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Abstract: Microbial biofilm systems are of industrial, environmental and medical 21 

concern. The existence of a structured matrix of extracellular polymeric substances 22 

(EPS) distinguishes biofilms from other bacterial communities. We contend that a 23 

lack of a cohesive framework for achieving solubilization of biofilm matrices 24 

contributes to suboptimal biofilm control strategies and a rudimentary understanding 25 

of important extracellular processes, such as cell-cell signaling and horizontal gene 26 

transfer. Here, we demonstrate that ionic liquids enable nonpolar systems for biofilm 27 

dissolution and allow the solubility parameter concept to be applied to a range of 28 

biofilms to identify optimum solvents. Solubilization was measured in terms of 29 

intrinsic solute viscosity ( � ), and Hildebrand solubility parameters ( � ) for 30 

Pseudomonas aeruginosa rugose small colony variant biofilms and two distinct types 31 

of activated sludge biofilms were determined to be 24.8, 26.0 and 25.8 MPa1/2
 32 

respectively. Chromatographic separation of the matrix components of each biofilm 33 

was achieved in a 40:60 v/v blend of 1-ethyl-3-methylimidazolium acetate in N, N-34 

dimethylacetamide, with partitioning of individual molecular weight fractions of each 35 

biofilm into the mobile phase accompanied by clear chromatographic peaks. While 36 

each biofilm may require its own specific solvent mixture, the work presented here 37 

provides a conceptual framework to enable the identification of that solvent mixture 38 

which will ultimately allow for the fractionation, isolation and characterization of 39 

hitherto intractable biofilm polymers.  40 

 41 
 42 
 43 
  44 
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Introduction  45 

Most microorganisms can self-assemble to form structures called biofilms by 46 

secreting extracellular polymeric substances (EPS) that bind them to each other and to 47 

solid substrata.1 Biofilms are prominent in many engineered and natural habitats,2 and 48 

allow cells the benefits of communal living, including mutualistic interactions, cell-49 

cell communication,3 protection against predators,4 and resistance to toxic 50 

compounds.5  51 

Central to the concept of biofilms is the existence of an extracellular matrix. This is 52 

largely comprised of polymers including polysaccharides, protein adhesins and 53 

eDNA, among other compounds.6-8 Because of its physical and chemical properties, 54 

the extracellular matrix can function as an extension of the cell in which key 55 

processes take place. Horizontal gene transfer,9 pre-processing of complex substrates, 56 

and their detoxification,10 and trafficking of  cell-cell signaling molecules11 are all 57 

mediated by the extracellular matrix. Nevertheless, our current understanding of this 58 

matrix is rudimentary. This contrasts with the detailed and clear descriptions that exist 59 

for intracellular processes, functional compartmentalization, molecular organization 60 

and intermolecular interactions.12 The secretion of extracellular polymeric substances 61 

(EPS) likely reflects an adaptive response by cells to extracellular conditions.13, 14 Yet 62 

the extent to which microbially mediated processes are regulated extracellularly is 63 

unknown. Furthermore, our understanding of interactions between organization and 64 

compartmentalization of individual EPS components is limited to general and non-65 

specific electrostatic interactions and hydrogen bonds.15 66 

Certain EPS have been isolated from biofilms and their structure/function 67 

relationships described. They include granulan, which is found as antiparallel 68 

polysaccharide double helices stabilized by complementary hydrogen bonds and 69 

builds the matrix of activated sludge biofilms.16 However, characterizations of EPS 70 

from environmental and clinical biofilms still suffer from uncertainty about how best 71 

to solubilize them for detailed structural studies. While some biofilms appear to be 72 

fully soluble in alkali aqueous solutions,17 others such as those of Pseudomonas 73 

aeruginosa and certain activated sludge granular biofilms are only partially soluble in 74 

aqueous solvents.18, 19 Direct compositional and functional analyses of biofilm EPS 75 

are therefore biased towards constituents that are soluble in aqueous solvents. 76 
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Biofilms, almost by definition, however, are poorly soluble in aqueous solvents, and 77 

therefore many structurally important biofilm EPS are being overlooked. 78 

P. aeruginosa is a model organism for studying biofilm formation and the EPS 79 

matrix.20 Its extracellular matrix is believed to consist of three polysaccharides, Pel, 80 

Psl and alginate.18, 21 It also contains a large protein CdrA of 150 kDa,8 functional 81 

amyloid of Pseudomonas fibrils22
 and filamentous phage.23 Yet, even for P. 82 

aeruginosa biofilm EPS, detailed information on the less soluble components is 83 

lacking. Friedman and Kolter discovered two genetic loci in P. aeruginosa (strain 84 

ZK2870) responsible for encoding carbohydrate-rich compounds (i.e. Pel and Psl).18 85 

To the authors’ best knowledge, no method for purifying Pel has been published and 86 

there is no structural information about it beyond it having a high-glucose content.24 87 

While a structure for Psl has been published,21 the size fraction of Psl that was 88 

isolated and characterized was selected on the basis of higher spectral resolution, 89 

which results from increased solubility25 and it is clear that there are other 90 

components of Psl which remain unpurified, limiting a complete understanding of the 91 

characteristics of this EPS component. The size and structure of the extracellular 92 

protein adhesin CdrA render it insoluble and descriptions of CdrA are currently 93 

limited to theoretical studies based on its genetic homology to other adhesion 94 

proteins.8, 26  95 

Despite the wide-spread use of P. aeruginosa as a model system, low solubility has 96 

restricted establishing structure-function relationships for many of its EPS to indirect 97 

approaches (e.g. genetic knockdowns) rather than from the direct characterization of 98 

biofilm-isolated polymers. This limitation is also encountered with other biofilms, 99 

particularly for multi-species biofilms that are important in natural, medical and 100 

industrial settings, mediating, for example, complex biodegradation processes (e.g. 101 

activated sludge) and resistance to antimicrobials.27, 28 102 

We submit that poor biofilm solubility is a major obstacle to establishing structure-103 

functional relationships for biofilm EPS. However, solubility is a function of 104 

interactions between solute (i.e. biofilm) and solvent.29 It may therefore be possible to 105 

make soluble biofilm constituents otherwise considered insoluble from their behavior 106 

in aqueous solvents. For example, cellulose is completely insoluble in water yet 107 

soluble in some organic solvents and ionic liquids.30 In this study, a method is 108 

established that selects for solvents that achieve maximum biofilm solubility, based 109 
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on compatibility of solubility parameters (i.e. solubility parameter concept). We 110 

demonstrate complete biofilm solubilization for P. aeruginosa and two mixed 111 

microbial biofilms using nonpolar solvents and ionic liquids, and show that this can 112 

be used as the basis for subsequent purifications, such as separating extracellular and 113 

intracellular storage polysaccharides, and to fractionate high molecular weight biofilm 114 

constituents.  115 

Results and Discussion 116 

Designer solvents achieve high solubility of biofilms 117 

Our current understanding of biofilm solubility is based on their behavior in aqueous 118 

solvents. For the purposes of demonstrating a method for optimizing solvent 119 

selection, three biofilms were selected as representatives of different degrees of 120 

dissolution under mildly alkaline conditions. These were 1) pellicles formed by a 121 

rugose small colony variant (RSCV) of Pseudomonas aeruginosa, chosen on the basis 122 

of its high EPS production and partial solubility in alkali aqueous solvents (Fig. S1B), 123 

a feature characteristic of P. aeruginosa biofilms,18 2) Glycogen Accumulating 124 

Organism (GAO) – enriched activated sludge granules, that displays full solubility in 125 

a mild sodium hydroxide solution (pH > 9.5) as reported in Seviour et al.31 (Fig. 126 

S2B), and 3) activated sludge granules enriched for Denitrifying Polyphosphate-127 

Accumulating Organisms (DPAO), shown in preliminary studies to be completely 128 

insoluble in sodium hydroxide (Fig. S3B). Additionally, GAOs and DPAOs store 129 

glycogen intracellularly and hence biofilms 2 and 3 were chosen to investigate 130 

whether intra- and extracellular polysaccharides can be separated on the basis of 131 

differential solubility.32  132 

A range of organic solvents and ionic liquids were initially screened for their ability 133 

to solubilize biofilms. Ionic liquids are “green” alternatives to organic solvents with 134 

inherent diversities that allow them to be blended and fine-tuned to optimize EPS 135 

yield, selectivity and substrate solubility.33 They are increasingly being applied as 136 

solvents for recalcitrant polysaccharides, including chitosan and cellulose.34-36 137 

Samples were placed in the different solvents and a visual assessment of their 138 

solubility was made based on conversion of the biofilm from a solute into the solvent.  139 

P. aeruginosa pellicle biofilms separated into two clear phases, biofilm (or solute) 140 

and solvent, at t = 0 (Fig. S1) in the solvents tested, with the biofilm either separating 141 
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to the bottom and surface of the solvent (e.g. butanol), dispersed throughout the 142 

solvent to give a turbid appearance (e.g. bicarbonate solution), or both (e.g. 1-3 ethyl-143 

3-methylimidazolium acetate, or EMIM-Ac).  144 

There was no visible change in the state of the P. aeruginosa pellicle biofilm 145 

following 3 d immersion at 50 °C in phosphate buffer solution (PBS) pH 7 (Fig. 146 

S1A), Luria Bertani (LB) broth (Fig. S1C) or 1-butanol (Fig. S1E). Thus, biofilms 147 

were classified as having very low solubility in these solvents. After immersion in 148 

N,N-dimethylacetamide (DMAc), there was a slight coloration of the solvent 149 

concomitant with decolorization of the biofilm, indicating some transfer from solute 150 

to solvent (i.e. low solubility). While there was a visible reduction in biofilm volume 151 

following immersion in ethanolamine (Fig. S1D), along with coloration of the 152 

solvent, there were still traces of undissolved biofilm (i.e. medium solubility). 153 

However, following immersion in 1-ethyl-3-methylimidazolium acetate (EMIM-Ac) 154 

(Fig. S1G) and 40:60 v/v EMIM-Ac:DMAc (Fig. S1H), there were no signs of 155 

undissolved biofilm, and at the same time there was a darkening of the solvent and 156 

increase in solvent viscosity, suggestive of full biofilm dissolution (i.e. high 157 

solubility).  158 

Similar results were observed for the other two biofilm types (Table S1). Image-based 159 

analysis (Fig. S2 and Fig. S3) indicated the degrees of solubilization of GAO-160 

enriched and DPAO-enriched granular biofilms.   161 

In addition to EMIM-Ac, the ionic liquids 1-ethyl-3-methylimidazolium diethyl 162 

phosphate (EMIM-DEP) and 1-butyl-3-methylimidazolium (BMIM-Cl) were shown 163 

here to be suitable for solubilizing all three biofilms. This is consistent with what has 164 

been observed for the recalcitrant polysaccharides chitin and cellulose.37, 38  165 

Representative structures of these ionic liquids are presented in Fig. 1. As with 166 

cellulose and chitin, some dissolution of all three biofilms was also observed in 167 

DMAc.39 Ethanolamine also achieved moderate solubilization, but most ionic liquids 168 

and organic solvents tested achieved negligible solubilization. For glycogen, complete 169 

solubilization was achieved in additional solvents including dimethyl sulfoxide, 170 

dimethylformamide, 2-pyrollidone and allyl alcohol.  171 

An antimicrobial effect of ionic liquids was reported by Ruegg et al., who attributed 172 

their inhibition of microbial growth to membrane permeabilization or extreme 173 
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osmotic shock.40 Ionic liquid-treated P. aeruginosa PAO1 RSCV cells in our study 174 

were reduced in diameter by 12 % compared to cells in the growth media (LB), from 175 

1.21±0.142 µm to 1.07±0.16 µm diameter, compared to 1.26±0.19 µm diameter in 176 

PBS (Fig. 2A and 2B respectively), suggesting osmotic stress.41, 42 A high level of the 177 

lipopolysaccharide compound 2-keto-3-deoxyoctonate was observed following 178 

exposure of the biofilms accompanying ionic liquid treatment of cells (0.005 µg/µg 179 

cell), consistent with cell lysis.19 180 

Dissolving biofilms with ionic liquids may therefore result in contamination of 181 

recovered EPS with intracellular constituents, depending on whether these 182 

intracellular constituents are also soluble in the ionic liquids used. For example, 183 

glycogen is soluble in EMIM-Ac and EMIM-DEP (Table S1), and an ionic liquid-184 

based EPS extraction protocol for biofilms comprising glycogen-accumulating cells 185 

(i.e. GAO-enriched and DPAO granules) will probably have to contend with glycogen 186 

removal as well as other polymeric intracellular constituents. Nonetheless, EPS 187 

solubilization is an absolute precondition for any subsequent chemical analyses. An 188 

understanding of differential solubilities will inform how to distinguish intra- and 189 

extracellular molecules. 190 

Determination of biofilm solubility parameters 191 

The solubility parameter concept states that two materials with corresponding 192 

solubility parameters will be miscible within each other due to balancing molecular 193 

forces.43 This parameter can be used to select the best solvent for any polymer 194 

networks, such as biofilms, however it is only applicable to nonpolar systems. Ionic 195 

liquids therefore enable the application of the solubility parameter concept to identify 196 

the optimal solvents for the three representative biofilms. For the three biofilm in this 197 

study we used the Huggins constant (kH), Kraemer constant (kK) and Hildebrand 198 

solubility parameter (�) to illustrate how to match solute to solvent:  199 

EPS transfer from solute (i.e. biofilm) into solvent was measured as an increase in 200 

solvent viscosity. There is a direct correlation between the amount of 201 

biomacromolecule solubilized and viscosity.44 Viscosity is thus a functional output 202 

that reflects the extent of solubilization of important biofilm constituents. Specific 203 

viscosity (ηsp) and relative viscosity (ηrel) were then calculated at each concentration 204 

in solvents spanning the solubility parameter range (i.e. mg dry solid/mL solvent) and 205 
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the Huggins and Kraemer relationships plotted (Equations 1 and 2). This is illustrated 206 

for P. aeruginosa RSCV pellicle biofilm in EMIM-Ac/Ethanolamine, with ηsp/c and 207 

(ln ηrel)/c plotted versus concentration (Fig. 3). Thus, from the common intercept of 208 

the Huggins and Kraemer relationships, [kH]	and [kK] for P. aeruginosa RSCV pellicle 209 

biofilm dissolved in EMIM-Ac/Ethanolamine are 1.9 and 1.8, respectively. 210 

Linear Huggins and Kraemer relationships were observed for all samples, indicating 211 

that aggregation of EPS was not occurring.45 Fig. 4 shows the plot of intrinsic 212 

viscosity [�] of P. aeruginosa RSCV pellicle biofilm in the different solvents as a 213 

function of [����	
��]	values ([����	
��] ranging from 24.35 to 31.30 MPa1/2).  The 214 

Hildebrand regular solution theory states that the plot of  [�] against [����	
��] should 215 

be a smooth curve. Thus, as the midpoint of the solubility parameter range,  216 

[������
]	of P. aeruginosa RSCV pellicle biofilm is 24.8 (Fig. 4).  217 

[kH], [kK] and [η] values of biofilms in the various solvents investigated are 218 

summarized in Table 1.  The ability for a biofilm to be dissolved by a solvent is a 219 

precondition for determining solubility parameters and therefore limits the spread of 220 

results for data fitting purposes. Only five of the twenty-three solvents achieved any 221 

biofilm dissolution (Table S1). A clear [ηmax] was observed for all biofilms, however, 222 

suggesting [ ������
]	 values for the RSCV pellicle, GAO-enriched granular and 223 

DPAO granular biofilms of approximately 24.8, 26.0 and 25.8 MPa1/2
 respectively. 224 

Irregularities in the relationship between [η] and [������
]	probably arose from the 225 

confounding effects of hydrogen bonding between solvent and solute.45 Solute [η] is 226 

proportional to intermolecular forces between solute and solvent. Hence, the solvent 227 

of greatest solute intrinsic viscosity provides for greatest dissolution.46 [kH] has also 228 

been found to decrease with increasing solvent power,47 which supports the results 229 

from this study with [ηmax] also corresponding to minima in [kH] (Table 1).  Thus, the 230 

ionic liquid or the ionic liquid-organic solvent blend that gives either the highest 231 

intrinsic viscosity or lowest [kH] could be the best solvent for biofilm dissolution. 232 

Solubilization by ionic liquids provides separation of extra- and 233 

intracellular biofilm polysaccharides 234 

As discussed above, an ionic liquid-based EPS solubilization may also need to 235 

differentiate between the extracellular matrix and intracellular polysaccharide 236 

polymers observed as a consequence of cell lysis. For example, glycogen, present as 237 
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an intracellular storage polysaccharide in the GAO-enriched granular and DPAO 238 

granuar biofilms, is soluble in a wide range of ionic liquids and organic solvents 239 

(Table S1). Based on the Hildebrand regular solution theory, glycogen has a 240 

[������
]	value of 25.8 MPa1/2, which could partially explain the values of the GAO-241 

enriched and DPAO granular biofilms, as these are of similar magnitude (26.0 and 242 

25.8 MPa1/2 respectively). High glucose levels were recorded in both DPAO and 243 

GAO-enriched granules relative to RSCV pellicle biofilms, consistent with the 244 

presence of intracellular glycogen, a multi-branched polymer of glucose monomers 245 

(Fig. 5). Treating GAO-enriched and DPAO granules with ionic liquids will therefore 246 

result in a mixture of solubilized EPS and intracellular storage glycogen.  247 

Glycogen is soluble in water (Table S1), suggesting that water can be used as an anti-248 

solvent to separate glycogen from the EPS. To illustrate how understanding 249 

solubilities in organic and aqueous solvents can be used to segregate EPS from 250 

intracellular storage polymers, GAO-enriched and DPAO granules were treated with 251 

EMIM-Ac and water as solvent and anti-solvent respectively. Galactose, rhamnose, 252 

glucose and mannose contents of GAO-enriched and DPAO granular biofilms were 253 

measured before and after treatment with EMIM-Ac and water (Fig. 5). Galactose, 254 

rhamnose, glucose and mannose have been demonstrated as major EPS constituents in 255 

GAO-enriched granular biofilms.48 Treatment with EMIM-Ac and water substantially 256 

enriched the galactose, mannose and rhamnose contents in both biofilms and a 257 

significant reduction in the concentration of glucose detected. While it is possible that 258 

some water soluble, glucose-rich extracellular polysaccharides were also removed, 259 

given the high glycogen content of the DPAO- and GAO- enriched granules,49, 50 the 260 

reduction in glucose is likely explained by the fact that both glycogen and biofilm 261 

EPS were brought into solution by EMIM-Ac but that only the glucose remained in 262 

solution in water while the EPS components were precipitated by the addition of 263 

water. Thus, the combination of ionic liquid and water solubilization can be used to 264 

differentiate between EPS and intracellular polysaccharide biopolymers.  265 

Biofilm solubility parameter determination identifies the appropriate 266 

solvent for constituent fractionation and isolation 267 

The solvent capabilities of ionic liquids EMIM-DEP and EMIM-Ac are illustrated 268 

above. Coupled with their other properties, including high thermal/chemical stability 269 
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and wide liquid range, these ionic liquids offer a means to isolate EPS previously 270 

overlooked due to low solubility. However, there are challenges to using ionic liquids 271 

to purify high molecular weight macromolecules. These include their high cost and 272 

viscosity. Ionic liquids are 2-3 times more viscous than organic solvents, which 273 

precludes their use as mobile phases in liquid chromatography.51 274 

The [ ����	
��]	 of ionic liquid mixtures does not correlate linearly with their 275 

concentration, and therefore does not follow Kay’s mixing rule.52 The 276 

[����	
��]	values of ionic liquid-organic solvent mixes tend to be closer to those of the 277 

ionic liquid than the organic solvent. According to the solubility parameter concept it 278 

should therefore be possible to maintain the [������
]	values of ionic liquid-based 279 

solvents by blending these with a high fraction of compatible organic solvent to 280 

reduce the cost and viscosity without compromising EPS solubility. 281 

Based on maximum intrinsic viscosities, EMIM-Ac/DMAc is the best solvent for all 282 

three biofilms used in this study (Table 1). According to the solvent compatibility 283 

concept, EMIM-Ac/DMA is optimum for RSCV pellicle and EMIM-DEP for GAO-284 

enriched and DPAO granular biofilms. [kH] is another measure of polymer-solvent 285 

interactions, with lower [kH] indicating a higher degree of solvent-solute interactions 286 

and hence solvent compatibility. On this basis the prediction of optimum solvent for 287 

these biofilms based on [kH] values supports the prediction obtained by solvent 288 

compatibility. Matching solvent to biofilms on the basis of their solubility parameters 289 

will thus likely result in a range of solvents being identified as optimum for different 290 

biofilms. 291 

Gel permeation chromatography (GPC) was used here to determine whether the 292 

increase in viscosity elicited by the transfer of EPS from biofilm into solution (Fig. 3) 293 

promoted the solvation of new constituents, and to observe whether these constituents 294 

could be resolved chromatographically. This would indicate the suitability of GPC 295 

coupled with an ionic liquid-based mobile phase in subsequent studies for isolating 296 

and characterizing key structural extracellular polymers, including those previously 297 

ignored due to low solubility. EMIM-Ac/DMAc was selected as the most appropriate 298 

mobile phases of those tested (with chromatography-compatible viscosities) for 299 

fractionating the RSCV pellicle biofilm based on matching [ ����	
��]	 and 300 

[������
]	values.  301 
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Contrary to the prediction based on the non-linear correlation between [����	
��]	and 302 

ionic liquid content, incomplete dissolution of all biofilms tested here was observed at 303 

EMIM-Ac fractions less than 40 % v/v. This is likely due to changes in polar and 304 

hydrogen-bonding interactions with the increasing organic solvent content.44 To 305 

ensure that all constituents were included in the analysis, a 40:60 blend of EMIM-Ac 306 

and DMAc was used as the mobile phase for determining the molecular weight (MW) 307 

distribution by GPC.  308 

A representative MW profile of an RSCV pellicle biofilm solubilized in 40 % vol/vol 309 

EMIM-Ac in DMAc in Fig. 6A shows that there are probably four chromatographic 310 

peaks corresponding to distinct MW fractions. These appeared at 1.0x106, 7.0x105, 311 

3.5x105 and 1.0x105 Da, as referenced against pullulan MW standards. Based on 312 

overlapping UV absorbance (at 280 nm) and Refractive Index (RI) signals it is likely 313 

that all constituents contain some amino acids. This would suggest that the dominant 314 

materials are not polysaccharides although they could still be glycoproteins or 315 

peptidoglycans.17 Therefore, biofilm solubilization by an ionic liquid-organic solvent 316 

blend selected on the basis of compatibility of solubility parameters allows for MW 317 

fractionation of P. aeruginosa RSCV pellicle biofilm EPS, and subsequently isolation 318 

of individual EPS constituents.  319 

The MW peaks at 1.0x106, 7.0x105 and 3.5x105 Da were present at much lower 320 

intensities or were absent in the representative chromatograms and MW profiles of P. 321 

aeruginosa RSCV planktonic cells in 40 % EMIM-Ac in DMAc, and RSCV pellicle 322 

biofilm in 10 % EMIM-Ac in DMAc  (Fig. 6B). Neither solubilization of free cells in 323 

40 % EMIM-Ac nor the RSCV pellicle biofilm in 10 % EMIM-Ac elicited the 324 

increase in solvent viscosity seen with the RSCV pellicle biofilm in 40 % vol/vol 325 

EMIM-Ac in DMAc. The low MW peak was observed in all RSCV samples and 326 

therefore probably corresponds to small hydrophobic molecules expressed by P. 327 

aeruginosa planktonic cells and biofilms alike that are weakly bound and partition 328 

easily into organic solvents. These include the redox mediator pyocyanin,53 quorum 329 

sensing molecules 2-heptyl-3-hydroxy-4-quinolone (i.e. Pseudomonas quinolone 330 

signal, or PQS),54 and the AHLs N-3-oxo-dodecanoyl-L-homoserine lactone and N-331 

butanoyl-l-homoserine lactone.11 The higher MW peaks for RSCV pellicle biofilm 332 

solubilized in 40 % vol/vol EMIM-Ac are therefore associated with the transfer of 333 

biofilm EPS into the solvent (i.e. transition from insoluble to soluble state). The MW 334 
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fractions 1.0x106, 7.0x105 and 3.5x105 are all likely to be components of the RSCV 335 

pellicle biofilm EPS that can be fractionated and isolated. The absence of these peaks 336 

in the chromatogram of the planktonic cells indicates negligible contamination of the 337 

high MW content of the pellicle biofilm by intracellular constituents.  338 

The chromatograms for the GAO-enriched and DPAO granular biofilms are presented 339 

in Fig. 6C. As with the RSCV pellicle biofilm, partitioning of the higher MW peaks 340 

(>3.0x105 Da) only occurred with 40 % EMIM-Ac in DMAc as solvent (i.e. not 10 % 341 

EMIM-Ac in DMAc). For the GAO-enriched granular biofilm, three clear 342 

chromatographic peaks were seen, with the high MW peak observable only by RI 343 

detection, indicating its polysaccharide nature. This outcome is identical to that 344 

observed for the same granules when analyzed using aqueous GPC (0.1 M NaOH).17 345 

For the DPAO granular biofilms, a single broad peak appeared at approximately 1 346 

x106 Da with the transfer of biofilm EPS into solvent, confirmed by the increase in 347 

solvent viscosity. MW distributions of all three biofilms in DMAc, with no ionic 348 

liquid present show the complete absence of peaks corresponding to high MW 349 

compounds (i.e. > 2x105 Da) (Fig. S4). 350 

Comments 351 

It is becoming clear that the biofilm matrix is not just a glue-like material that holds 352 

the biofilm cells together or allows for colonization of populations and communities 353 

on solid surfaces, but is an active extension of the cells, allowing reactions to proceed 354 

that are not achievable intracellularly because of toxicity or transport limitations. 355 

However, our understanding of how the matrix functions as an active biofilm 356 

component and what processes occur within is confounded by the likelihood that EPS 357 

expression has multiple secondary functions, including for example signaling 358 

communication.55 A shift towards direct functional assignment is therefore required, 359 

to complement the genetic methods currently used (e.g. knockdown methods). Some 360 

of the unanswered questions about the biofilm domain include the extent to which 361 

extracellular processes are regulated, the roles of beneficial compounds, and degrees 362 

of functional compartmentalization, arrangement of and interactions between different 363 

EPS components. To address these questions a molecular level understanding of EPS 364 

composition and interactions is required.  365 
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Even for P. aeruginosa biofilms, a model biofilm organism with a well-characterized 366 

extracellular domain, most of the extracellular polysaccharides known to be 367 

synthesized have not been completely isolated and characterized from P. aeruginosa 368 

biofilms, including Pel and alginate which have only been recovered from agar plate 369 

colonies following a saline solution wash.18, 56 We demonstrate here that it is possible 370 

to select solvents that can achieve full solubilization of biofilms by matching the 371 

biofilm solubility parameter with complementary ionic liquid-organic solvent blends. 372 

Furthermore, we illustrate the potential use of ionic liquid-based solvents to 373 

fractionate the constituents of the EPS from several different biofilms on the basis of 374 

their molecular weights.    375 

Improved methods for biofilm solubilization and fractionation will benefit not only 376 

the study of extracellular polysaccharides but also extracellular protein adhesins. The 377 

low solubility of CdrA of P. aeruginosa and Fibrillar Hemagglutinin Adhesin protein 378 

of Bordetella pertussis has restricted their functional and structural assignment to 379 

computational methods and truncated forms only.8, 57 Direct characterization of 380 

extracellular protein adhesins in their natural states will only be possible with 381 

improvements in the current isolation methods. Indeed, the three biofilm-associated 382 

MW constituents of P. aeruginosa RSCV pellicle biofilm detected in this study from 383 

GPC are all likely to be proteins, either free or bound to sugars as glycoproteins or 384 

proteoglycans, since each absorbed UV at 280 nm.17 While there are examples of 385 

extracellular polymers that have been isolated from biofilms,48 to achieve their 386 

successful isolation is still not routine practice with many biofilm EPS. Identifying the 387 

means to solubilize all biofilm components will enable the isolation of and direct 388 

functional assignment to a range of biofilm constituents including polysaccharides, 389 

proteins or other biomacromolecules not previously considered due to the perceived 390 

low solubility.  391 

Mixed microbial communities can deliver complex tasks more efficiently and under 392 

more extreme conditions compared to monocultures.58-60 Considerable industrial 393 

benefit will emerge by understanding the EPS domain of mixed microbial biofilm 394 

systems, such as activated sludge, which represents the largest biotechnology industry 395 

in the world.28 Extracellular polymers are commonly cited as impairing hydraulic 396 

loading rates through solid-liquid separators in activated sludge systems.61, 62 397 

However, the absence of a unified approach for assessing activated sludge solubility 398 
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limits our understanding of the roles of EPS across activated sludge systems, with 399 

only aqueous phase extraction techniques considered and solubilization methods 400 

largely empirically-derived. 401 

There is a growing list of biological applications for ionic liquids, including 402 

fractionation and deconstruction of lignocellulosic biomass,63 primarily for microbial 403 

production of biofuels. The potential for 1-alkyl-3-methylimidazolium as an 404 

antimicrobial agent has been demonstrated.64 The work described here is the first to 405 

target specifically the EPS of biofilms. Enabling organic solvents has advantages in 406 

biopolymer separation by GPC by removing interactions between molecules and 407 

column packing material. Proteins typically contain charged moieties that interact 408 

ionically with surface-charged sites of stationary phases causing retention time shifts, 409 

contribute to peak tailing or asymmetry, and modify protein conformation.65  410 

Describing the basis for achieving EPS solubilization and isolation, from single and 411 

mixed microbial biofilms is therefore an important step towards understanding 412 

composition and organization within the extracellular domain and thus improving the 413 

control of a wide range of industrial and environmental biofilm-based processes. 414 

Experimental 415 

Pseudomonas aeruginosa PAO1 pellicle biofilm  416 

A Pseudomonas aeruginosa PAO1 strain, deficient in Pyoverdine expression was 417 

transformed to consecutively express a fluorescent eYFP-Gmr tag.66, 67 A rugose 418 

small colony variant (RSCV) was then isolated from effluent of a 3 d culture of 419 

PAO1-PVD-eYFP biofilm fed minimal glucose-containing M9-media.68 Isolates of 420 

this PAO1-RSCV were grown and selected on Lysogeny Broth (LB) containing agar 421 

plates and stored in 20% glycerol-containing LB media at -80 oC.  422 

Pellicles of PAO1-RSCV were then grown in LB media at room temperature, initially 423 

as 10 mL aliquots in 50 mL tubes grown without agitation for 48 h until pellicle 424 

biofilms formed. These were transferred to 2 L Erlenmeyer bottles containing 400 mL 425 

of LB agar media each and grown for 10-12 d until a 2 cm-thick pellicle formed. 426 

Samples were collected and centrifuged for 10 min at 6,000 rpm in a Beckman JLA-427 

8.1 rotor at 10 oC, washed in PBS and consecutively centrifuged for 10 min at 8,000 428 

rpm in an Eppendorf tabletop centrifuge at 10 oC. Samples were then freeze-dried 429 

under vacuum for 48 h in a GAO-enriched media. 430 
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Candidatus ‘Competibacter phosphatis’ glycogen accumulating organism 431 

(GAO)-enriched activated sludge granules  432 

GAO-enriched activated sludge granules were collected from a laboratory-scale 433 

sequencing batch reactor (SBR) operating in an enhanced biological phosphorus 434 

removal (EBPR) process configuration to treat abattoir wastewater. Refer to Yilmaz 435 

et al. and Lemaire et al. for reactor details.69, 70 Average influent chemical oxygen 436 

demand (COD), total nitrogen (N) and total phosphorus (P) were approximately 600, 437 

230 and 35 mg/L respectively. The exopolysaccharide content of these granules was 438 

attributed to Candidatus ‘Competibacter phosphatis’ GAO in Seviour et al.49  439 

Denitrifying polyphosphate accumulating activated sludge granules 440 

Activated sludge granules were sampled from a laboratory-scale SBR treating 441 

synthetic wastewater and achieving stable EBPR, as described by Tan et al.  The 442 

reactor operated with two continuous phases of feeding, anaerobic, and 443 

aerobic/anoxic periods over a 6 h cycle. Carbon was provided as a mixture of acetate 444 

and propionate (COD 200 mg/L), with NH4-N and PO4
3--P feed concentrations of 20 445 

and 10 mg/L respectively. 446 

Sugar analysis 447 

Glycosyl composition analysis was performed by combined gas 448 

chromatography/mass spectrometry (GC/MS) of the per-O-trimethylsilyl (TMS) 449 

derivatives of the monosaccharide methyl glycosides produced from the sample by 450 

acidic methanolysis. 451 

Between 300 µg and 500 µg of biofilm was used for the analysis. The samples were 452 

placed into test tubes and 20 µg of inositol was added. Methyl glycosides were then 453 

prepared from the dry samples by methanolysis in 1 M HCl in methanol at 80 °C (18 454 

h), followed by re-N-acetylation with pyridine and acetic anhydride in methanol (for 455 

detection of amino sugars).  The samples were then per-O-trimethylsilylated by 456 

treatment with Tri-Sil (Pierce) at 80 °C (0.5 h). These procedures were carried out as 457 

previously described in York et al.71, and Merkle and Poppe72. GC/MS analysis of the 458 

TMS methyl glycosides was performed on an Agilent 7890A GC interfaced to a 459 

5975C MSD, using an Agilent DB-1 fused silica capillary column (30 m × 0.25 mm 460 

ID). 461 

Epifluorescent microscopy  462 
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Images were taken with a ZEISS Z1 Axio-Observer Microscope, in phase contrast 463 

mode 3, under transmitted light using an EC Plan-Neofluar 100x/1.30 oil objective 464 

lens. Following freeze-drying, PAO1-RSCV samples were solubilized 50 mg in 750 465 

µL of solvent each, in 60 °C, as follows: A. PBS solution pH = 7.8; B. PBS-NaOH 466 

solution at pH = 10; and C. ionic liquid EMIM-acetate. Finally 20 µL of each, were 467 

applied to glass slides, and imaged. Image analysis was conducted using Zeiss Zen 468 

software, with average cell diameters determined from a random selection of 60 469 

bacteria.  470 

Huggins, Kraemer and Hildebrand determination  471 

1. Chemicals 472 

Ionic liquids consisting of 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIM-473 

BF4, P98.0%), 1-Butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6, 474 

P98.0%), 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) imide 475 

(MBPYRRO-Tf2N, P98.0%), 1-Butyl-1-methylpyrrolidinium dicyanamide 476 

(MBPYRRO-N(CN)2, P98.0%), 1-Butyl-3-methylimidazolium 477 

bis(trifluoromethylsulfonyl) imide (BMIM-Tf2N, P98.0%), 1-(2-Hydroxyethyl)-3- 478 

methylimidazolium bis(trifluoromethylsulfonyl)imide (HOEMIMTf2N, P98.0%) 479 

were purchased from Merck. 1,3-Dimethylimidazolium methylsulfate (MMIM-480 

MeSO4,P97.0%), 1-Ethyl-3-methylimidazolium acetate (EMIM-AC, P96.5%), 1-481 

Butyl-3-methylimidazolium chloride (BMIM-Cl, P98.0%) and 1-Ethyl-3-482 

methylimidazolium diethyl phosphate (EMIM-DEPO4, P98.0%) were acquired from 483 

Sigma–Aldrich. The analytical grade of solvents used possessing different Hildebrand 484 

solubility parameters including 2-butanol (22.2MPa1/2), 1-butanol (23.1 MPa1/2), 2-485 

propanol (23.5 MPa1/2), 1-propanol (24.5 MPa1/2), dimethylformamide (DMF, 24.8 486 

MPa1/2), nitromethane (25.1 MPa1/2), allyl alcohol (25.7 MPa1/2), ethanol (26.5 487 

MPa1/2), dimethyl sulfoxide (DMSO, 26.7 MPa1/2), propylene carbonate (27.3 488 

MPa1/2), 2-pyrrolidone (28.4 MPa1/2), methanol (29.6 MPa1/2), diethylene glycol (29.9 489 

MPa1/2), ethanolamine (31.3 MPa1/2), and water (47.9 MPa1/2) were also obtained 490 

from Sigma–Aldrich. 491 

2. Determination of intrinsic viscosity 492 

Intrinsic viscosities of biofilms and biofilm compositions were measured by 493 

Brookfield viscometer (Brookfield DV-II+ Pro) to determine biofilm Hildebrand 494 
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solubility parameters (������
). At least five concentrations (0.5–5 vol % (5-50 g/L)) 495 

were prepared for each of the biofilms in the different ionic liquids or mixtures of 496 

ionic liquid and organic solvent spanning the relevant solubility parameter range. 497 

Samples were kept at 50 °C for 8 h. The viscosities of solutions were then examined 498 

by maintaining temperatures at 25 °C.  Viscosities were measured at least five times 499 

(variation of viscosity being within 0.1 s).  The intrinsic viscosity (η; dL/g) was 500 

determined from the common intercept of Huggins and Kraemer relationships as 501 

shown in Eqs (2) and (3), respectively.  This was done by fitting specific viscosity       502 

( ) per concentration and natural logarithm of relative viscosity      503 

( ) per concentration versus concentration (C; g/dL). kH and kK are 504 

Huggins, and Kraemer constants, respectively. and  are the efflux times 505 

of solution and solvent, respectively. 506 

                                                                                                          (1) 507 

                                                                                                                      (2) 508 

The Hildebrand solubility parameter ( � ) for polymers is the mid-point of the 509 

solubility parameter range where the polymer is soluble. The [�]	values of solvents 510 

and solvent mixtures (i.e. ����	
��) were determined as described in Weerachanchai et 511 

al.. [�] values derived from the biofilms dissolved in various solvents were plotted 512 

against [����	
��] to obtain the [�]	values of the biofilms (i.e. ������
), which is equal 513 

to the [����	
��] value corresponding to a maximum in intrinsic viscosity (����). 514 

The plot of [�] vs [����	
��]	was then fitted by the Mangaraj equation (Eq. (3)) to 515 

determine the Hildebrand solubility parameters of the samples at room temperatures 516 

(25 °C): 517 

� = ����exp	[−�(����	
�� − ������
)
�]      (3)                                                                                  518 

where A is a constant, ����	
�� and ������
 are the Hildebrand solubility parameters 519 

of the solvent and the sample, respectively. ������
, A and were obtained from 520 

curve fitting with OriginPro 8 program.  521 
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Gel permeation chromatography 522 

Biofilms (20 mg) were dissolved in 1 mL of 40 % v/v EMIM-Ac in DMAc and 523 

maintained at 50 °C for 8 h. Chromatographic separation was achieved in a Shimadzu 524 

system comprising DGU-20A 3r Prominence Degasser and LC-20AD Solvent 525 

Delivery Unit, fitted with an Agilent PLgel 10 µm column of 105 Å pore size for 526 

separation across the MW range 60,000 to 1,700,000 Da. The eluent flow rate was 0.5 527 

mL/min and the sample injection volume was 20 µL, with detection by Shimadzu 528 

RID-10A Refractive Index detector and RF-20A XS Prominence fluorescence 529 

detector. Molecular weights are referenced against Pullulan 110, 400 and 800 kDa 530 

molecular weight standards (Sigma Aldrich). 531 
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Figures 678 

Fig. 1 Representative chemical structures of the ionic liquids that fully 679 

solubilized the P. aeruginosa RSCV pellicle, GAO-enriched granular and DPAO 680 
granular biofilms; 1-ethyl-3-methylimidazolium acetate (A), 1-ethyl-3-681 
methylimidazolium diethyl phosphate (B) and 1-butyl-3-methylimidazolumn 682 

chloride (C).  683 

Fig. 2 Micrographs of P. aeruginosa PAO1 RSCV pellicle cells in 1-ethyl-3-684 
methylimidazolium acetate (EMIM-Ac) (A) and phosphate buffer solution, pH 685 
7.4 (B) showing a reduction in cell diameter following EMIM-Ac treatment due 686 
to osmotic shock. The scale bar equals 10 µm. 687 

Fig. 3 Huggins and Kraemer relationships plotted for P. aeruginosa RSCV 688 
pellicle biofilm dissolved in 1-ethyl-3-methylimidazolium acetate:ethanolamine 689 

at concentrations of 7.5-30 g/L, (25 °°°°C). 
���

�
 is plotted as black squares,  

� 	�!"�

�
 as 690 

open circles; ��� is specific viscosity, �!"� is relative viscosity, c is concentration. 691 

The transfer of the biofilm into solution is represented by a proportional 692 
increase in viscosity. Linear Huggins and Kraemer relationships indicate that no 693 

aggregation of extracellular polymers is taking place. 694 

Fig. 4 Intrinsic viscosity as a function of solvent Hildebrand solubility 695 
parameters for the P. aeruginosa RSCV pellicle biofilm, with curve fitting by 696 
OriginPro 8. The maximum in the fitted curve represents the midpoint of the 697 

solubility parameter range. 698 

Fig. 5 Content of principal monosaccharides in crude biofilm (filled bars) and 699 
after ionic liquid solubilization and purification by dilution with water as anti 700 
solvent (open bars) for GAO enriched biofilm (A) and DPAO biofilm (B).  The 701 
reduction in glucose content following water addition to the EPS of both biofilms 702 
extracted by ionic liquids, indicates that sequential treatment by ionic liquid and 703 

water can be used to differentiate between extracellular polysaccharides and 704 

internal glycogen stores. 705 

Fig. 6 Representative molecular weight (MW) profile of P. aeruginosa RSCV 706 
pellicle biofilm solubilized in 40 % vol/vol 1-ethyl-3-methylimidazolium acetate 707 

(EMIM-Ac) in DMAc (25 °°°°C) (absorbance, black line; refractive index, blue line) 708 

(A) representative chromatograms and MW profiles of P. aeruginosa RSCV 709 
planktonic cells in 40 % EMIM-Ac in DMAc (black), and P. aeruginosa RSCV 710 
biofilm in 10 % EMIM-Ac in DMAc (grey) (B) representative chromatograms 711 
for the GAO-enriched (absorbance, black line; refractive index, blue line) and 712 
SNDPR granular biofilms (absorbance, red line) (C). The high MW compounds 713 
of P. aeruginosa RSCV pellicle biofilms only appear in the chromatograms using 714 

DMAc with an EMIM-Ac content 40 % v/v or above.  715 

 716 

 717 

 718 
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Table 1 Summary of Huggins (�� ) constants, Kraemer (�� ) constants and 

intrinsic viscosities (�) for P. aeruginosa RSCV pellicle, GAO-enriched granular 
and DPAO granular biofilms in ionic liquids, organic solvents, and blended 

solvents of different solvent Hildebrand solubility parameters (�����	
�). 

Solvent �����	
� �� �� � 

P. aeruginosa RSCV pellicle biofilm 

Bmim-Cl/DMAc 24.35 0.52 0.07 0.41 

Emim-AC/DMAc (60:40, v:v) 25.07 0.25 0.16 0.82 

Emim-Ac 25.16 0.79 -0.06 0.65 

Emim-DEP 25.41 6.93 -5.19 0.10 

Emim-Ac/Ethanolamine 

(60:40, v:v) 
26.95 1.93 1.80 0.09 

Ethanolamine 31.30 4.75 -3.01 0.10 

 

GAO-enriched granular biofilm 

Bmim-Cl/DMAc (60:40, v:v) 24.35 0.37 0.10 0.66 

Emim-AC/DMAc (60:40, v:v) 25.07 0.50 0.09 1.53 

Emim-Ac 25.16 0.27 0.15 1.85 

Emim-DEP 25.41 0.21 0.19 1.33 

Emim-Ac/Ethanolamine 

(60:40, v:v) 
26.95 0.79 0.06 1.37 

Ethanolamine 31.30 0.59 0.08 0.27 

DPAO granular biofilm 

Bmim-Cl/DMAc (60:40, v:v) 24.35 0.85 -0.12 1.00 

Emim-AC/DMAc (60:40, v:v) 25.07 0.72 0.03 1.79 

Emim-Ac 25.16 29.27 1.04 
0.15 

 

Emim-DEP 25.41 -0.03 -0.92 1.67 

Emim-Ac/Ethanolamine 

(60:40, v:v) 
26.95 0.14 0.23 1.31 

Ethanolamine 31.30 21.23 -13.55 0.22 

Glycogen 

Bmim-Cl/DMAc (60:40, v:v) 24.35 8.24 7.89 0.17 

Emim-AC/DMAc (60:40, v:v) 25.07 0.07 0.34 1.01 

Emim-Ac 25.16 0.75 0.74 0.97 

Emim-DEP 25.41 0.92 0.94 0.82 

Emim-Ac/Ethanolamine 

(60:40, v:v) 
26.95 

1.22 1.47 0.53 

Ethanolamine 31.30 18.77 10.61 0.04 
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Fig. 1 Representative chemical structures of the ionic liquids that fully 

solubilized the P. aeruginosa RSCV pellicle, GAO-enriched granular and DPAO 

granular biofilms; 1-ethyl-3-methylimidazolium acetate (A), 1-ethyl-3-

methylimidazolium diethyl phosphate (B) and 1-butyl-3-methylimidazolumn 

chloride (C).  
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Fig. 2 Micrographs of P. aeruginosa PAO1 RSCV pellicle cells in 1-ethyl-3-

methylimidazolium acetate (EMIM-Ac) (A) and phosphate buffer solution, pH 

7.4 (B) showing a reduction in cell diameter following EMIM-Ac treatment due 

to osmotic shock. The scale bar equals 10 µm. 
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Fig. 3 Huggins and Kraemer relationships plotted for P. aeruginosa RSCV 

pellicle biofilm dissolved in 1-ethyl-3-methylimidazolium acetate:ethanolamine 

at concentrations of 7.5-30 g/L, (25 °°°°C). 
���

�
 is plotted as black squares,  

��	��	�

�
 as 

open circles; ��� is specific viscosity, ��	� is relative viscosity, c is concentration. 

The transfer of the biofilm into solution is represented by a proportional 

increase in viscosity. Linear Huggins and Kraemer relationships indicate that no 

aggregation of extracellular polymers is taking place. 
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Fig. 4 Intrinsic viscosity as a function of solvent Hildebrand solubility 

parameters for the P. aeruginosa RSCV pellicle biofilm, with curve fitting by 

OriginPro 8. The maximum in the fitted curve represents the midpoint of the 

solubility parameter range. 
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Fig. 5 Content of principal monosaccharides in crude biofilm (filled bars) and 

after ionic liquid solubilization and purification by dilution with water as anti 

solvent (open bars) for GAO enriched biofilm (A) and DPAO biofilm (B).  The 

reduction in glucose content following water addition to the EPS of both biofilms 

extracted by ionic liquids, indicates that sequential treatment by ionic liquid and 

water can be used to differentiate between extracellular polysaccharides and 

internal glycogen stores. 
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Fig. 6 Representative molecular weight (MW) profile of P. aeruginosa RSCV 

pellicle biofilm solubilized in 40 % vol/vol 1-ethyl-3-methylimidazolium acetate 

(EMIM-Ac) in DMAc (25 °°°°C) (absorbance, black line; refractive index, blue line) 

(A) representative chromatograms and MW profiles of P. aeruginosa RSCV 

planktonic cells in 40 % EMIM-Ac in DMAc (black), and P. aeruginosa RSCV 

biofilm in 10 % EMIM-Ac in DMAc (grey) (B) representative chromatograms 

for the GAO-enriched (absorbance, black line; refractive index, blue line) and 

SNDPR granular biofilms (absorbance, red line) (C). The high MW compounds 

of P. aeruginosa RSCV pellicle biofilms only appear in the chromatograms using 

DMAc with an EMIM-Ac content 40 % v/v or above.  
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