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Nature has evolved adhesive materials adaptive for several different environments by using versatile chemistry that largely relies on two simple components: catechols and polypeptides. Herein, using dopamine as a catechol compound and several model proteins, we show how the adhesive properties can be tuned by controlling the ratio between catechol units and the tyrosine amino acid residue in the protein components. We found that the best bonding strength performance is obtained using a dopamine molar excess to tyrosine of 8.6 ± 2.9. Our study points out a general design criterion and process to obtain high-performance adhesives (>2 MPa) starting from cheap, commercially available, and sustainable raw materials.
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1 INTRODUCTION
Various organisms have developed the capability to produce adhesives for purposes such as effective substrate adhesion, prey capture, or armor construction. This has led to the evolution of exceptionally strong and versatile adhesives across different species. Among these, some notable examples are mussels (Priemel et al., 2017), barnacles (So et al., 2017), sandcastle worms (Wang and Stewart, 2013), caddisfly larvae (Bhagat et al., 2016), and tunicates (Zeng et al., 2019). Despite the wide range of organisms and the diverse biological roles of their adhesives, they all share a common chemical moiety, which is the tyrosine-derived molecule 3,4-dihydroxyphenylalanine (DOPA) (Waite, 1990). The oxidation of DOPA permits quinone cross-linking (Waite, 1990) which, in turn, leads to the polymerization of DOPA-containing polypeptides and determines the final adhesion performance. In fact, the entire process is based on DOPA’s ability to switch between reduced form (catechol) and oxidized form (quinone) forms responsible for adhesive and cohesive interactions, respectively (Yang et al., 2014; Kord Forooshani and Lee, 2017). The balance between the two forms is dependent on external conditions which includes pH, redox and salinity, and the presence of metal ions that can augment the cross-linking by forming complexes (Degtyar et al., 2014; Silverman and Roberto, 2007; Ahn et al., 2015). Quinone cross-linking has been proposed as the foundation of many bioinspired artificial adhesives, which are generally composed of catechol structures and various guest polymers (Hofman et al., 2018; Sun et al., 2020). Mussel-inspired adhesives remain the most popular (Lee et al., 2011), but there are also examples inspired by barnacles (Yuk et al., 2021), tunicates (Zhan et al., 2017), sandcastle worms (Kaur et al., 2011) and insect cuticle sclerotization (Wang et al., 2020). The quinone cross-linking mechanism and its role in synthetic biomimetic adhesives have been covered extensively in several reviews. (Saiz-Poseu et al., 2019; Krogsgaard et al., 2016; Kord Forooshani and Lee, 2017).
Among adhesive formulations, those based on proteins display distinct mechanical characteristics (Zhou et al., 2018) and provide unique advantages such as biocompatibility, biodegradability, flexibility, high-performance, and sustainability. These properties make such adhesives ideal candidates for the development of biomedical devices (Huang et al., 2018), electronic devices (Lo Presti et al., 2020), sensors (Fratzl and Barth, 2009), and engineered tissues (Place et al., 2009). Furthermore, protein platforms can provide additional levels of molecular organization due to their secondary structures such as α-helices and β-sheets (Webber et al., 2015), which add dynamic mechanical properties to the resulting biomaterials (Lv et al., 2010).
The conversion of tyrosine residues to DOPA is a commonly used technique to mimic the marine organisms adhesion mechanisms and enhance the adhesive characteristics of proteins. Both chemical (Dalsgaard et al., 2011) and enzymatic (Chan Choi et al., 2014) methods are available for this purpose. Nevertheless, these methods require extra synthetic steps and purification procedures, limiting their scalability. Furthermore, the oxidation of tyrosines in proteins leads to side reactions and cross-linking (Burzio and Waite, 2000), reducing their solubility. The use of tyrosinase is often related to the gelation of various proteins (Onwulata and Tomasula, 2010), resulting in decreased adhesive properties. Finally, some studies (Bilotto et al., 2019) have shown that the difference in adhesion based on the oxidation state of tyrosine/DOPA residues is minimal in short peptides with varying levels of these residues. Other factors such as surface chemistry and contact geometry play a more significant role in determining adhesion performance in complex phenomena like adhesion. A simple and convenient approach is represented by the use catechol compounds to modify proteins. Despite the large number of studies on various combinations of catechols and polypeptides for adhesive formulations, the underlying chemical processes which drive the cross-linking have been seldom investigated. This lack of knowledge is likely due to the intrinsic complexity of the structures resulting from quinone cross-linking, whose products are characterized by high molecular weight, insolubility, diverse polymorphism, and by the presence of several functional groups, making structure elucidation very difficult both for biomimetic and natural materials alike (Waite, 1990). Studies aimed to identify which amino acids in the protein component are involved in the quinone cross-linking reactions have shown cysteine (Kohn et al., 2020; Krüger and Börner, 2021), tyrosine (Bilotto et al., 2019), arginine (White and Wilker, 2011), lysine (Shin et al., 2020) and histidine (Arias et al., 2021) residues to play a significant role both in model and real systems.
Silk fibroin (SF) has been recently proposed as a substrate for quinone cross-linking in the preparation of waterborne biomimetic high-performance underwater adhesives (Presti et al., 2021). SF is a protein with a relatively restricted amino acid composition, predominantly constituted by five amino acids: glycine (Gly) (45% mol), alanine (Ala) (30% mol), serine (Ser) (12% mol), tyrosine (Tyr) (5% mol), valine (Val) (1.8% mol), with the other 15 amino acids making up only 4.7% of residues numerically. Repetitive sequences of the motif Ala-Gly-Ala-Gly-X-Ala, with X = Tyr or Ser, favor the formation of hydrophobic crystalline antiparallel β-sheet domains, which make up about 50% of the native fiber. These crystalline domains are interspersed with hydrophilic disordered regions containing more polar amino acids such as threonine, serine, glutamic and aspartic acid (Rizzo et al., 2020).
Gelatin can be obtained from collagen hydrolysis by acid (type A gelatin) or alkaline (type B gelatin) pre-treatments (Duconseille et al., 2015). Collagen is composed of three α chains forming a triple-helix structure, where the α-chain contains repetitive Gly-X-Y amino acid sequences, X is mostly proline and Y is mostly hydroxyproline. Gelatin, which is predominantly composed of denatured collagens, has a similar amino acid composition to that of collagen molecules, but with partially reformed helices that differ in structure from native collagen.
Caseins are a family of phosphorylated proteins present in the milk transport system which carries poorly soluble nutrients to the offspring. Casein is also able to adsorb on hydrophobic surfaces (Horne, 2002). This behavior is driven by the tyrosine content and block copolymer structure similar to the one of silk fibroin, leading both proteins to a tendency to organize into micelles in solution (Lu et al., 2012).
Soy protein hydrolysate, which is mainly composed of soybean glycinin (Sui et al., 2021), has been investigated for the development of environmentally friendly adhesives due to its high content of hydrophobic amino acids (Mo et al., 2006). Numerous studies have been carried out on the chemical interaction between soy proteins and low molecular weight polyphenols (Ozdal et al., 2013), revealing binding mechanisms and antioxidant capacity that may be essential in maintaining the reduced state of catechol moieties to preserve adhesion interactions (Kord Forooshani and Lee, 2017).
Serum albumin is the main transporter of fatty acids that are otherwise insoluble in circulating plasma. Bovine Serum Albumin (BSA) is a single-chain protein consisting of 583 amino acids, with a molecular mass of 66.4 KDa and 21 tyrosine residues. The amino acid chain of BSA consists of three distinct domains with a secondary structure composed mainly of α-helical structures (74%), turns, and flexible regions between subdomains. BSA’s primary structure is characterized by low levels of tryptophan, methionine, glycine, and isoleucine content, while ionic amino acids such as glutamic acid and lysine are abundant, imparting a high total charge of 185 ions per molecule at neutral pH and contributing to its solubility (Topală et al., 2014). Some studies have reported the binding of BSA with small phenolic compounds such as chlorogenic acid (Jia et al., 2023).
Ovalbumin (OVA) is the predominant protein found in egg whites, comprising more than 50% of the total weight of egg white. OVA is a globular protein with a diameter of approximately 3 nm and a molecular weight of around 45 kDa. It consists of 386 amino acid residues, with 50% of these residues being hydrophobic and 30% being acidic side chains (Rostamabadi et al., 2023). Interestingly, OVA has recently gained attention as a potential wood adhesive, highlighting its potential as a bio-based alternative to formaldehyde resins (Lorenz and Frihart, 2023).
Whey, the primary byproduct of the dairy industry, is composed of lactose (71–75 wt%), proteins (10–12 wt%), fats (8–9 wt%), and minerals (4%–10%). With a global production of around 240 million tonnes per year, whey protein isolates (WPI) account for nearly 2 million tonnes. WPI mainly consists of 55% β-lactoglobulin, 25% α-lactalbumin, 10% immunoglobulins, and 10% BSA (Peydayesh et al., 2023).
Herein, using dopamine hydrochloride (DA) as the model catechol compound and Bombix mori SF as the model protein, we found that adhesive properties of resulting mixed dopamine/protein glue are dependent by the mass ratio between DA and SF. By conducting the same experiment with proteins other than SF, we observed that the mass ratio of protein to DA varied among different proteins. Therefore, we hypothesized that this variation was dependent on the amino acid composition of the proteins. After performing an amino acid analysis of all the proteins used and comparing the molar concentration of each amino acid to that of dopamine at various concentrations, we found that the molar ratio of DA to tyrosine remained the most consistent compared to all other amino acids under conditions of maximum adhesive performance.
Specifically, we found that the bonding strength performance is maximized when the DA molar excess to tyrosine is 8.6 ± 2.9 (alternatively viewed as an 0.13 ± 0.04 Tyr:DA molar ratio) as measured by lap-shear testing. Hence, we suggest that a DA molar excess of 8.6 ± 2.9 relative to the tyrosine content of a protein optimizes the formation of large pendant oligomers by dopamine, preventing self-polymerization into unbound PDA polymers or the generation of short polydopamine oligomers grafted on isolated protein chains. This hypothesis is supported by gel permeation chromatography (GPC) analysis of the resulting copolymer mixtures.
This study offers a general criterion enabling the production of water-based high-performance adhesive (>2 MPa) by combination of dopamine and inexpensive materials such as proteins from waste products.
2 MATERIALS AND METHODS
2.1 Materials
Bovine Serum Albumin (BSA), Gelatin from porcine skin (type A 175g bloom), Casein from bovine milk, soy protein acid hydrolysate (SPH), Ovalbumin (OVA) bovine thyroglobulin, gallus ovalbumin, equine myoglobin, cytidine, sodium carbonate, lithium bromide, dopamine hydrochloride and calcium chloride were purchased from Sigma Aldrich and used without any purification. Bombyx mori cocoons were purchased from Tajima Shoji (Japan) and SF was extracted as described in the following section. Whey protein isolate was purchased from BulkSupplements (Henderson, Nevada).
2.2 Regenerated silk solution preparation
Bombyx mori cocoons were degummed by cutting and boiling 10 g of cocoons in 4 L of 0.8 M Na2CO3 solution for 30 min to remove sericin, the external glycoprotein coating of the pure fibrous protein. The fibers were washed in deionized water (DI) water then dried overnight at room temperature and immersed in sufficient 9.3 M lithium bromide solution to create a 25% v/w solution and allowed to dissolve for 3 h at 60°C. This silk solution was dialyzed against 4 L of nanopure water using a nitrocellulose dialysis tubing (3.5 kDa MWCO), with water changed 5 times over 3 days to fully remove lithium bromide from the solution. The dialyzed silk solution was then filtered (70 μm, nitrocellulose), centrifuged (11,000 RCF, 20 min, 4°C) then filtered again (0.45 µm, nitrocellulose) to remove debris.
Silk solution concentration was determined by weighing a known amount of solution pre- and post-drying overnight at 60°C. Regenerated silk solution (RSF) was concentrated, if needed, up to 7% (w/v) corresponding to 70 mg/mL by pouring it into a 3.5 kDa MWCO dialysis tubing and placing it into a drying chamber. After dialysis, the solution was stored at 4°C until used.
2.3 Protein-DA solution preparation
All the selected proteins (SF, Casein, SPH, BSA, OVA, WPI and Gelatin) were dissolved in nanopure water to create 7% (w/v) solutions. To improve casein solubilization, 1–5 drops of CaCl2 (1 M) and NaOH (1 M) were added.
For each protein, 7 different dilutions with different DA-Protein mass ratio (Table 1) were prepared (70.00, 55.22, 41.41, 27.61, 7.00, 3.50, and 0 mg/mL). The solutions were left to polymerize at room temperature for 3 days prior to their deposition for the lap-shear test.
TABLE 1 | The formulation of the various protein/DA mixtures, their specific DA molar excess to tyrosine ratio according to tyrosine quantification and volumes for casting in constant-mass adhesive lap-shear tensile testing. The DA molar excess to tyrosine that have resulted in higher adhesion performances are in bold.
[image: Table 1]2.4 Adherent preparation and lap-shear test
Appropriate volumes (Table 1) of the protein-DA solution were cast on a single joint of stainless-steel adherent such that a total of 12 mg (dry weight) of the adhesive covered an area of 25 × 7 mm.
After drying at room temperature, the films on the adherents were activated with 10 μL of either nanopure water or FeCl3 solution (300 mM) (see SI Supplementary Figure S4). The adherents were then joined together, the joint compressed with a binder clip (25 N) and cured for 2 days at 60°C as previously described (Wang et al., 2020). All specimens broke due to cohesive failure during mechanical testing.
Bonding strength tests were performed on an Instron 3,366 universal testing machine equipped with a 10 kN load cell (Norwood, MA, United States) following a modified version of the ASTM method D1002-10 (38). The testing program applied a shear rate of 0.5 mm s−1 and continued until failure. The maximum shear load was divided by the bond area (175 mm2) to calculate bonding strength. Five replicates were measured for each protein/DA mixture.
2.5 GPC
Native and polydopamine-modified proteins were analyzed with an Agilent 1,260 Inifinity II HPLC system, separated by an Agilent Aquagel-OH mixed M size exclusion column (PL1149-6801) and detected by UV-Vis absorption with a variable wavelength detector module. The mobile phase was 8.0 M Urea buffered with 10 mM sodium phosphate pH 7.0. Samples were detected at 280 nm which corresponds to absorption by both protein aromatic side chains and polydopamine, and at 330 nm, which corresponds to strong absorption from polydopamine with negligible contribution from proteins (Nam et al., 2018) (Supplementary Figure S5), allowing to distinguish between SF DA-modified and pristine SF.
Molecular weight calibration was performed using protein standards bovine thyroglobulin, bovine serum albumin, gallus ovalbumin, equine myglobin, and cytidine.
2.6 Amino acid analyses
Amino acid analyses of casein, silk fibroin, SPH, BSA, OVA, and gelatin was performed by proteomics & peptide synthesis core at Michigan medical school, MSRB II (Rms C568 & C570C) 1150 W Medical Center Dr, Ann Arbor, MI. Amino acid composition of WPI was provided by the manufacturer.
3 RESULTS AND DISCUSSION
Solutions of each protein (Casein, SF, SPH, BSA, OVA, WPI and Gelatin, 7% w/v) were mixed with DA solution with concentrations ranging from 20 to 360 mM, obtaining mixtures with DA:protein mass ratios from 1:20 to 1:1.
The solutions were left at room temperature for 3 days to allow spontaneous oxidative polymerization of DA and leading to the appearance of a brown color and the formation of bonds between PDA oligomers and proteins. Figure 1A schematized the bonding between PDA and tyrosine.
[image: Figure 1]FIGURE 1 | (A) a schematic illustrating the linking of PDA to protein’s tyrosine residues by DA polymerization within the protein solution. (B) scheme illustrating the preparation of lap shear samples.
To test the bonding strength of the composites, protein–PDA solutions were cast on stainless-steel slides covering an area of 25 × 7 mm. Figure 1B shows the general procedure employed to produce the testing specimens. After drying for 1 h, the films were activated with 10 µL of MilliQ water and a second slide was then placed atop the first one to create a lap shear joint. Subsequently, after 2 days at 60°C, a lap shear tensile strength test was performed, where the two adherents are pulled apart at a constant strain rate by a universal testing system, measuring the load vs. the extension (Supplementary Figures S1–S3) which can then be used to quantify the bonding strength of the adhesive.
Results reported in Figure 2 show the tensile strengths of the different adhesive compositions after the curing procedure. All the proteins-DA blends displayed a trend with a maximum bonding strength value corresponding to a different DA concentration (Figures 2A–G). To explain this trend, a comprehensive amino acid analysis was conducted for all the proteins used in our experiments (Supplementary Table S1), and we correlated the molar content of each amino acid with the molar content of dopamine in the blends that exhibited the highest bonding strength for each protein. Among all the amino acid to dopamine ratios examined, the ratio of tyrosine consistently displayed the most stable value for all the proteins used (Table 1). Our investigation revealed that in all instances, the highest bonding strength is achieved when DA is added at a molar excess to tyrosine of 8.6 ± 2.9. (Figures 2A–G). Specifically, SF and casein (Figures 2A, B), which have a high tyrosine content (Supplementary Table S1) of 11.65% and 6.08% respectively, showed both maximum bonding strength with 220 mM of DA concentration. Conversely, SPH, BSA, OVA and WPI (Figures 2C–F) with a lower tyrosine content (Table 1) of 3.92, 4.83, 4.02, and 2.40% respectively, displayed their optimum bonding strength when 140 mM of DA was used with the same protein concentration (7%). Gelatin (Figure 2G), with the lowest tyrosine content of 0.88% displayed its maximum bonding strength at the lowest DA concentration (40 mM). Among the various DA molar excess to tyrosine, the one that exhibits the greatest deviation is the excess associated with SF (4.4) (Table 1). This deviation can be attributed to the different availability of tyrosine residues in SF, as a substantial portion of tyrosines is buried within hydrophobic crystallites, making them inaccessible for the reaction (Freddi et al., 2006; Murphy and Kaplan, 2009). Previous studies investigating the chemical functionalization of tyrosine in SF have reported a reaction yield of 60% (Brown et al., 2017). Given a comparable yield in our process, the corresponding DA molar excess to tyrosine for silk fibroin would be 7.5.
[image: Figure 2]FIGURE 2 | Lap shear strengths of adhesives blends made with (A) SF, (B) Casein, (C) Soy protein hydrolysate, (D) Bovine serum albumin, (E) Ovalbumin, (F) Whey protein isolate, (G) gelatin at different DA molar excess to tyrosine. (H) Best bonding strength performances for each protein. Error bars are the 95% confidence interval, n = 5 samples.
Interestingly, in a report by Schmidt et al. (2018) regarding adhesives made using resorcinol and zein protein, optimal adhesive performance was found at a mass ratio at 16% and 84% respectively. In this study, the reported concentration of resorcinol is equivalent to 140 mM, matching the concentration where BSA, SPH, OVA and WPI demonstrated the most effective adhesion in our experiments (using DA). The observation that BSA, SPH, OVA and WPI possess a comparable amount of tyrosine content to zein (3.09%) (Yang et al., 2020) supports our findings. This also suggests that the optimal molar excess that we have reported works not only for dopamine, but also for other dihydroxy benzenes and it is therefore generalizable to other adhesives produced with protein and dihydroxy benzenes.
Figure 2H summarizes the best performance for all the proteins tested. It is worth noticing that the combination of readily available proteins and DA, water-curable adhesives with performances spanning from 0.6 MPa (OVA) to 10.9 MPa (gelatin) can be produced with this method. Performance over 1 MPa is often considered in the so-called “high-strength bonding range”.
To explain the observed optimal DA molar excess to tyrosine of 8.6 ± 2.9, we propose that in this condition dopamine maximizes the size of pendant polydopamine (PDA) oligomers grafted onto the protein chains, while minimizing the growth of unbound PDA polymers formed in solution. Our finding that bonding strength varies with the DA molar excess suggests that the major contribution to the binding of PDA to the protein chains occurs via the linkage of PDA to the tyrosine amino acid residue. This observation is further supported by the tendency of DA to preferentially form short oligomers (D’Ischia et al., 2014) of up to eight units. Therefore, a low DA concentration preferentially forms short PDA oligomers attached to proteins, while adding excess of DA results in the formation of free unlinked PDA oligomers as schematized in Figure 3. In the former case, the adhesive performance is suboptimal because the smaller pendant chains are less able to participate in cohesive interactions during curing process due to their short size and low number. In the case of an excess of DA, cohesion is lost due to DA-DA interactions happening between proteins and formation of unbound PDA oligomers, which fail to contribute to crosslinking interactions. At the optimal concentration the pendant PDA chains reach their terminal size (estimated at 8–11 DA subunits) but deplete the free DA and thus minimize formation of interfering unbound PDA oligomers.
[image: Figure 3]FIGURE 3 | Schematic illustrating possible tyrosine’s modification at increasing DA concentrations.
As sketched in Figure 3, the 8.6 ± 2.9 DA molar excess to tyrosine likely leads to the best conditions for the formation of bound PDA oligomers that may cross-link different protein chains upon curing, leading to optimized performance when employed as adhesives. Similar results were previously reported in a study involving the binding of phenols to proteins (Mulaudzi et al., 2012) revealing that polyphenolic compounds display high protein affinity when they are small enough to penetrate inter-fibrillar regions of protein molecules but large enough to crosslink peptide chains at more than one point.
To further test our model, GPC was performed on SF solutions treated with different DA concentrations. GPC can detect changes in the molecular weight of SF and SF-PDA chains by measuring the elution time. The GPC technique also enables to estimate the degree of SF functionalization with PDA by measuring the absorbance intensity (at 330 nm, Supplementary Figure S5).
Figure 4A and the related scatter plot in Figure 4C shows the elution times of SF treated with different DA concentrations. When DA is added at 220 mM, which is the concentration resulting in the highest adhesive performance and corresponds to a 4.4 DA molar excess to tyrosine, GPC shows the lowest peak elution time, indicating the greatest increase in molecular weight. Superior chain cross-linking from larger pendant oligomers during curing increases the cohesion of the material, explaining the increase in adhesive performance that occurred due to cohesive failures for all the specimens.
[image: Figure 4]FIGURE 4 | (A) A plot of absorbance at 280 nm vs. elution time of different SF-PDA blends (B) absorbance at 330 nm of the different SF-PDA blends. Both graphs are normalized to maximum absorbance at 280 nm (C) scatter plot reports the peak elution time of each blend observed at 280 nm (D) scatter plot reports maximum absorbance of each blend at 330 nm.
Figure 4B and the related scatter plot in Figure 4D shows the different elution’s absorbance at 330 nm. This is directly correlated to the degree of DA functionalization on SF chains. Here again, when DA is at 220 mM (4.4 DA molar excess to tyrosine), the highest absorbance is detected, suggesting the highest degree of SF functionalization with PDA oligomers.
This supports our previous statement that when DA molar excess to tyrosine is 8.6 ± 2.9, there is an increased DA-protein functionalization, while at higher DA concentration the formation of free PDA oligomers outcompetes the formation of pendant groups. Finally, to illustrate the correlation between optimal tyrosine and dopamine ratio, we calculated the molar excess of dopamine relative to other acid of interest (Figure 5) at the ratio of optimum bonding strength. For all the amino acids (Supplementary Figure S6) other than tyrosine, no correlation was found. Tyrosine is the sole amino acid showing consistent correlation with an excess of 0.13:1 Tyr:DA producing optimal adhesive properties for all the protein used (Supplementary Table S2).
[image: Figure 5]FIGURE 5 | A chart showing the molar excess of dopamine relative to each amino acid in the examined proteins at the concentration of optimal adhesive performance. A significant correlation between concentration of dopamine and the amino acid residue is only seen for tyrosine.
4 CONCLUSIONS AND OUTLOOK
In the search for a sustainable approach for manufacturing adhesives that makes exclusive use of renewable raw materials for a less petrochemically-reliant economy, we have presented a straightforward method for the creation of bioinspired adhesives using dopamine in combination with readily available proteins. We demonstrated a consistent correlation of adhesive performance with the rate of dopamine vs. tyrosine, which is absent for other amino acids. This study provides insight into a likely mechanism for adhesives based on curing-phase crosslinking between protein molecules by polydopamine oligomers as grafted onto tyrosine residues. As a consequence, we can calculate the value of excess DA vs. Tyr which optimizes bonding strength performances. We found that adding dopamine in 8.6 ± 2.9 excess with respect to the tyrosine content results in the highest adhesive performance across all proteins we have examined as well as other adhesives in the literature that function by exploiting protein/dihydroxy benzenes interactions.
As a final remark, the method does not involve the use of organic solvents or purification of reaction products. The obtained aqueous solutions can be cast and employed as adhesives requiring only water and heating for curing and still display increased adhesion performance from the pure protein from 1.5 (SPH) to 31.3 times (SF). In conclusion, we have reported a direct dependence on the bonding strength for adhesives made with protein and catechols thus providing insight into the fundamental mechanisms by which these adhesives work and how new adhesive systems may be optimized.
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