitmolar ratio of 1:1 CS-CRG, approximately 1.53 g of CS (0.38%w/v) and 4.40 g ofκ-CRG (0.63%w/v)
were dissolved in 400 ml of 0.16 MHCl and 700 ml of ultra-pure type 1water respectively for 24 h under
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vigorousmagnetic stirring. The pHof theCS solutionwas increased from2 to 4 using approximately 10 ml of
5 MNaOH. Theκ-CRG solutionwas heated to 60 °Cbefore themixing reaction using awater bath. TheCS
solutionwas kept at 20 °Cand added to theCRG solution in a drop-wise fashion at a rate of 14 ml min−1

(figure 1).
This process was repeated to obtain PECmixtures prepared at pH3–10 at 1-unit intervals. The PEmixture

was then poured into 50 ml centrifuge tubes and centrifuged (Hermle LaborTechnik Z300, Germany) at
4500 rpm (3222×g) for 2 min andwashed twicewith ultrapure type 1water to remove the dissociated counter
ions and unreactedCS andCRGby decanting the supernatant. Subsequently, the PEC gel was homogenised at
13.500 rpm for 1 min using amedium-sized homogenizer (VR,VDI 25,UK)while cooling using an ice box. The
homogenised PECswere then centrifuged again to remove the excess water used during homogenising. All
homogenised PECswere stored at 4 °Cuntil further use.

Figure 1.A schematic diagram showing the preparation of PEC gels and final products.

3

J. Phys.:Mater. 2 (2019) 015003 NAl-Zebari et al



Opticalmicroscopy
Opticalmicrographs were taken using bright field illuminationwith an opticalmicroscope equippedwith dry
lenses (GXMicroscopes, L2000BHTG,UK) and a digital camera (Moticam, 3.0MP,China). A drop of PEC gel
suspension (non-homogenised)was placed on amicroscope glass slide and coveredwith a glass coverslip
(22 mmdiameter×0.17 mm thickness) by ensuring no air gap is trapped between the sample and the coverslip.

Yield andmoisture content of PEC gels
After PEC gel preparation, the total PECmass wasmeasured using an analytical balance (Sartorius, BP61model,
Germany)with an accuracy of±0.1 mg. Three samples of approximately 0.1–0.3 gwereweighed before and
after freeze-drying. The samples were freeze-dried at−20 °C and 80mTorr for 17.5 h until completely dry, as
was confirmed by TGA. The PEC yieldwas determined bymass using the following equation:

m

m
Yield, % 100, 1d

i

= ´ ( )

wheremi is the total pure PE powdermass used tomake the PE solutions i.e. 5 g, andmd is themass of the dried
PEC. Themoisture content of PECswas analysed using the following equation:

m m

m
Moisture content, % 100, 2w d

d

=
-

´ ( )

wheremw is themass of thewet PEC sample andmd is themass of the dry PEC sample after freeze-drying.

Nitrogen, carbon and sulphur (NCS) elemental analysis
The composition of the freeze-dried complexes and individualmaterials was determined bymeasuring the
amount of nitrogen present in PECs. The elements weremeasured usingNCS element analyser (FlashEA 1112,
Thermo Fischer Scientific, Italy). The instrument was calibrated using a sulphanilamide standard.
Approximately, 1–2 mg of lyophilised samples for 17.5 h at 80mTorr weremeasured using amicrobalance
(Sartorius, Cubis-MSA, Germany)with a sensitivity to±0.1 μg. Thematerials were placed inside tin container
catalysts and heated to 980 °C. Thematerials were combusted, and the elements present were converted into
simple gases (CO2,N2 and SO2). Themachine identified the total N andC to the precision of 0.1 μg. The raw
data ofNmeasured by themachinewas presented inmass% andwere subsequently converted intomol%.

Fourier transform infrared spectroscopy
The PEC gels produced at different pHswere freeze-dried for 17.5 h at 80mTorr before analysis. The PECswere
analysed using an FTIR instrument (Spectrum100 Perkin Elmer, USA)with attenuated total reflectance using a
zinc selenide (ZnSe) crystal. The absorbance values of CS andCRGwere analysed independently. The non-
complexedmixture of CS andCRGwere also analysed and comparedwith the PECs to confirm complex
formation by electrostatic interaction. Electrostatic interaction of PECswas confirmed using the absorbance
values at 1592 and 1216 cm−1.

Rheology
The viscosity of PECswas determined using a rheometer (DiscoveryHybrid 2.0, TA Instruments, USA). The
temperature duringmeasurement was controlled at 20 °Cusing a Peltier element. A parallel plate (stainless steel)
geometry (0°, 40 mm)was usedwith a gap of 500 μmbetween theflat surfaces of both elements. For each
sample, approximately 1 ml of PEC gel sample was used. Theflow curves were obtained at increasing shear rate
(flow sweep or rate sweep) from0.01 to 100 s−1.

Preparation of sponges
CS solutionswere prepared by dissolving CS 1%w/v in 0.16MHCl for 24 h. CRG solutions were prepared by
dissolving CRG1%w/v for 24 h followed by 1 h of heating at 60 °Cuntil fully dissolved. CS andCRG solutions
(1 ml)were cast in 48well-plates (14 mmdiameter and 20 mmdepth)made of treated polystyrene (Corning®

Costar®, Sigma-Aldrich, UK). The solutions were then freeze-dried in aVirTis AdVantage 2.0 benchtop freeze-
dryer (Biopharma Process Systems, UK). In summary, the solutionswere frozen to−20 °C at a constant cooling
rate of 1 °Cmin−1. The temperature was then held constant at−20 °C for 8 h. The ice phasewas sublimed under
vacuum (0.08 Torr) at 0 °C for 24 h. The freeze-dried sponges were then immersed in 1MNaOHand 1MKCl
solutions respectively for 24 h using a shaker at 100 rpm. The sponges were subsequently washedwith ultrapure
type 1water for 1 h and 1 min respectively using a shaker at 100 rpm. Thewet sponges were then freeze-dried
again using the same freeze-drying protocolmentioned above. The homogenised PEC gel (1 g)was placed into
48-well plates and freeze-dried using the same protocol.
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Swelling of sponges
Cylindrical sponges (14 mmdiameter and varying heights)were submerged in 5 ml ultrapure type 1water at RT
for 14 h. The swollenweight of the sponges (water uptake of pores and struts)was found by gently blotting the
wet samples with tissue paper to remove the excess water. The percentage water uptake by the sponges was
calculated using the equation below:

m m

m
Water uptake scaffold, %

Wet mass Initial mass

Initial mass
100, 3w 0

0

=
-

´
( ) ( )

( )
( )

wheremw is themass of thewet sponge at a specific time point, andm0 is the initialmass of the dry sponge. The
percentagewater uptake by the struts was obtained by compressing the sponges between tissue paper to remove
all thewater present within the pores of the sponges. It was calculated using the equation below:

m m

m
Water uptake struts, %

Wet mass struts Initial mass

Initial mass
100, 4ws 0

0

=
-

´
( ) ( )

( )
( )

wheremws is themass of thewet struts of the sponge. The percentage water uptake by the pores in the spongewas
calculated using the equation below:

Water uptake pores, % Water uptake scaffold, % Water uptake struts, %. 5= - ( )

Results

Infigure 2(a), the ζ-potential of CS andCRGare presented for pH values ranging from2 to 12. The ζ-potential of
CS is shown to be at amaximum (+30 mV) at pH2–5. As the pHwas increased to pH 8 (with the addition of
NaOH), the ζ-potential decreased gradually towards neutrality (0 mV). The ζ-potential of CRGwas found to be
strongly negative and remained relatively constant throughout the pH range studied frompH3 (−60.6 mV) to
pH10 (−68.9 mV). The PECs at 1:1molar ratio displayed a negative ζ-potential across the full range of pHs
tested. The strength of electrostatic interaction (SEI) of PECs at a particular pHwas predicted bymultiplying the
CS chargewith theCRG chargemeasured at the same pH (figure 2(b)).

This suggested that the interaction betweenCS andCRG is greatest at pH4 and 5. The SEI is corroborated by
themaximumPECyield of 85%which occurred at pH 5.

Figure 2. (a) ζ-potential of CS, CRG andCS-CRG1:1molar ratio at different pH value. (b)The strength of the electrostatic interaction
(SEI) for CS-CRGand the solid content of PEC gels.Mean±SD, n=3.
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The prepared PE complex gels after thewashing and centrifuging protocol are shown infigure 3(a). The
pH strongly influenced the appearance and consistency of the PE complex gels. A densewhite precipitate was
formed at 3�pH�7 and a translucent watery complex coacervate at 7.4�pH�12. The optical
micrographs infigure 3(b) show that the PEC gels contained fibrous structures. The PECs at low pH range
displayedmorefibres with shorther chain lenths. These fibreswere formed through the coagulation and
entanglement of the reacting PEs.However, at higher pH, only large bundled fibreswere observed. At low pH,
thefibreswere tightly packed and difficult to resolve under theOM.

Infigure 4(a), the%nitrogen and% sulfur of all candidatematerials is shown inmolar%. The nitrogen
content, which depicts the amount of CS in the PEC, increases at higher pH. Although the interaction strength
reduces with increasing pHup to pH6 (figure 2(b)), the compositionwas unchanged over this range
(figure 4(a)). The PECs produced at the higher pH range (pH9–12), contained approximately 30%moreCS
than PECs produced at the lower pH range (pH3–8). Themoisture contents of PECs prepared at higher pHs
(range 9–12)were approximately eight times larger than themoisture contents present in PECs prepared at

Figure 3. (a)Visual assessment of CS-CRGPECs at pH 3–12 afterwashing and centrifugation protocol (non-homogenised).
(b)Opticalmicrographs of PEC gels prepared at different pH conditions.
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lower pH range (3–7). The FTIR spectrawere used to confirm the electrostatic interaction during PEC formation
(figure 4(b)).

The characteristic absorption bands for CSwere at 1650 and 1587 cm−1 and for CRG at 1230, 914, 844 cm−1.
During PEC formation, the sulfate group (1230 cm−1) in CRG shifted to 1216 cm−1 and the band inCRG at
1630 cm−1 and band inCS at 1650 cm−1 were shifted and combined to form a stronger peak at 1634 cm−1.

Figure 4. (a)The effect of pHon themolar composition of PECs. The result is based on the%nitrogen.Mean±SD, n=3. (b) FTIR
data of CS, CRG,CS andCRGnon-complexedmixture andCS-CRG complexes (pH3–12). Red ellipses are highlighting the
wavenumbers for the confirmation of electrostatic interactionwithin PECs.

Figure 5.The viscosity of PEC gels prepared at different pH range (3–9) andmeasured at a shear rate of 0.01 s−1.
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At pH8 and above no PEC formation could be confirmed, as therewas no trough present at 1529 and
1216 cm−1. The absence of complex formationwas also confirmed bymixing unreactedCSwithCRGpowder
(dark blue curve), which appeared to have the same fingerprint region as the non-complexed PECs produced
at pH8–12.

Infigure 5, the PECs prepared at pH 3–5 showed viscosities two orders ofmagnitude higher than those
found in PECs prepared at higher pH values (6, 7, 7.4, 8 and 9). The appearances of the sponges before and after
swelling are shown infigure 6(a).

Figure 6. (a)Appearance of CRG,CS and PEC sponges prepared at pH 3, 5, 7.4 and 9 before and after swelling. Sponges were
submerged in PBS at RT for 14 h.Unstable sponges: CRG, PECpH3 and PECpH5. Stable sponges: PECpH7.4, PECpH9 andCS.
(b)Water uptake of the sponges when submerged in ultra-pure type 1water at RT for 14 h.
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TheCRG and the PECs prepared at pH3 and 5weremore prone to disintegration, whereas theCS and PECs
prepared at pH 7.4 and 9 remained intact and stable when submerged inwater for 14 h. Thewater uptake is
greater for thematerials prepared at higher pH (figure 6(b)). Themaximumwater uptakewas observed for pH9
PECwhich could hold 28 times its original weight. The PECs prepared at pH3, pH5 andCRGdisintegrated in
the swollen state during handling. For that reason, thewater uptake of the struts and pores could not be
determined for the low pHPECs andCRG samples.

Discussion

The effect of pHonPE charge density and Interaction
The pH is considered to be one of the strongest factors that affect the charge density of PEs [26].When the charge
density changes, the three-dimensional configuration and flexibility of PE also changes. It is widely accepted that
when the ζ-potential is�−30 mVor�+30 mV, then the PE solution is stable (dispersed) due to the high
repulsion of like-charged PEs. This creates an extended polymer chain that is stiff. However, when the
temperature increases, the chains of the PEs are still charged but conform to a random coil-like structure [27].
PEs that are being neutralisedwill turn into a random-like conformation because the charge repulsions on
polymer backbones are cancelled.

The acid dissociation constant (pKa) of CS has been reported to be around 6.5 [28].WhenCS powderwas
dissolved in acid, NH2 groupswere protonated by the hydrogen ions in the acid giving rise to positively-charged
–NH3

+ groups (equation (6)). This was the state whenCSwas dissolved in acid. In contrast, the addition of a
base e.g. NaOHdeprotonates the –NH3

+ groups back toNH2 groupswhich result in the precipitation of CS
(equation (7)) and therefore CS exhibits aweak PE behaviour. This was the state whenCSwas precipitated in
alkali. CSwas found to be 17%positively-charged at pH7.4, whichwas found to closelymatchwith the results
previously obtained byDenuziere et al (1996) [29], exhibiting a positive charge of 16%at pH7.4. InCS, the
switchover to negative values in the pH range 8–13 is likely due to the screening ofNH2 groups of CS by the
excess hydroxide ions from the added alkali (equation (8)).

ð6Þ

ð7Þ

ð8Þ

In contrast, the negative ζ-potential values of CRG are the result of dissociation of –OSO3K giving rise to
–OSO3

- in CRGmolecules (equation (9)). This was the state whenCRGwas dissolved inwater. The sulfate
groups of CRG can also exist in conjugated formwith calcium and sodium ions. Even though the pKa value of
CRGwas reported to be at pH2 [30], the ζ-potential for CRGwas unexpectedly still very high at pH2 (−28mV).
Therefore, CRG exhibits a strong PE behaviour. Similar ζ-potential valueswere previously found inCRG from
pH2–7 at a concentration of 0.5wt% [31]. However, the ζ-potential values of CRG at pH8–12were not reported
before. The significant increase inNa+ andOH− ionsmay have also led to the disruption of theCRGgel helices
and thereby further exposing the negatively-charged groups leading to strong negative ζ-potential as found for
pH11 (figure 2(a)) [32, 33].

ð9Þ

Equation (10) shows the electrostatic reaction betweenCS andCRG and the release of counter ions in the
formof salt. Formation of PE complexes is the result of interactions between the amino groups and the sulfate
groups present inCS andCRG, respectively [34]. The PEC complex in this study displayed a negative ζ-potential
across all pH range. Thismay have been caused by the dissolution of theCRGmolecules into the solventmixture
and the higher opposite charge density.

ð10Þ
The SEI is an empirical estimate of the electrostatic strength between the PEs at different pH conditions. The

ζ-potentialmeasurements showed that the attraction between PEs (SEI) is strongest at pH 3–5 andweakest at
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pH8–12 aswas presented infigure 2(b). Similar results were found previously, where the interaction betweenCS
and gum-arabic (GA)was the highest between pH3.5–5 and lower at pH2 and 6 due to the protonation ofGA
belowpH3 and the deprotonation of CS above pH5 [24].

The effect of pHonPECyield
The PEC yield was used to determine the effect of pH on the efficiency of PEC formation betweenCS and
CRG. At pH 5 the interaction betweenCS andCRG produced the highest complex yield of 85%. Espinosa-
Andrews et al (2007) [35] previously found a similar result, where themaximum complex yield (92%) between
GA andCS appeared to be at pH 5 regardless of the CS concentration used (0.25, 05 and 1%w/w). Similarly
Huang et al (2014) [36] showed the highest complex yield betweenGA andCS at pH 4.5. The reasons stated for
the high complex yield at pH 5was that the charge densities of the PEs were stoichiometrically balanced,
allowing for greater complexation to occur with higher complex yield. The low yield and highmoisture
content of PEC gels produced at high pH are the product of the neutralised CS and strongly negatively-
chargedCRG, respectively.

The effect of pHonPECgel composition and viscosity
Overall, it can be concluded that the viscosities of the PEC gels were dominated by the electrostatic
interactions rather than the composition andmoisture contents of the PECs. The increase in pH from 5 to 8
led to a lower SEI and consequently a lower viscosity. Although the interaction strengthwas reduced by
increasing pH, the compositionwas unchanged over the pH range of 3–8. Unexpectedly, themoisture content
appeared not to be dependent on the composition of the PECs prepared at pH 3–8. Nor did themoisture
content show a significant effect on the viscosity. This can be confirmed at pH 5 and 6, where the viscosity of
the PEC gel at pH 5was about two orders ofmagnitude higher than the gel at pH 6, and themoisture contents
and compositions were approximately the same. The PECs prepared at pH 9–12 exhibited an increase in the
fraction of CS and themoisture content but changed the viscosity only very little when compared to the
substantial viscosity change caused by the electrostatic interactions from pH5 to 6. However, the SEI at pH 6
did notmatchwith the viscositymeasurement, and therefore it is important to note that the SEI results from
the ζ-potential measurements can only provide an approximate prediction of the strength of PEC
interactions.

Confirmation of electrostatic Interaction
FTIRmeasurements were carried out to confirm the presence of electrostatic interactions as this was not
possible with theNCS elemental analysis technique. The absorbance band at 1529 cm−1 infigure 4(b)was only
visible after PEC formation andwas thought to be due to OSO3

-–NH3
+ that is responsible for the electrostatic

complexing. Electrostatic PEC formationwas confirmed for the PECs prepared at pH 3–7.4.

Desired PEC viscosity for producing freeze-dried sponges
Florczyk et al (2011) [37] recommended that the viscosity of theCS-alginate PEC slurry should be below 300 Pa s
to produce uniformpores in sponges because themigration of growing ice crystals becomes difficult at high
viscosity leading to large and irregular pores. The PE complexes produced at pH3–7 showed the highest yield
but did not have suitable viscosities for the production of uniform freeze-dried PEC sponges. According to the
measured viscosities, themost appropriate pH candidates for uniform sponge production of CS-CRGPECgels
would be those prepared at pH7.4 and above. Hence, the best results to control porosity in freeze-dried sponges
is to have the lowest viscosity possible without compromising on themechanical properties of the final freeze-
dried structure.

Swelling and stability of PEC sponges
The amount of water taken up by the sponge depends on thematerial hydrophilicity and on the capability
of pores to retain fluid. In fact, on average the pores in the sponge were taking up six timesmore water
than the PEC strut materials. The reason for the lower stability of PEC sponges prepared at low pHwas
because the PEC gels weremainly intra-crosslinked while PECs prepared at high pHweremainly inter-
crosslinked which provided the higher stability (figure 7). The stability is formed by the entanglements and
secondary forces such as van derWaals, hydrogen bonds and hydrophobic interactions between adjacent
PEC particles.
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Conclusion

Although complexing can be encouraged at lowpH conditions, the structure formedwhen freeze-dried does not
create interconnecting networks that are sufficiently strong to resist immersion inwater.Water removed
structure gives the opportunity to bond further asmolecules are brought into closer proximity. At low pH it is
likely that chains are bound in pairs with few networking links. At high pHproduction conditions, CS dominates
but the addition of someCRG enhances stability which suggests relatively small number of charge interactions
with amore restricted structurewhich ismore resistant towater after freeze-drying. Therefore, to stabilise the
structure it is not reliant on the number of interactions, (toomany lead tomore binary binding between chains)
but on sufficiently little to allow broader network formation. Overall, the level of bonding can be optimised to
create self-crosslinked structures by using high pH conditions. Toomuch bonding in pair wise structures does
not lead to formation of sufficiently connected networks with freeze-dried structure not stabilised.
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