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Summary 27 

 28 

Metal ions are present in many different biological materials, and are capable of forming strong 29 

cross-links in aqueous environments.  The relative contribution of different metal-based cross-30 

links was measured in the defensive glue produced by the terrestrial slug Arion subfuscus.  This 31 

glue contains calcium, magnesium, zinc, manganese, iron and copper.  These metals are essential 32 

to the integrity of the glue and to gel stiffening.  Removal of all metals caused at least a fifteen-33 

fold decrease in the storage modulus of the glue.  Selectively disrupting cross-links involving 34 

hard Lewis acids such as calcium reduced the stiffness of the glue, while disrupting cross-links 35 

involving borderline Lewis acids such as zinc did not.  Calcium is the most common cation 36 

bound to the glue (40 mmol l-1), and its charge is balanced primarily by sulfate at 82 to 84 mmol 37 

l-1.  Thus, these ions likely play a primary role in bringing polymers together directly.  Imine 38 

bonds formed as a result of protein oxidation also contribute substantially to the stiffness of the 39 

glue.  Disrupting these bonds with hydroxylamine caused a 33% decrease in storage modulus of 40 

the glue, while stabilizing them by reduction with sodium borohydride increased the storage 41 

modulus by 40%.  Thus, a combination of metal-based bonds operates in this glue.  Most likely, 42 

cross-links directly involving calcium play a primary role in bringing together and stabilizing the 43 

polymer network, followed by imine bond formation and possible iron coordination. 44 

 45 

 46 

Introduction  47 

 48 

Recent work on biological adhesives has identified a number of different cross-linking 49 

mechanisms that can contribute to the performance of glues.  One theme that has emerged is that 50 

there can be multiple types of intermolecular interactions in a single secretion.  Barnacle cement 51 

(Kamino, 2006; Dickinson et al., 2009) and the mussel byssus (Sagert et al., 2006) are excellent 52 

examples of complex adhesive structures that depend on a combination of different polymers.  53 

There may be several different cross-linking mechanisms operating within each glue.  54 

Furthermore, some interactions contribute to cohesive strength while others contribute to 55 

adhesion.  Finally some of the proteins in the glue may be more important in creating a 56 
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protective coating (Harrington et al., 2010), or fighting degradation (Kamino, 2006).  This 57 

complexity has made it challenging to create biomimetic adhesives.   58 

 59 

The adhesive secretion of the slug Arion subfuscus  (Draparnaud 1805) is another example of a 60 

glue that uses multiple types of interactions.  This glue is a defensive secretion that sets within 61 

seconds into an elastic, adhesive gel.  This is a tough gel yet it contains more than 95% water.  It 62 

gains its mechanical strength from a network of proteins and polysaccharides (Smith, 2006).  The 63 

overall structure is similar to the mucus used in locomotion, except for the presence of specific 64 

metal-binding proteins that are present in large quantities and are characteristic of the adhesive 65 

(Smith, 2006).  The glue also contains a number of different metals.  Removing these metals 66 

increases the solubility of the glue (Smith et al., 2009), and also blocks the gel-stiffening activity 67 

of key proteins (Werneke et al., 2007).  Thus, multiple cross-linking mechanisms appear to act in 68 

the glue; the most important of these appear to be direct metal interactions and metal-catalyzed 69 

oxidations of amino acids (Smith, 2006; Smith et al., 2009).  70 

 71 

Direct metal cross-links are due to the ability of metals to bind strongly to multiple ligands in an 72 

aqueous environment, thus bringing them together.  The tubeworm Phragmatopoma californica, 73 

for example, uses electrostatic interactions between calcium and phosphoproteins to create a 74 

structural foam; these interactions become insoluble ionic bonds as the pH shifts upon secretion 75 

(Stewart et al., 2004; Sagert et al., 2006).  The mussel byssal plaque is held together partly by 76 

coordinate covalent bonds where plaque proteins are joined by metals such as calcium and 77 

copper (Zhao and Waite, 2006), and similar interactions likely strengthen the byssal threads 78 

(Harrington et al., 2007), while the varnish coating the thread depends on iron coordination 79 

(Harrington et al., 2010).   Also, the hardness of Nereid worm jaws depends on multiple 80 

histidine-rich proteins chelating zinc via coordinate covalent bonds (Lichtenegger et al., 2003; 81 

Broomell et al., 2006; Lichtenegger et al., 2008).  Similarly, manganese often strengthens 82 

arthropod tissues (Lichtenegger et al., 2008). 83 

 84 

Protein oxidation by redox active metals like iron and copper is another way that metals can 85 

contribute to a glue (Bradshaw et al., 2011).  The oxidation of the rare amino acid, 3,4-86 

dihydroxyphenylalanine (dopa), has been studied in depth as a cross-linking step in various 87 
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biomaterials (Sagert et al., 2006).  It is also possible, however, to create cross-links by oxidizing 88 

the side chains of common amino acids such as lysine.  This typically creates carbonyl groups, 89 

which would react readily with the primary amines of other lysine side chains to form a Schiff 90 

base, specifically an imine bond (Tanzer, 1973).  Bradshaw et al. (2011) provide evidence that 91 

such bonds are present in A. subfuscus glue.   92 

 93 

Thus, there appear to be oxidatively derived cross-links as well as direct metal interactions in 94 

slug glue, but it is not clear what their relative importance is.  Furthermore, it is unknown which 95 

of the metals contributes most to the direct interactions. In A. subfuscus glue, zinc (~1 mmol l-1), 96 

and iron, manganese, and copper (~0.1 mmol l-1 each) are all present in significant quantities, and 97 

could participate in direct cross-links (Werneke et al., 2007).  There is roughly ten times as much 98 

zinc as the other transition metals (Werneke et al., 2007), making it a likely candidate for cross-99 

linking.  Calcium is also likely present in significant quantities.  The primary adhesive gland 100 

cells in another slug, Ariolimax columbianus, appear to contain calcium (Luchtel et al., 1984).  101 

Verdugo et al. (1987) found that calcium made up over 10% of the dry material (2.5 to 3.6 moles 102 

Ca2+/kg) in the secretory packets of A. columbianus.  It is unknown, however, precisely how 103 

much calcium is present relative to other metals, and how much each of these metals contributes 104 

to cross-linking. 105 

 106 

The gelled nature of slug glue provides a unique opportunity to determine the relative importance 107 

of different cross-links.  It is possible to modify the glue selectively with different reagents and 108 

to test the effect of these modifications on glue mechanics using dynamic rheometry.  Different 109 

treatments can remove specific metals or groups of metals (Smith et al., 2009), and other 110 

treatments can break or stabilize imine bonds (Bradshaw et al., 2011).  Therefore, the relative 111 

effects of different direct metal interactions as well as protein oxidation on glue mechanics can 112 

be quantified.  In this study, we test the hypothesis that both direct metal interactions and 113 

oxidatively-derived cross-links contribute to the stiffness of the glue. 114 

 115 

 116 

 117 

 118 
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Materials and Methods 119 

 120 

The defensive secretion from the dorsal epithelium of the slug Arion subfuscus was used.  Slugs 121 

were collected locally (Ithaca, NY, USA), brought to the lab and sampled within hours of 122 

collection.  Glue was collected by gently rubbing the dorsal surface with a metal spatula.  The 123 

slugs typically respond to physical contact such as this by secreting large amounts of the 124 

defensive secretion.  This emerges as a viscous material that can flow off their back, but sets 125 

within less than a minute into a highly adhesive, elastic gel.  The gel was collected on the 126 

spatula, then placed on ice before storage at -80°C.  Slugs were released back into the forest on 127 

the same day. 128 

 129 

Metal and sulfate concentrations 130 

 131 

The metal content of the glue was measured using inductively coupled plasma atomic emission 132 

spectrometry (Thermo iCAP 6300, Thermo Scientific) and also a scanning electron microscope 133 

with an energy dispersive spectrometer (SEM-EDS) (Tescan Vega TS 5130MM), as described 134 

previously (Werneke et al., 2007).  It should be noted that the calcium values were above the 135 

calibrated range for the atomic emission spectrometer.  For SEM-EDS, all metals rising 136 

significantly above the detection threshold were recorded, as well as phosphorus and sulfur.  137 

SEM-EDS spectra were taken from seven samples.  The sample area for each measurement was 138 

144 x 144 microns.  The first five samples were scanned in multiple places to determine whether 139 

the spectra were consistent.  Data was recorded for the last two samples at two different sites, 140 

one in the center and one at the periphery.  In order to determine how tightly bound the metals 141 

were to the gel, atomic emission spectrometry was also performed on samples that had soaked 142 

for 72 hours in 50 mmol l-1 Tris-Cl (pH 8), either with or without 100 mmol l-1  EDTA. The 143 

integrity of the glue was assessed after soaking, and the undissolved glue was sedimented at 144 

2000 rpm for 10 minutes.  The pellet was rinsed with distilled, deionized water, resuspended and 145 

recentrifuged twice.  It was then analyzed in the same way as the other samples.  The sulfate 146 

content of the glue was measured using the barium rhodizonate colorimetric assay following 147 

hydrolysis of polysaccharides as described by Terho and Hartiala (1971). 148 

 149 
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Rheometry 150 

 151 

The stiffness of homogenized glue samples after different treatments was measured using 152 

dynamic rheometry.  The following procedure was used for the different treatments, unless 153 

otherwise specified.  Freshly thawed samples were immersed in 33 volumes of the treatment or 154 

control buffer and incubated overnight at 4° C.  The overnight incubation allowed the treatment 155 

to act on the native glue, and also swelled and softened the glue, making the homogenization step 156 

more consistent.  Samples and buffer were homogenized for 1-2 seconds by a rotor-stator 157 

homogenizer (PRO-200, PRO Scientific, Oxford, CT, USA).  This was usually sufficient to 158 

create a uniform homogenate, though some samples required an additional 1-2 seconds to ensure 159 

complete uniformity.  Long homogenizations tended to cause foaming, which interfered with the 160 

measurements.  Homogenization created uniform material for testing, provided enough material 161 

for the rheometer, and ensured thorough mixing of the reagents and sample.  Despite being 162 

diluted by homogenization with a large volume of buffer, the control gels were still markedly 163 

elastic and viscous.  Directly after homogenizing, samples were loaded onto a dynamic 164 

rheometer (ARES, TA Instruments, New Castle, DE, USA).  Time sweeps at 5% strain and 10 165 

rad s-1 were performed as described previously (Pawlicki et al., 2004), and the storage modulus 166 

was recorded.  The storage modulus is a measure of the sample’s elastic behavior, and thus 167 

stiffness. 168 

 169 

In trials involving comparison of one treatment to a control, each sample was cut in half, with 170 

one half incubated in the control buffer and the other half in the treatment.  Both were otherwise 171 

treated identically.  These results were compared statistically with a paired Student’s t-test.  In 172 

tests involving more than one treatment, samples were not split in this way and a single factor 173 

ANOVA with post-hoc tests was used.  For all treatments, eight or ten samples were tested 174 

unless otherwise specified.  Because there appeared to be seasonal variation among samples, 175 

when a paired design was not used, comparisons were only made between samples collected at 176 

the same time. 177 

 178 

The effect of overall ionic strength and pH on the gels was tested.  To test ionic strength, the 179 

storage modulus of samples was measured after they had incubated in 20 mmol l-1 Tris-Cl (pH 8) 180 
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with six different concentrations of sodium chloride between 0 and 500 mmol l-1.  A larger 181 

number of samples with no salt were measured throughout the experiment to check that the 182 

samples were consistent, while five samples each were tested at the four higher concentrations.  183 

The effect of pH on gel mechanics was tested by measuring the storage modulus after incubating 184 

glue samples in buffers with pH values of 4, 5, 6, 7 and 7.75.  In all of the pH trials, a citrate-185 

phosphate buffer was used (10-20 mmol l-1).  The citrate phosphate buffer was chosen because it 186 

could span the range of pH values used in the other experiments, and also extend more into the 187 

acidic range.  Acid pH may have significant effects on the hypothesized interactions.  Finally, a 188 

pH of 7.75 was used instead of 8 because 8 is too near the limit of the useful range for this 189 

buffer. 190 

 191 

The relative importance of cross-links involving different metal ions was tested by measuring the 192 

stiffness of the gels after incubation with buffers that preferentially removed some or all metals.  193 

In one set of trials, samples were incubated in 20 mmol l-1 Tris-Cl (pH 8) or the same Tris-Cl 194 

buffer with 10 mmol l-1 EDTA or with 10 mmol l-1 deferoxamine.  Deferoxamine has a high 195 

affinity for transition metals such as iron, copper and zinc, but much lower affinity for calcium, 196 

whereas EDTA has a high affinity for all these metals (Keberle, 1964; Hider et al., 1999; 197 

Maclean et al., 2001; Permyakov, 2009).  In another set of trials, the effects of phosphate and 198 

Tris buffers on gel stiffness were compared (20 mmol l-1 sodium phosphate, pH 7.5 vs. 20 mmol 199 

l-1 Tris-Cl, pH 7.5).  Phosphate will form insoluble complexes with many metals, but it is a 200 

particularly good ligand for hard Lewis acids such as Ca2+, Mg2+, Mn2+ and Fe3+ (Ho, 1975; 201 

Lippard and Berg, 1994).  Zn2+ is borderline in the hard-soft acid categorization, and thus would 202 

not coordinate as well with phosphate.  To remove Zn2+ preferentially, as well as Fe2+ and Cu2+, 203 

an imidazole buffer was used (200 mmol l-1 imidazole, pH 7.5 vs. 200 mmol l-1 Tris-Cl, pH 7.5).  204 

Imidazole is a borderline hard-soft ligand that coordinates zinc well (Lippard and Berg, 1994).  It 205 

is widely used at concentrations of 100 mmol l-1 to disrupt Zn-His interactions in immobilized 206 

metal affinity chromatography.  In addition, the last set of trials was tested with the Tris and 207 

imidazole buffers at 20 mmol l-1, to be sure that the high concentrations were not causing non-208 

specific effects.  A pH of 7.5 was used for the trials with different buffers because it better 209 

matches the working range for all three buffers.   210 

 211 
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To test the relative importance of oxidatively-derived cross-links, gel stiffness was measured 212 

after treatments that would either stabilize or competitively disrupt imine bonds.  Sodium 213 

borohydride was used to reduce and stabilize imine bonds (Bradshaw et al., 2011).   Samples 214 

were first incubated overnight at 4°C in 20 mmol l-1 Tris-Cl (pH 8).  Freshly prepared sodium 215 

borohydride in 100 mmol l-1 sodium hydroxide was then added to a final concentration of 20 216 

mmol l-1 NaBH4, 10 mmol l-1 NaOH, while the control only received sodium hydroxide.  217 

Samples were incubated for one hour at room temperature, then homogenized and analyzed.  To 218 

disrupt imine bonds, hydroxylamine was used as in Bradshaw et al. (Bradshaw et al., 2011).  219 

This is a potent nucleophile that will compete with lysine for carbonyls that can form imine 220 

bonds.  Samples and paired controls were incubated overnight at 4° C in 5 mmol l-1 sodium 221 

phosphate (pH 6) with or without 27 mmol l-1 hydroxylamine. The pH was adjusted as necessary 222 

with hydrochloric acid.  The incubation was carried out at pH 6 because imine bonds are acid 223 

labile.  For example, the half life of aromatic imine bonds is much shorter at pH 5 than at pH 7.4 224 

(Xu et al., 2007).  Preliminary work also suggested that the modification of proteins in the glue 225 

by hydroxylamine occurred more readily at lower pH.  The lower pH would help disrupt the 226 

bond so that any carbonyls could be modified by hydroxylamine.  Because the lower pH can 227 

have other effects, after the incubation, Tris-Cl (pH 8) was added to all samples and controls to a 228 

final concentration of 50 mmol l-1.  The samples were then homogenized and measured with the 229 

dynamic rheometer as described above.  Litmus paper was used to verify that the final pH was 230 

between 7.8 and 8. 231 

  232 

Results 233 

 234 

Metal and sulfate concentrations 235 

 236 

Calcium and sulfur are the most common inorganic components of A. subfuscus glue (Fig. 1).  In 237 

the first five samples tested by SEM-EDS, the calcium concentration was roughly 2% dry weight 238 

at all sites.  Data were recorded from two sites on the last two samples.  One sample had a 239 

concentration of 2.7% dry weight in the middle and 2.8% at the periphery, and the other had 240 

6.9% in the middle and 2.0% at the periphery (Fig. 1).  The value of 6.9% was the only 241 

measurement substantially different from the rest.  The calcium concentration of the glue was 242 
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confirmed more precisely by the atomic emission spectrometer.  The average concentration was 243 

39.6 ± 5.7 mmol l-1 (N=9).  The concentration of other metals was consistent with previous 244 

reports (Werneke et al., 2007).  Assuming the glue contains at least 95% water, which is a rough 245 

estimate for these materials (Smith, 2006), a calcium concentration of 39.6 mmol l-1 corresponds 246 

to 3.2% by dry weight.  Other notable elements that were detected at relatively high 247 

concentrations by SEM-EDS were magnesium and phosphorus.   248 

 249 

The SEM elemental analysis found high quantities of sulfur, making up roughly 2% of the dry 250 

weight (Fig. 1).  The barium rhodizonate assay confirmed the high sulfur content and showed 251 

that the sulfur was in the form of sulfate; the two samples of glue tested had 82 and 84 mmol l-1 252 

sulfate respectively.  The calibration curve for this assay exactly matched the data published by 253 

Terho and Hartiala (1971), and the absorbance values were taken from the linear range, where 254 

the measurement error was roughly 5%.  The sulfate values were consistent with the range 255 

predicted from the percentage dry weight of sulfur measured by SEM-EDS, assuming that the 256 

glue contains 95% water (Smith, 2006).   257 

 258 

Calcium and some other metals were removed from the gel by extended soaking, while iron and 259 

copper remained firmly bound.  After soaking in neutral buffers, the calcium, manganese and 260 

zinc content of the glue dropped to 8, 24 and 29% of the untreated values measured by the 261 

atomic emission spectrometer respectively, while iron and copper were only reduced to 63 and 262 

52% of their original values (N=5).  When the glue was soaked in EDTA, almost all of the 263 

calcium, manganese and zinc were removed (N=10).  These metals fell to 1% of their original 264 

level, or to the detection threshold of the instrument in the case of manganese.  In contrast, the 265 

iron and copper levels stayed at 71 and 45% of their original levels.  It is worth noting that 266 

EDTA often fragmented the gels into tiny particles, while gels without chelation often remained 267 

intact or in several large fragments, only swelling.  Even with EDTA, however, a large amount 268 

of the particulate material did not dissolve.   269 

 270 

 271 

 272 

 273 
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The effect of salt concentration and pH on gel stiffness 274 

 275 

Increased salt concentration decreased the stiffness of the glue (Fig. 2) (ANOVA, P=0.004).  The 276 

stiffness at 200 and 500 mmol l-1 sodium chloride was significantly less than at 0 mmol l-1 (post-277 

hoc tests, P<0.05).  Changes in pH also affected the stiffness of the glue (Fig. 3) (ANOVA, 278 

P=0.04).  The stiffness at pH 7.5 was significantly greater than at pH 6 (post-hoc tests, P<0.05), 279 

but there were no other significant differences between means.  Note that the citrate phosphate 280 

buffer used for these trials weakened the glue irrespective of pH. 281 

 282 

The effect of direct metal interactions on gel stiffness 283 

 284 

Metal removal affected the stiffness of the glue (ANOVA p < 0.001) (Fig. 4).  Removal of all 285 

divalent metals from the glue with the chelating agent EDTA caused a fifteen-fold decrease in 286 

the glue’s storage modulus (post-hoc test, P < 0.05).  Without metals, the modulus was near the 287 

resolution limit of the rheometer.  Deferoxamine, which should selectively remove transition 288 

metals such as iron and zinc, did not cause a decrease in stiffness.  In fact, the average storage 289 

modulus of glue samples with deferoxamine was 33% greater than that of control samples (post-290 

hoc test, p < 0.05).  291 

 292 

Using buffers that bound hard Lewis acids such as calcium and magnesium decreased the glue’s 293 

modulus, while buffers that preferentially bound intermediate Lewis acids such as zinc did not. 294 

The phosphate buffer caused a 29% decrease in stiffness as compared to the Tris-Cl control 295 

(paired Student’s t-test, P=0.02) (Fig. 5A).  Preferentially interfering with zinc-based cross-links 296 

with 200 mmol l-1 imidazole did not significantly affect the stiffness (P=0.08) (Fig. 5B).  Similar 297 

results were found for trials using lower concentration buffers, with storage moduli of 9.2 Pa and 298 

12.2 Pa for 20 mmol l-1 Tris-Cl and Imidazole respectively, as compared to 7.1 Pa and 12.0 Pa 299 

for 200 mmol l-1 Tris-Cl and Imidazole respectively.  At pH 7.5, the results for the controls 300 

tended to be more variable, and all moduli for the experiments with different buffers at pH 7.5 301 

were slightly lower than those for previous tests at pH 8.  There was some variation in the 302 

average stiffness of controls with the same buffer in different sets of experiments, but this 303 

appeared to correlate with season to season variation among samples.  Thus it is important that 304 
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paired controls from the same sample were used in these experiments.  In other experiments 305 

where paired controls were not feasible, samples were only compared to other samples taken 306 

from the same time period.   307 

 308 

The effect of imine bonds on gel stiffness 309 

 310 

Treatment with sodium borohydride should stabilize imine bonds, and it caused a 40% increase 311 

in stiffness compared to the control without borohydride (paired Student’s t-test, P=0.03) (Fig. 312 

6A). The glue was also visibly different; after homogenization and 33-fold dilution, the sodium 313 

borohydride treated samples still had defined boundaries and held their shape.  They could be 314 

picked up and handled with a thin rod, then dropped on a flat surface so that they spread out, and 315 

then peeled off the surface. 316 

 317 

Interfering with imine bonds decreased the stiffness of the glue.  Modification of the glue with 318 

hydroxylamine reduced the stiffness by 33% relative to the controls (paired Student’s t-test, 319 

P=0.02) (Fig. 6B).  This effect occurred if the modification was carried out at pH 6 to destabilize 320 

imine bonds.  If the pH was kept at 8 during the incubation, the storage modulus was 12.8 ± 1.4 321 

Pa for the control without hydroxylamine and 13.5 ± 1.7 Pa with hydroxylamine (P=0.55, N = 322 

10). 323 

  324 

Discussion 325 

 326 

The primary cross-links controlling gel stiffness appear to be direct cross-links involving 327 

calcium, supplemented by cross-links formed by the carbonyls of oxidized proteins.  328 

Surprisingly, despite its relatively high concentration zinc does not appear to stiffen the glue.  It 329 

should be noted that tangling interactions between giant polymers will also likely contribute to 330 

the integrity of the glue, as is true for most mucus secretions (Smith, 2006).  These tangling 331 

interactions might not be apparent in homogenized, diluted samples because of the decrease in 332 

polymer overlap.     333 

 334 

 335 
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Direct cross-links between polymers involving calcium 336 

 337 

The most important cross-links appear to be direct links involving calcium and possibly 338 

magnesium ions.  Removing metals with EDTA caused a drastic weakening of the gel.  This 339 

clearly demonstrates that metals are directly involved in cross-links.  It is also consistent with the 340 

effect of EDTA on glue solubility (Smith et al., 2009).  Calcium and magnesium are the most 341 

common metals in the glue by a substantial margin, making them likely candidates for direct 342 

metal-based cross-links.  Furthermore, the effect of different buffer components on glue stiffness 343 

shows that it is likely these metals rather than transition metals that make up these direct links.  344 

Preferentially removing iron, zinc and manganese with deferoxamine did not weaken samples.  345 

These findings are also consistent with previous work showing that deferoxamine does not 346 

improve solubility of the glue once it has set (Werneke et al., 2007).  The results with phosphate 347 

buffers were consistent with a role for calcium and magnesium, as phosphate weakened the glue 348 

and it is an excellent ligand for hard Lewis acids such as Ca2+ and Mg2+ (and also Fe3+ and 349 

Mn2+), but it is not as good a ligand for borderline acids such as Zn2+ (Lippard and Berg, 1994).  350 

It seems less likely that iron is involved in direct cross-links, given the lack of effect of 351 

deferoxamine and the relatively low concentration of iron in the glue.  Nevertheless, it cannot be 352 

ruled out, because the iron is bound so tightly that chelators could not remove it effectively.  353 

Furthermore, even a small amount of iron relative to calcium can dominate the mechanics of a 354 

material because of its high affinity for some ligands (Holten-Andersen et al., 2009).  In mussel 355 

byssus, calcium and iron both form direct cross-links, with calcium being more prevalent, but 356 

iron forming stronger interactions (Hwang et al., 2010).     357 

 358 

There are a number of possible ligands for calcium and iron in slug glue.  The most likely are 359 

sulfate, carboxyl and phosphate groups.  Sulfated and carboxylated polysaccharides are common 360 

in invertebrate mucus (Denny, 1983).  The closely related terrestrial slug Arion ater secretes a 361 

mucus that contains heparan sulfate-like glycosaminoglycans, and it contains roughly 1% sulfate 362 

by dry weight (Cottrell et al., 1993).  In A. subfuscus glue, calcium and sulfate are the 363 

predominant ions in the glue, and there is roughly twice as much sulfate as calcium in native 364 

glue.  Given that the sulfate will carry a single negative charge when linked to a polysaccharide 365 

and calcium is divalent, these charges should balance each other.  In addition, magnesium and 366 
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phosphorus are present in significant quantities and these could work in a similar way.  The 367 

phosphorus could be in the form of phosphate, which is a common functional group added to 368 

proteins after translation, as well as a major component of nucleic acids.  Phosphate is an 369 

excellent ligand for calcium and iron (Lippard and Berg, 1994).  Carboxyls are also common on 370 

proteins and polysaccharides, and they would also bind calcium and iron.  Thus, calcium, 371 

magnesium and possibly iron may interact with several different types of ligands in the glue.  372 

The strength of the interaction will depend on the number and arrangement of ligands as well as 373 

their affinity for the metals. 374 

 375 

The nature of the interaction between metals such as calcium and their ligands in slug glue is 376 

unknown.  Calcium may interact electrostatically or by coordinate covalent bonds, with the 377 

distance between ligands and their extent of solvation determining the tendency to form one or 378 

the other bond type (Lichtenegger et al., 2008).  The fact that changing salt concentration 379 

reduced the stiffness of the gel suggests that electrostatic interactions play an important role, 380 

Sodium chloride concentrations of 200 and 500 mmol l-1 decreased the gel’s stiffness 381 

significantly.  These concentrations should be sufficient to break many electrostatic interactions 382 

(Smith et al., 2009).  On the other hand, changes in salt concentration are also known to affect 383 

the spacing between polymers in a gel (Tanaka, 1981).  Electrostatic repulsions between charged 384 

polymers can maintain the swollen state of the gel.  Because of this, some covalently cross-385 

linked gels containing charged polymers can swell or shrink by several orders of magnitude with 386 

changes in salt concentration in the range of 10 to 100 mmol l-1 (Tanaka, 1981).  In the 387 

experiments on slug glue, it is not clear whether salt causes a loss of stiffness by disrupting 388 

calcium-dependent electrostatic cross-links or by blocking electrostatic repulsions between 389 

polymers and causing local collapse of the polymers, which would prevent them from 390 

interacting.  Previous work with slug glue suggested that electrostatic interactions were not 391 

involved in cross-linking since the glue was equally insoluble in low and high salt buffers (Smith 392 

et al., 2009).  Nevertheless, mussel byssus plaque proteins form calcium cross-links that generate 393 

forces consistent with electrostatic interactions (Hwang et al., 2010).  Another complication is 394 

that calcium can often promote intermolecular interactions by controlling the shape of individual 395 

proteins, putting them in favorable conformations (Maurer and Hohenester, 1997; Li and 396 

Graham, 2007).  Such intramolecular metal dependence is far more common than metals serving 397 
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as cross-links between proteins (Zeng et al., 2010).  Because of the unusually high amounts of 398 

calcium and sulfate in slug glue, however, the latter seems much more likely.  Calcium may also 399 

form insoluble complexes with sulfate.  In fact, calcium and sulfate are the primary components 400 

of Plaster of Paris.  Calcium sulfate is insoluble in water, so when mixed and hydrated, it forms a 401 

solid mineral material.  Instead of forming a mineral such as plaster, the calcium-sulfate links in 402 

slug glue would be scattered along the polymers in the fluid-polymer dominated gel structure.  403 

This would not, however, explain the relative ease with which calcium is removed from the gel.  404 

The fact that extended soaking in a neutral Tris-Cl buffer removes most of the calcium suggests 405 

that the calcium-based cross-links are not insoluble complexes, but instead are either electrostatic 406 

or coordinate covalent bonds.   407 

 408 

Calcium is known to play a significant role in the extracellular matrix of animal tissues.  It 409 

normally assists in binding to carbohydrates and phosphates (Maurer and Hohenester, 1997).  410 

There are a number of calcium-binding proteins in the extracellular matrix that contribute to its 411 

integrity.  In most cases the calcium is coordinated by oxygen-containing ligands (Maurer and 412 

Hohenester, 1997).  Given this, it is significant that matrilin-like proteins have been found in the 413 

mucus of the slug Lehmannia valentiana (Li and Graham, 2007).  Matrilins are calcium-414 

dependent extracellular matrix cross-linkers.  The integrity of this slug’s mucus was also 415 

compromised by aggressive metal extraction with EDTA (Li and Graham, 2007). 416 

 417 

It is likely that calcium and sulfate directly control the overall structure of the glue.  Because 418 

they are the predominant ions, they will almost certainly interact in some way.  The calcium 419 

would be electrostatically attracted to the sulfate, bridging sulfate groups, or sulfate groups and 420 

other calcium-binding groups.  Shashoua and Kwart (1959) proposed that calcium forms bridges 421 

between sulfates on the polysaccharides and carboxyl groups on proteins.  These bridges are 422 

unlikely to be solely electrostatic in the glue, as noted previously.   423 

 424 

Calcium and sulfate may be common components of many mucus secretions.  Grenon and 425 

Walker (1980) report that calcium and magnesium are the primary inorganic ions in limpet 426 

mucus (4.5% and 4.62% dry weight respectively), with sulfate present in roughly twice the 427 

quantity (16.8% dry weight).  Smith et al. (1999a) also found elevated calcium, magnesium, iron, 428 
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phosphate and sulfate in limpet mucus.  There was no difference in inorganic content between 429 

the adhesive and non-adhesive mucus, however (Smith et al., 1999a).  Shashoua and Kwart 430 

(1959) report high concentrations of calcium and sulfate in the lubricating mucus of the whelk 431 

Busycon canaliculatum L.  Thus, high calcium and sulfate do not seem unique to adhesive 432 

secretions.  It may normally create a structured, cohesive gel that could then serve a lubricating 433 

function, or be modified further to become adhesive.  In slug glue, oxidative cross-linking seems 434 

to work in tandem with calcium-sulfate interactions.  The presence of these oxidative cross-links 435 

may be what distinguishes lubricating from adhesive mucus, though this has not been 436 

investigated.  Another possibility is that the lubricating gels depend on calcium and sulfate 437 

interactions occurring solely between polysaccharides, but the specific proteins that characterize 438 

the glue may interact with calcium in a much more stable way.  The proteins may have specific 439 

binding regions that allow greater coordination and thus stronger binding to the metals.  The 440 

addition of such proteins to the lubricating mucus may create stronger cross-links. 441 

 442 

Cross-links resulting from protein oxidation 443 

 444 

In addition to direct cross-links, there is good evidence that oxidatively-derived cross-links 445 

contribute substantially to the gel.  Bradshaw et al. (2011) showed that many proteins in A. 446 

subfuscus glue are heavily oxidized.  Furthermore, these oxidized proteins appear to form imine 447 

bonds.  Most commonly, such bonds result from interaction between the primary amines of 448 

lysine side chains and the carbonyls that are formed by protein oxidation (Tanzer, 1973; 449 

Bradshaw et al., 2011).  These bonds would be labile unless they are further modified (Tanzer, 450 

1973).  They can be reduced by sodium borohydride, resulting in permanent carbon-nitrogen 451 

bonds.  As expected, sodium borohydride reduction stiffened the glue significantly. In addition, 452 

imine bonds are disruptable by potent nucleophiles such as hydroxylamine.  The effect of 453 

hydroxylamine on the stiffness of the glue is consistent with the hypothesis that imine bonds play 454 

a significant role.  It is also worth noting that these experiments underestimate the possible role 455 

of oxidative cross-linking.  The treatments that were used only act on labile imine bonds.  If 456 

some of these bonds become further modified in the glue to more stable alternatives, as happens 457 

in collagen and elastin (Tanzer, 1973), they would not be affected by these treatments.  Finally, it 458 

is unlikely that the effect of hydroxylamine is non-specific.  First, the concentration of 459 
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hydroxylamine was relatively low.  Second, hydroxylamine had no effect while the bonds were 460 

stable at slightly basic pH, but it had a clear effect when the modification was carried out at the 461 

lower pH conditions where it is much more likely to disrupt imine bonds.   462 

 463 

Schiff bases such as imine bonds are versatile cross-linkers.  Imine bonds are one of the few 464 

reversible covalent bonds, and their stability depends on a variety of different factors (Belowich 465 

and Stoddardt, 2012).  They have already been used in formalin cross-linked synthetic medical 466 

adhesives (Paez and Jorge-Herrero, 2006), and other workers have created useful sealants, 467 

adhesives and gels from oxidized polymers that then form Schiff bases with amines on other 468 

polymers (Mo et al., 2000; Dawlee et al., 2005; Artzi et al., 2009). 469 

 470 

It should be noted that the weakening of the gel at pH values below seven is consistent with all 471 

of the proposed cross-links.  An acid environment would improve metal solubility and weaken 472 

coordinate covalent bonds by competition between protons and metals for available ligands.  473 

Imine bonds are also less stable in an acid environment, because protons catalyze the formation 474 

and breakdown of these bonds (Xu et al., 2007).  Werneke et al. (2007) noted that acid reduced 475 

the solubility of the glue rather than helping solubilize it, but this may be due to isoelectric 476 

precipitation of the proteins, which are generally acidic (Smith, 2006). 477 

 478 

The importance of reversible bonds 479 

 480 

The major bonds in slug glue are reversible, which has considerable functional importance.  The 481 

calcium can be removed relatively easily, which would degrade the glue’s long-term 482 

performance.  Furthermore, imine bonds are relatively labile.  At first glance this would seem to 483 

be a substantial disadvantage.  Loss of integrity over time is a key problem with glues, especially 484 

those exposed to water.  There may be a functional reason that more permanent cross-links do 485 

not form.  Because it appears to be a defensive secretion, the primary functional requirements of 486 

slug glue are likely to be a combination of rapid setting with strong initial adhesion and 487 

cohesion.  Long-term strength is unlikely to be as important as it only needs to deter a predator 488 

long enough for the slug to escape.  Creating more stable interactions may require more time, 489 

and may be unnecessary.  There may be a trade-off between speed of setting and long-term 490 
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strength.  Another consideration is that labile bonds can be used to absorb energy.  The stiffness 491 

of a glue is often not as important as the work of fracture.  This is particularly true of gels that 492 

are highly deformable.  A glue can achieve a high work of fracture by virtue of a high 493 

extensibility coupled with a large number of sacrificial bonds that break as the material extends 494 

(Smith et al., 1999b; Thompson et al., 2001).  This absorbs energy and can make it much more 495 

difficult to break a glue.  This process contributes a great deal to the performance of mussel 496 

byssus (Harrington et al., 2009).  Furthermore, reversible bonds such as coordinate covalent 497 

bonds can reform once the material is no longer stressed.  Coordinate covalent bonds are 498 

particularly intriguing in this light, because of their combination of high strength and 499 

reversibility (Lee et al., 2006; Lichtenegger et al., 2008; Harrington et al., 2010: Zeng et al., 500 

2010).     501 

   502 

Proposed model for glue formation 503 

 504 

The results suggest a model that is similar in some ways to what has been proposed for 505 

tubeworm cement (Stewart et al., 2004), though with a much more dilute, deformable material.  506 

The calcium and sulfate likely interact electrostatically, balancing each other’s charge.  This 507 

could create a coacervate, with the electrostatic attraction bringing together polymers in local 508 

regions of high concentration and leaving behind aqueous pockets.  This network of fibers would 509 

form the primary structure of the glue.  Such large fibers have been reported in A. limax glue 510 

(Deyrup-Olsen et al., 1983).  Once the fibers are formed, they may be cross-linked further, with 511 

imine bonds forming and electrostatic interactions becoming coordinate covalent bonds as the 512 

ligands are brought closer together.  This general mechanism, involving coacervate formation 513 

followed by oxidative cross-linking has been used with recombinant elastin (Keeley et al., 2002).  514 

The bonds created after fiber formation would likely involve proteins, as proteins play an 515 

essential role in creating the greater stiffness and viscosity of the glue relative to the normal 516 

mucus used in locomotion (Pawlicki et al., 2004).  If there are any calcium-binding proteins, they 517 

could link the polysaccharides together more firmly through calcium bridges that involve sulfate.  518 

The fact that there are several types of cross-links, and a mixture of large protein-polysaccharide 519 

complexes and smaller proteins, suggests that the material could behave as a double-network gel, 520 

as described by Haque et al. (2012).  In these materials, the combination of sacrificial cross-links 521 
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forming a relatively rigid network within a more ductile network of polymers gives dramatically 522 

improved toughness (Haque et al., 2012). 523 

 524 

To function properly, the glue must also be in a secretable form internally, but then change once 525 

it is secreted.  Oxidation may play an important role, as the proteins do not appear oxidized 526 

before secretion, but are strongly oxidized immediately afterwards (Bradshaw et al., 2011).  It is 527 

likely that the manner of mixing is essential as well.  The mucus of terrestrial slugs is secreted in 528 

discrete, membrane-bound packets (Deyrup-Olsen et al., 1983).  When they are intact, the 529 

secretion is watery, but once they rupture, the glue rapidly sets.  Mechanical shear or calcium are 530 

sufficient to rupture these packets (Deyrup-Olsen et al., 1983).  Furthermore, there appear to be 531 

two or three primary types of adhesive cells that secrete different components, with one 532 

identified as a calcium cell, one secreting mucopolysaccharides and another that secretes a large 533 

volume of fluid and some protein (Luchtel et al., 1984; Smith, 2010).  The sudden mixing of 534 

these moieties could initiate glue formation.  Luchtel et al. (1984) did not report the methods 535 

they used to detect calcium, and it is surprising that all the mucopolysaccharide releasing-cells 536 

are not identified as calcium-containing, as there must be shielding charge on the polyanions to 537 

keep them condensed (Verdugo et al., 1987).  Most histological methods are designed to detect 538 

insoluble calcium crystals rather than soluble calcium associated with polymers (Humason, 539 

1979), so it is likely that soluble calcium would not have been detected.  In any case, when the 540 

different moieties are mixed, there may be a rearrangement as different ligands may replace the 541 

original ligands.  This would be especially true if any polycationic proteins were mixed with the 542 

polysaccharides. 543 

 544 

Possible roles for zinc 545 

 546 

Given the relatively high concentration of zinc in the glue, it is striking that zinc does not appear 547 

to contribute to the glue’s stiffness.  Inhibiting zinc-based interactions failed to weaken the glue, 548 

and possibly even increased its stiffness   The deferoxamine-treated samples were significantly 549 

stiffer than the controls.  It is also intriguing that the imidazole-treated samples appeared 550 

similarly stiffer, though this was not significant.  It is known that zinc may inhibit oxidative 551 

cross-linking (Powell, 2000).  It has similar ligand-binding characteristics to Fe2+ and Cu2+, and 552 
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can displace them from their ligands.  Replacing a redox active metal such as iron with one that 553 

has far less activity would inhibit site-specific oxidation reactions (Chevion, 1988; Berlett and 554 

Stadtman, 1997; Powell, 2000).  In addition, zinc can bind to sulfhydryls and thus protect them 555 

from oxidation, which could impact their activity (Powell, 2000).  Another possibility is that 556 

there might be matrix metalloproteinases in the glue.  These are the primary enzymes involved in 557 

modifying the extracellular matrix, and they are found in all organisms.  They commonly use 558 

zinc as a cofactor and hydrolyze a variety of extracellular matrix proteins (Nagase and Woessner, 559 

1999; Nagase et al., 2006; Ra and Parks, 2007).  If such enzymes are active in slug glue, zinc 560 

chelation would block their activity and thus block glue degradation.  There is evidence for zinc 561 

metalloproteases in barnacle cement (Dougherty, 1996; Dougherty, 1997), but these and other 562 

enzymes have been hypothesized to be involved in proteolytic processing that activates cross-563 

linking rather than weakening the glue (Dougherty, 1996; Dougherty, 1997; Dickinson et al., 564 

2009).  If indeed zinc is acting as an antioxidant or as a cofactor in a metalloprotease that 565 

degrades the glue, it would be an interesting way to modulate the mechanics of the glue.  This 566 

provides an added layer of complexity, though it is not clear how it would be advantageous.  567 

Finally, it is possible that zinc plays a role in adhesion rather than cohesion.  Adhesiveness is a 568 

crucial feature of slug glue that has not yet been studied.   569 

 570 

Summary 571 

 572 

Overall, these results confirm the functional significance of direct metal-based cross-links and 573 

oxidatively based cross-links.  Furthermore, they provide evidence that other interactions are 574 

involved that may not directly increase stiffness, but clearly play a role in gel mechanics.  575 

Because of the ease of manipulation of this experimental system, this approach will likely prove 576 

valuable in further hypothesis testing on gelled biomaterials. 577 

 578 

LIST OF ABBREVIATIONS 579 

SEM scanning electron microscope 580 

EDS energy dispersive spectroscopy 581 

EDTA  ethylenediaminetetraacetic acid 582 

NaBH4  sodium borohydride 583 
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Figure Legends 

 

Figure 1.  Elemental composition of A. subfuscus glue by SEM-EDS.  Data for two different 

samples are shown.  Each value is the average of two sites on a sample.  All metals that were 

above the resolution limit are shown, as well as sulfur and phosphorus. 

 

Figure 2.  The effect of salt concentration on glue stiffness.  Samples were in 20 mmol l-1Tris-Cl 

(pH 8) with varying amounts of sodium chloride.  Values are mean ± s.e.m. (N = 15, 8, 5, 5, 5, 

5).  Asterisks indicate significant differences from 0 mmol l-1. 

 

Figure 3.  The effect of pH on the stiffness of A. subfuscus glue.  All treatments were in citrate-

phosphate buffer.  Values are mean ± s.e.m. (N=8 for all). Groups without a letter in common are 

significantly different. 

 

Figure 4.  The effect on glue stiffness of chelating all metals vs. transition metals.  The control 

contained 20 mmol l-1 Tris-Cl buffer (pH 8), while the treatments had either EDTA (10 mmol l-1) 

or deferoxamine (10 mmol l-1) added.  Values are mean ± s.e.m. (N=8, 12, 8). Letters (a, b) 

indicate significant differences from the control. 

 

Figure 5.  The effect of different buffer types on the stiffness of A. subfuscus glue.  (A) 20 mmol 

l-1 Tris-Cl vs. 20 mmol l-1 sodium phosphate (pH 7.5).  (B) 200 mmol l-1 Tris-Cl vs. 200 mmol l-1 

imidazole (pH 7.5).  Values are mean ± s.e.m. (N=8 for all). Asterisks indicate significant 

differences from the control. 

 

Figure 6.  The effect of stabilizing or disrupting imine bonds on the stiffness of A. subfuscus 

glue.  (A) Imine stabilization with sodium borohydride.  Both samples contained Tris-Cl and 

sodium hydroxide, while the treatment also contained 20 mmol l-1 sodium borohydride.  (B) 

Imine disruption with hydroxylamine.  Both samples contained Tris-Cl (pH 8), while the 

treatment also has 27 mmol l-1 hydroxylamine. Values are mean ± s.e.m. (N=10 for all). 

Asterisks indicate significant differences from the control. 
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Figure 1.  Elemental composition of A. subfuscus glue by SEM-EDS.  Data for two different 

samples are shown.  Each value is the average of two sites on a sample.  All metals that were 

above the resolution limit are shown, as well as sulfur and phosphorus. 
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Figure 2.  The effect of salt concentration on glue stiffness.  Samples were in 20 mmol l-1Tris-Cl 

(pH 8) with varying amounts of sodium chloride.  Values are mean ± s.e.m. (N = 15, 8, 5, 5, 5, 

5).  Asterisks indicate significant differences from 0 mmol l-1.
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Figure 3.  The effect of pH on the stiffness of A. subfuscus glue.  All treatments were in citrate-

phosphate buffer.  Values are mean ± s.e.m. (N=8 for all).  Groups without a letter in common 

are significantly different. 
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Figure 4.  The effect on glue stiffness of chelating all metals vs. transition metals.  The control 

contained Tris-Cl buffer (pH 8), while the treatments had either EDTA (10 mmol l-1) or 

deferoxamine (10 mmol l-1) added.  Values are mean ± s.e.m. (N=8, 12, 8).  Letters (a, b) indicate 

significant differences from the control. 
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Figure 5.  The effect of different buffer types on the stiffness of A. subfuscus glue.  (A) 20 mmol 

l-1 Tris-Cl vs. 20 mmol l-1 sodium phosphate (pH 7.5).  (B) 200 mmol l-1 Tris-Cl vs. 200 mmol l-1 

imidazole (pH 7.5).  Values are mean ± s.e.m. (N=8 for all). Asterisks indicate significant 

differences from the control. 
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Figure 6.  The effect of stabilizing or disrupting imine bonds on the stiffness of A. subfuscus 

glue.  (A) Imine stabilization with sodium borohydride.  Both samples contained Tris-Cl and 

sodium hydroxide, while the treatment also contained 20 mmol l-1 sodium borohydride.  (B) 

Imine disruption with hydroxylamine.  Both samples contained Tris-Cl (pH 8), while the 

treatment also has 27 mmol l-1 hydroxylamine. Values are mean ± s.e.m. (N=10 for all). 

Asterisks indicate significant differences from the control. 
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