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Abstract

:

Aqueous chitosan possesses attractive interaction capacities with various molecular groups that can be involved in hydrogen bonds and electrostatic and hydrophobic interactions. In the present paper, we report on the direct determination of chitosan–mucin molecular pair interactions at various solvent conditions as compared to alginate–mucin interactions. Two chitosans of high molecular weight with different degrees of acetylation—thus possessing different solubility profiles in aqueous solution as a function of pH and two alginates with different fractions of α-guluronic acid were employed. The interaction properties were determined through a direct unbinding assay at the single-molecular pair level using an atomic force microscope. When probed against immobilized mucin, both chitosans and alginates revealed unbinding profiles characteristic of localized interactions along the polymers. The interaction capacities and estimated parameters of the energy landscapes of the pairwise chitosan–mucin and alginate–mucin interactions are discussed in view of possible contributions from various fundamental forces. Signatures arising both from an electrostatic mechanism and hydrophobic interaction are identified in the chitosan–mucin interaction properties. The molecular nature of the observed chitosan–mucin and alginate–mucin interactions indicates that force spectroscopy provides fundamental insights that can be useful in understanding the surface binding properties of other potentially mucoadhesive polymers.
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1. Introduction


Chitosan is a linear polysaccharide composed of randomly distributed β-(1–4)-linked d-glucosamine and N-acetyl-d-glucosamine, which is positively charged at physiological pH [1,2]. Chitosan is conventionally obtained by de-acetylation of chitin [3]. The α-chitin crystalline structure is reported to form sheets stabilized by C(7)–N(7)···H–N(7) hydrogen bonds [4]. Later structural revision also indicates that hydrogen bonds involving O(6) are present [5]. As chitosan is obtained from chitin, the same molecular groups can also potentially be involved in hydrogen bonding for chitosan interactions. Furthermore, the de-acetylation process yields a primary amine that can be protonated, thus supporting Coulomb-based interactions. In addition, the acetyl groups that are present in chitosan can potentially mediate hydrophobic interactions. The structure of chitosan thus underpins interactions through various mechanisms, with amine and hydroxyl groups supporting hydrogen bonding, the protonated amine supporting interactions through an electrostatic mechanism, and the hydrophobic nature of the N-acetyl supporting hydrophobic interactions.



The range of available opportunities for interaction within the chitosan molecules is central both to biological functionality and technological applications. The enzymatic processing of chitosan, including degradation and de-acetylation, is mediated by dynamic realization of a set of interactions, in particular hydrogen bonds, between molecular groups of the chitosan and the enzyme [6,7]. Enzymatic catalysis depends on chitosan–enzyme interactions spanning a set of chitosan residues interacting with the sub-sites of the catalytic cleft, thus producing a reaction rate that reflects the local sequence of the polysaccharide [8,9].



The polycationic nature of chitosan has been exploited for various technological applications, in particular the preparation of polyelectrolyte multilayers and polyelectrolyte complexes. Examples of polyanions used in combination with chitosans for the preparation of multilayers include alginate [10,11], hyaluronic acid [12,13], and dopamine grafted hyaluronic acid [14], among others [15,16]. Analogously, the interaction capacities of chitosans with polyanions have been exploited to a large extent in the formation of polyelectrolyte complexes involving chitosan, in particular for development of vehicles for enhanced delivery of polynucleotides (DNA vectors and siRNA). Understanding of the well-known chitosan–DNA polyelectrolyte condensation and stability and its dependence on chitosan chain length [17,18,19,20,21,22,23] is initially achieved by realizing that the complexation is a counterion exchange reaction and thus that the electrostatic mechanism manifests itself in an entropic dominated contribution. Recently, it has also been reported that oligomannuronan forms stronger gels with chitosan through more optimal mutual localization of charged groups than for the oligoguluronate–chitosan combination [24].



In the present study, we characterize the interaction of chitosan with mucin using a direct forced dissociation approach using atomic force microscopy. The cationic nature of chitosan is believed to be centrally important for its interaction with mucins [2,25,26], which carry a net negative charge at physiological pH. In addition, various structural groups within the mucin polymer can be expected to interact with chitosan via various types of hydrogen bonds and hydrophobic interactions. The interaction between chitosan and mucin is relevant for mucoadhesion, a special case of bioadhesion where one of the materials is a mucosal surface of the body. Mucoadhesion is of particular interest in the pharmaceutical sciences as a method of improving drug delivery [27], where prolonged contact and retention of the dosage form/drug delivery system at the mucosa improves uptake of the payload and thereby improves bioavailability and pharmacological effect [28]. In situ residence time and intimate contact of the payload with the mucosa have been shown to directly or indirectly improve not only drug bioavailability but also protection of labile molecules and controlled/prolonged drug release [29]. The process of adhesion of a dosage form or drug delivery system to a mucosal surface can be divided into two stages, the initial contact phase and a consolidation phase, with various physiochemical interactions occurring at the interface between the two surfaces that give rise to prolonged adhesion [27,30]. General theories of the molecular basis of adhesion have been applied to the discussion of mucoadhesion [31]. Chitosan performs well as a mucoadhesive dosage form both in vivo [32,33,34,35,36,37,38] and in vitro [2,25,26,28,39,40,41,42,43,44,45,46] and it is therefore of interest to determine the strength of the basic interactions related to this important property.



The interaction between chitosan and mucin is compared with that of alginate and mucin. Alginate is a linear copolymer composed of (1–4)-linked β-d-mannuronate (M) and α-l-guluronate (G) residues arranged either as M, G or MG blocks. Alginate is negatively charged at physiological pH and whilst it is widely used in pharmaceutical formulations [47,48] it generally performs relatively poorly in terms of mucoadhesion when compared to chitosan [26]. However, alginates are clearly capable of interacting with mucins [49] and have the potential to modify the functional properties of mucus systems [50,51,52].



In this study we utilize atomic force microscopy (AFM) to study the interactions of alginate and chitosan with a mucin substrate. Figure 1 depicts an overview of the strategy applied. Two chitosans with different degrees of acetylation were employed to explore the effect of the pH-dependent solubility of the chitosan molecules [53,54] on their interaction with mucins. Two alginates with different fractions of guluronic acid representing the variety of alginate chemical structures utilized in pharmaceutical applications were selected for this study of interaction capacity with mucin.





[image: Polymers 07 00161 g001 1024] 





Figure 1. A schematic illustration of the data collection and analysis for the forced-unbinding study of chitosan–mucin and alginate–mucin. (a) An AFM-cantilever with peptide-bond anchored chitosan/alginate was extended to a mica slide with peptide-bond anchored mucin and subsequently retracted; (b) Illustrations of typical interaction curves obtained from the AFM experiments; (c,d) The unbinding forces with corresponding loading rates were analyzed as outlined in the experimental section, to yield estimates of parameters xβ, τ0 and ΔG of the interaction. Symbols included in the graph are explained below. 
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2. Experimental Section


2.1. Biopolymer Samples


The mucin samples were collected from the cardia and fundus of pigs, according to a method that has been previously described in the literature [52,55]. Mucus was scraped from the gastric mucosa of recently slaughtered pigs after rinsing the stomach of food debris. The purification of the crude sample obtained was carried out as described in the literature [56]. The protocol includes a brief homogenization, centrifugation, purification step using CsCl equilibrium density gradient centrifugation, and dialysis to exchange Cs counterions with sodium. The purified mucin samples were finally lyophilized and stored at −20 °C.



Two high molecular weight alginates with different fractions of guluronic acid were selected for the direct unbinding characterization with the mucin. The sample with a high fraction of guluronic acid was from Laminaria hyperborea stipe and the medium G alginate sample from Macrocystis pyriferia. Two high molecular weight chitosans with different acetyl content, fraction of acetyl groups (FA) being FA = 0.01 and FA =0.49 (kindly provided by Prof. Kjell Morten Vårum, Department of Biotechnology, NTNU) were employed. The chitosan and alginate samples were subjected to compositional characterization of the content and sequences [57,58], and their intrinsic viscosity, [η], was determined. The molecular weights of the chitosans were estimated from the determined [η] using the Mark–Houwink–Kuhn equation with the reported parameters [59]. The molecular weights of the alginates were determined as reported [60]. The parameters of the chitosan and alginate samples are summarized in Table 1.
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Table 1. Properties of chitosans and alginates.
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Polysaccharide

	
Properties &






	
Alginates

	
Source

	
FG

	
FM

	
FGG

	
FMG

	
NG > 1

	
[η] (mL/g)

	
Mw (kg/mol)




	

	
L. hyperborea, stipe

	
0.65

	
0.35

	
0.53

	
0.12

	
11

	
585

	
114




	

	
M. pyriferia

	
0.38

	
0.62

	
0.19

	
0.20

	
5

	
1005

	
220




	
Chitosans

	

	
FA

	
FD

	

	

	

	

	
Mw (kg/mol)




	

	

	
0.01

	
0.99

	

	

	

	
610

	
162




	

	

	
0.49

	
0.51

	

	

	

	
1090

	
250








& The abbreviations used to denote the properties of the alginates and chitosans are as follow: FG, FM, FGG, FMG, NG > 1, refer to the fraction of guluronic (G) acid, mannuronic acid (M), dimers of GG, MG, and length of average G-block sequence longer than 1, respectively. FA, and FD refer to the fraction of acetyl and deacetylated residues of the chitosan, respectively. [η] is the intrinsic viscosity and Mw is the molecular weight of the polymers.








2.2. Immobilization of Mucin, Chitosans and Alginates


The forced dissociation of the molecular pairs, mucin and either alginate or chitosan, were conducted using covalently anchored biopolymers following previous reported protocols [49,61,62]. The pig gastric mucin (PGM) was covalently linked to mica surfaces, and chitosan and alginates were covalently linked to AFM tips (OTR4, Bruker AFM Probes, Camarillio, CA, USA, triangular cantilevers with nominal spring constant 0.02 nN/nm) following previously developed protocols. Mica (mineral muscovite, SPI Supplies, Structure Probe, West Chester, PA, USA) was cleaved and the freshly exposed mica surfaces were cleaned in a 1:1 v/v methanol:HCl for 30 min and rinsed in deionized water (resistivity 18 MΩ·cm, obtained using a MilliQ set-up, Merck Millipore, Darmstadt, Germany). The AFM tips were cleaned using the same procedure. Mica surfaces and AFM tips for immobilization with alginate were amine-silanized (1% trimethoxysilylpropyl-diethylene-triamine in 1 mM acetic acid, 20 min incubation), whereas the AFM for covalent anchoring of chitosan were silanized with a carboxyl terminating functionality (3% of N-(trimethoxysilylpropyl) ethylenediamine triacetic acid in 1 mM acetic acid, 20 min incubation). PGM was covalently linked to the amine-silanized mica by incubating the surface with aqueous PGM (50 µg/mL in 50 mM boric acid, pH 5.8) and a water soluble carbodiimide (500 µg/mL 1-ethyl 3(3-dimethylamino-propyl)-3-ethylcarboiimide (EDAC), 2 h or overnight). Covalent linkage of alginate to the amine-silanized AFM tips was catalyzed by EDAC (100 µg/mL alginate in 50 mM Boric acid pH 5.8, 500 µg/mL EDAC). Chitosan was conjugated by the amino groups to the carboxy-terminated silanized AFM tips (300 µg/mL chitosan in 50 mM boric acid pH 5.8, 100 µg/mL EDAC, 1 h incubation).




2.3. Determination of Molecular Pair Interactions


The interactions between mucin immobilized on mica and either alginate or chitosan functionalized AFM tips were determined employing a ForceRobot 300 (JPK instruments, Berlin, Germany) equipped with a high-precision mapping stage. The measurements were conducted in a buffered aqueous solution (25 mM Hepes buffer, 150 mM NaCl, pH 6.9 for alginates and chitosans) and at room temperature (298 K). The interactions between chitosan and mucin were also measured at a lower pH, using 25 mM acetate buffer, 150 mM NaCl, pH 5.5.



Each functionalized cantilever was calibrated by first determining the deflection sensitivity of the actual cantilever (pressing against a non-functionalized glass surface), followed by calibration of the cantilever spring constant using the thermal tune method [63,64]. The cantilever approach-retract cycle employed no surface delay before retraction, and was repeatedly conducted at several locations at the sample surface. The force curves were obtained using z-piezo translation and retraction speed of 3–4 µm and 2 µm/s, respectively, for the alginate–PGM interactions, and 2–4 µm and 1–3 µm/s, respectively, for the chitosan–PGM interactions. The actual velocities were selected to limit data collection time for the required statistics while at the same time providing apparent loading rates over an extended range to the parameters determined for the energy landscape. We have previously reported on control experiments between alginate functionalized tips and freshly cleaved mica or aminosilanized mica [49] as well as between immobilized mucin and aminosilanized surfaces [62]. Control experiments relevant for the chitosan–mucin interaction consisted of probing the chitosan functionalized AFM tip with the aminsilanized surface, i.e., the surface used for conjugation of the mucin.




2.4. Analysis of Chitosan–Mucin and Alginate–Mucin Unbinding Data


The magnitude of the unbinding force and force loading rate (rf = Δf/Δt) were determined for each unbinding event based on the observed force jump and increase in force just prior to the dissociation event. Force unbinding events that were well-separated, meaning the cantilever returned to the resting position before another interaction event was encountered (Figure 1b), were included. Typically 1340–2800 data points were obtained for each system studied. The fraction of the retraction curves containing interactions compared to the total number of trials for the actual macromolecular interaction probed is referred to as the probability of interaction (Pint). The parameters of the energy landscape for the single pairwise interaction were determined based on the theory underlying force spectroscopy [65,66,67,68,69]. For a single-barrier interaction, the thermally scaled asymptotic expression for the mean rupture force, <f>, at a particular force loading rate region with mean loading rate <rf>, is given by [68]:


    〈 f 〉  =   Δ G   ν  x β     {  1 −    [     k B  T   Δ G   ln  (     k B  T    e    Δ G    k B  T   + γ      τ 0   x β   〈   r f   〉         )   ]   ν   }    



(1)




where kB and T are the Boltzmann constant and the absolute temperature, respectively, xβ is the distance from the bound state to the dissociation barrier, τ0 is the lifetime of the bound complex in the absence of an external force, and ΔG is the activation free energy for the dissociation pathway in the absence of an external force. γ is the Euler–Mascheroni constant (γ = 0.577); however, when γ = 1, Equation (1) is a good approximation to the maximum rupture force in a force distribution with corresponding <rf>. The parameter ν describes the free-energy surface for which ν = 1 corresponds to the phenomenological approach [68]. Situations in which ν = 1/2 and ν = 2/3 yield expressions that describe the mean rupture forces for system with linear-cubic and cusp-like energy surfaces, respectively. Parameters xβ, τ0 and ΔG are determined by fitting experimental data from <f> versus ln(<rf>) to Equation (1). Equation (1) is obtained based on the assumption that the dissociation rate of the bound complex through a thermally activated process is increased by an applied force, f.



A general term for the rate of escape for the phenomenological, linear-cubic and cusp-like barrier theories can be written as [68]:


   k ( f ) =  1   τ 0       (  1 −   ν f  x β    Δ G    )     1 / ν  − 1   exp  {    Δ G    k B  T    [  1 −    (  1 −   ν f  x β    Δ G    )     1 / ν     ]   }    



(2)




where the lifetime at zero applied force, τ0, is related to the dissociation rate, τ0 =1/k0. The observed unbinding events for a macromolecular pair were grouped into intervals based on their force loading rates, histograms were constructed, and the most probable unbinding force, f*, was determined by fitting the probability of unbinding at a given loading rate [68]:


   P ( f ) =  1   r f    k ( f ) exp  {     k B  T    τ 0   x β   r f     }  exp  {    k ( f )  k B  T    x β   r f       [  1 −   ν f  x β    Δ G    ]    1 −  1 / ν     }    



(3)




to the histograms. These regressions were carried out to verify that Equation (1) with γ = 1 would yield mean rupture force values equal to that of the most probable unbinding force f*. Furthermore, as a consistency test, all constant-speed rupture-force histograms were used to generate a constant-force rupture-rate plot by applying the relationship:


   k ( f ) =    r f  P ( f )   1 −    ∫ 0 f   P (  f ′  )    d  f ′      ∀  r f    



(4)







The analytical expression used to convert each histogram bin into corresponding rupture-rate values is given as:


   k ( f ) =   ∑  n = 1    N h       ∑  p = 1    N b     k (  f  0 n   + ( p −  1 / 2  ) Δ  f n  ) =       ∑  n = 1    N h       ∑  p = 1    N b      [     h  p n      〈   r f   〉   n     (     h  p n    2  +   ∑  i = p + 1    N b      h  i n      )  Δ  f n     ]        



(5)




where Nh and Nb are the number of histograms and bins, respectively. f0n is the force of the first bin in the governing histogram, and binwidth Δfn. hpn represents the height of each bin p in each governing histogram n, while <rf>n denotes the mean loading rate for each histogram n.





3. Results and Discussion


3.1. Fraction of Force-Retraction Cycles with Molecular Interactions


The concentrations of mucin, chitosan and alginate and the incubation conditions were adjusted (final parameters given in experimental section) to yield a high probability of single-bond ruptures in the forced dissociation experiments (Pint in the 10%–40% range). The fraction of the approach-retract curves that contained interactions for the chitosan–mucin preparations was found to depend on the type of chitosan and solvent conditions (Figure 2). For chitosan FA = 0.49, a decrease in pH from 6.9 to 5.5 led to an increase of the average Pint (from 4 measurement series) from 16.5% to nearly 41.8%.
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Figure 2. The fractions of mucin–chitosan force-distance curve cycles containing unbinding events. AFM tips functionalized with chitosan with acetyl content in two groups, (a) FA = 0.49 and (b) FA = 0.01 were used to repeatedly probe pig gastric mucin immobilized on mica (filled symbols) or aminosilanized mica (labeled as control, open symbols) at pH 6.9 (25 mM Hepes buffer, 150 mM NaCl, circular symbols) and after changing the pH to 5.5 (25 mM acetate buffer, 150 mM NaCl square symbols)). The graphs display the average within individual probing series (symbols) and the mean ± 1 standard deviation (lines) within each macromolecular combination and solvent condition. The individual probing series are based on 1200–3000 force-distance curves. 
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The series of chitosan (FA = 0.01)–mucin interaction showed an increase in average Pint from 27% at pH 6.9 to 33.7% at pH 5.5, but with a larger spread between the measurement series than the chitosan (FA = 0.49)–mucin interaction. Changing the buffer from pH 6.9 to pH 5.5 for the same functionalized chitosan tip–mucin surface combination consistently resulted in an increase in the curves revealing interactions. The parameters Pint for the mucin–alginate combinations were about 7% and 3% for the alginates with FG = 0.65 and FG = 0.38, respectively, for data collected from a total of 26,000 and 19,000 force-distance trials.



The control experiments probing (i) chitosan against the aminosilanized surfaces (Figure 2), alginate functionalized tips against (ii) freshly cleaved mica or (iii) aminosilanized mica [49], and (iv) immobilized mucin towards aminosilanized surfaces [62] show that the interactions observed are specific to the chitosan–mucin and alginate–mucin molecular pairs.




3.2. Mucin-Chitosan Forced Unbinding Curves


The force curves display molecular unbinding events at various AFM tip-mica separations and the curves are similar, independent of the pH of the solvent and the amount of acetylation of the chitosan (Figure 3). Some of the retraction curves reveal single unbinding events, whereas others contain more than one well-separated unbinding event where the cantilever position has returned to its resting position before the cantilever retraction starts to apply a force to another mucin–chitosan interaction. The well-separated individual unbinding events were included in the force spectroscopy analysis by first determining the magnitude of the unbinding force and then the corresponding force loading rate. Force-distance curves displaying non-well-separated unbinding events, e.g., the lower force-retraction curves in each of the panels in Figure 3, were not included in the basis for determining the unbinding forces, but were included in the fraction of approach–retract cycles displaying interactions (Pint estimates, Figure 2).





[image: Polymers 07 00161 g003 1024] 





Figure 3. Force-distance retraction curves obtained for pig gastric mucin covalently attached to mica and chitosan covalently attached to the AFM tip. The force distance data were collected in an aqueous solution on a high-precision mapping stage. The measurements were conducted in a buffered aqueous solution (25 mM buffer, 150 mM NaCl, pH 6.9, or 25 mM acetate buffer, 150 mM NaCl, pH 5.5). The galleries of force distance curves are shown for the mucin interacting with chitosan with FA = 0.01 and FA = 0.49 at pH 5.5 and 6.9. Data are shown only for the retract directions from the surface and are shifted to the vertical direction for better visibility. 
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Force-retraction curves for the control measurements (Figure S1) revealed a substantially reduced amount of interactions (Figure 2). Additionally, the force retraction curves displaying interactions in the control measurements were characterized by the close proximity of the interaction to contact, or peeling-type unbinding (Figure S1). These data and the following indications substantiate that the observed unbinding forces between mucin and chitosan reflect dissociations of physical forces between these molecular pairs. First, the interactions are specific to the molecular pairs studied (see above); second, repeated trials between the functionalized probe and surface show no systematic dependence on trial number (Figure 4); and third, the unbinding forces are mainly up to 0.2 nN (Figure 3 and Figure 5), which is substantially less than the reported forces required for disrupting single covalent bonds, which are in the 1–3 nN range [70].



The chitosan–mucin force unbinding profiles, characterized by an increasing load force applied to the interactions before dissociation (Figure 3), differ from the plateau-like peeling of polyelectrolytes from charged surfaces in general [71,72], and chitosan–surface interactions in particular [73]. The unbinding profiles with an increase in the force applied to the bound complex just before the dissociation event are characteristic of interactions with lifetimes exceeding the time scales of the pulling. Interestingly, similar unbinding profiles have recently been reported alongside peeling-type unbinding plateaus for forced dissociation between cationic block copolymer and an AFM tip with a polyanionic brush [74]. In those studies, the interactions mediated by hydrated anion–cation pairs were found to have a lifetime that gives rise to single-molecule unbinding profiles with clearly identifiable polymer tether stretching and unbinding signatures, as more commonly observed in cases involving specific biological interactions [75,76,77]. The signatures of the unbinding profiles as observed here both for the mucin–chitosan and the mucin–alginate (see below) molecular pairs are similar to the unbinding profiles reported for the unbinding of hydrated anion–cation pairs in polyions, but the unbinding signatures cannot alone be used as a basis for excluding other types of interactions, e.g., hydrogen bonding and hydrophobic interactions, as suggested for the mucin–chitosan case.



The unbinding events were observed at surface–tip separations up to about 1500 nm, with the median of the tip-surface separation for the observed unbinding events typically less than 200 nm. For chitosan (FA = 0.01)–mucin interaction at pH 6.9, the median separation distance for the occurrence of the unbinding events was 193 nm, and the 75% and 90% percentiles of the cumulative distribution were located at 380 nm and 665 nm, respectively (Figure 4). Unbinding forces within the same range were observed in the range of distances from contact without apparent changes in their distributions varying systematically with the distance from contact (Figure 4b). Similarly, the distribution of the corresponding loading rates was also independent of the distance from contact. These trends were also observed for other macromolecular pairs investigated in this study. The distribution of unbinding forces and loading rates indicates that the unbinding is within the quasielastic regime where the local force on the chain is approximated by the equilibrium elastic limit. The statistics of unbinding occurrence also indicate that similar types of localized interactions can form between the molecular pairs at various locations along the polymers while only a few, or in most cases only one pair (Figure 3), is the limit within a given force-distance cycle.
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Figure 4. Statistical information from unbinding events for chitosan (FA =0.01)–mucin interactions at pH 6.9 (25 mM Hepes buffer, 150 mM NaCl). (a) Histogram and cumulative (line) distribution of unbinding events versus distance from contact of the tip with the surface. The median (50%), 75% and 90% percentiles of the cumulative distribution are depicted (triangles); (b) Scatter plot of observed unbinding forces versus distance from contact. This scatter plot is shown on double logarithmic scales to provide some separation of the various observations, with a transparent fill color. 
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We also note that the force-retraction data for the chitosan (FA = 0.01)–mucin interaction at pH 6.9 (Figure 3c) display unbinding events with a distribution of the AFM-tip–mica surface separations similar to the pH 5.5 case. This particular chitosan is expected not to be soluble in aqueous solution at pH 6.9 [53,54], so a collapsed state of the chitosan close to the anchoring site on the AFM tip with a concomitant reduced accessible stretching could have been envisaged. The fact that we did not observe a force beyond the noise level in stretching the chitosan (FA = 0.01) at pH 6.9 indicates that the required force for extending chitosan under aqueous solution yielding an insoluble state is less than the noise in the employed method (in the order of 5 pN). The reported force of 2.5 pN required to stretch a single collapsed DNA molecule in the presence of 0.1 mM sperimidine [78] is in line with the interpretation that the putative unfolding force for chitosan is less than 5 pN.




3.3. Energy Landscape of the Mucin–Chitosan Interactions


The energy landscapes of the mucin–chitosans (Figure 5) indicate a nearly linear increase in the mean rupture force with increasing ln(rf) for force loading rates up to about 2 nN/s. This is followed by a transition to a more rapid increase of     〈 f 〉     with ln(rf). These trends are evident in the data for the two chitosans at both pH values investigated. The fits of P(f) to the experimentally determined distributions of forces for an interval of rf (examples shown in Figure S2) indicate that the distributions are well accounted for.



Conventional procedures to determine parameters for the energy landscape group observed unbinding forces versus ln(rf) into sub-distributions yielding average unbinding forces with corresponding average loading rates. This forms a basis for subsequent regression analysis to obtain estimates of xβ, τ0 and ΔG. However, given the variations in the parameter estimates when varying the number of distributions and number of bins per distribution histogram (see Figure S3 and Figure S4), data for each interacting macromolecular pair were analyzed using a range of sub-distributions, thus yielding average values <xβ>, <τβ> and <ΔG> to account for the sensitivities in data handling. Finally, the predicted coefficient of determination, R2Pred, was calculated for each regression to avoid over fitting. Low predicted R2Pred and those differing significantly from the coefficient of determination R2 were not included in the averaging. The cut-off value for R2Pred was set to ~0.7. Obtained averaged parameters with    ν =  1 / 2     for the different interaction couples are shown in Table 2 and Table S1 for the dynamic strength spectrum presentation and constant-force rupture-rate presentation according to Equations (1) and (4), respectively.





[image: Polymers 07 00161 g005 1024] 





Figure 5. Force spectroscopy analysis of mucin–chitosan forced unbinding data for chitosans with FA = 0.01 and 0.49, and at pH 5.5 (25 mM acetate buffer, 150 mM NaCl) and 6.9 (25 mM Hepes buffer, 150 mM NaCl) aqueous buffer. The data is presented as individual dissociation events (transparent symbols for each unbinding event) and mean rupture force versus loading rate (blue symbols) in the sub-distribution, respectively. The continuous lines depict the fit to theory for mean rupture force versus loading rate (Equation (1)) for the energy barriers with ν = 1/2 and ν = 2/3. The dashed vertical line divides the energy landscape in the regions where the outer and inner barriers are limiting the rate. Two examples of histograms for the sub-distributions, one from the outer and one from the inner barrier of each chitosan–mucin couple (Figure 5a–d), are shown in Figure S2. 
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The parameters of the energy landscape determined for loading rates less than 2 nN/s indicate a distance to the transition barrier, <xβ>, in the 0.98–1.27 nm range for the two chitosans at the two solvent pHs. The lifetimes of the interaction <τ0> corresponding to this outermost barrier decrease as the degree of acetylation and pH increase, and are all within the 1.1–10.5 s range (Table 2). The more rapid increase in     〈 f 〉     for loading rates rf larger than 2 nN/s also indicate that there is a second barrier in the energy landscape, with <xβ>, of about 0.12–0.21 nm and lifetimes in the 0.06–0.07 s range (Table 2). The free activation energies <ΔG> are estimated to be in the 6.0 to 8.8 kBT range for the outer barrier and in the 2.5–2.8 kBT range for the inner barrier. The estimated parameters of the mucin–chitosan energy landscapes are nearly invariant to the type of interaction potential (compare estimates for    ν =  1 / 2     and    ν =  2 / 3    , Table S2). The dissociation rates (inverse of lifetime) were observed to conform to a theory with one rate limiting barrier in the dissociation pathway for forces up to about 40 pN for the chitosan–mucin interactions (one out of multiple analysis shown in Figure 6, corresponding Table S3). The change in the force dependence for larger forces suggests a transition to a dissociation pathway with a rate limiting barrier with other parameters. It should be noted that the employed linear assumption used in estimating the force loading rate just prior to the unbinding events may yield some displacement of the energy landscapes towards lower loading rates at higher unbinding forces, and therefore affect the estimated values of the energy landscape. However, the difference between this procedure and that of employing the fit of a polymer model to the force-extension data as a basis for determination of the loading rate is found to be of the same order as the uncertainties (e.g., Figure 5).
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Table 2. Energy landscape parameters obtained for chitosan–mucin and alginate–mucin interactions from the dynamic strength spectrum presentation, i.e., fits of mean force     〈 f 〉     versus corresponding mean loading rates     〈   r f   〉     (Equation (1)) with    ν =  1 / 2    .
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Polymer

	
Solvent pH

	
Range of rf (nN/s)

	
<xβ> (nm)

	
<τ0> (s)

	
<ΔG> (kBT)

	
Pred. R2






	
Chitosan (FA = 0.49)

	
5.5

	
0.64–1.89

	
1.18 ± 0.08

	
3.41 ± 1.01

	
7.26 ± 0.33

	
0.80–0.95




	
5.5

	
2.01–7.35

	
0.20 ± 0.02

	
0.07 ± 0.005

	
2.79 ± 0.07

	
0.90–0.97




	
6.9

	
0.68–1.89

	
0.98 ± 0.06

	
1.07 ± 0.22

	
5.96 ± 0.22

	
0.80–0.94




	
6.9

	
2.09–9.46

	
0.12 ± 0.01

	
0.06 ± 0.002

	
2.49 ± 0.04

	
0.89–0.97




	
Chitosan (FA = 0.01)

	
5.5

	
1.02–2.57

	
1.27 ± 0.05

	
7.84 ± 1.78

	
8.69 ± 0.28

	
0.80–0.90




	
5.5

	
2.84–7.60

	
0.21 ± 0.01

	
0.07 ± 0.003

	
2.82 ± 0.08

	
0.87–0.98




	
6.9

	
0.55–1.90

	
1.20 ± 0.08

	
10.5 ± 3.2

	
8.77 ± 0.36

	
0.74–0.83




	
6.9

	
2.08–5.36

	
0.15 ± 0.02

	
0.07 ± 0.004

	
2.52 ± 0.06

	
0.84–0.98




	
Alginate (FG = 0.65)

	
6.9

	
0.32–4.96

	
0.48 ± 0.06

	
2.78 ± 1.01

	
7.64 ± 0.18

	
0.92–0.98








The symbols used to denote the energy landscape parameters are as follows: f is the force loading rate, xβ is the distance to the barrier in the unbinding pathway, τ0 is the lifetime of the complex in the absence of external force, ΔG is the free energy of the activation, and R2 depicts the predicted R square. The < > depict the average obtained by using increasing number of intervals in the histogram representations.







Similar to the dynamic strength spectrum presentation (one out of multiple analysis shown in Figure 5, corresponding Table S2), these trends are evident in the data for the two chitosans for both of the pHs investigated. The transition state distances of the innermost barriers <xβ> are in the 0.64–0.94 nm range for the two chitosans at the two solvent pHs. The lifetimes of the interactions <τ0> corresponding to these outermost barriers decrease with increased acetylation and pH, and are all in the 2.1–5.9 s range (Table S1). The parameters for the inner barriers are estimated as follows: <xβ> in the range of about 0.33–0.42 nm and lifetimes <τ0> in the 0.18–0.36 s range (Table S1). The activation free energies <ΔG> are estimated to be in the 7.7–9.0 kBT and 7.0–8.0 kBT ranges for the outer and inner barrier, respectively. These estimated parameters for the mucin-chitosan energy landscapes are not very sensitive to the type of interaction potential (compare estimates for    ν =  1 / 2     and    ν =  2 / 3    , Table S3).
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Figure 6. The lifetime of the chitosan–mucin interactions versus force for chitosan with FA = 0.01 and 0.49, at pH 5.5 and 6.9 in the aqueous buffer (buffer conditions as in Figure 5). The data is presented as dissociation rate versus magnitude of force at dissociation for individual forced dissociation events (transparent symbols) and mean dissociation rate ± standard deviation versus mean dissociation force (blue symbols) in the sub–distributions, respectively. The continuous lines depict the fit to theory for dissociation rate versus rupture force (Equation (2)) for the energy barriers with ν = 1/2 and ν = 2/3. The vertical dashed lines depict the border between the region where the inner and outer barrier are limiting the rate. 
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Estimates of the parameters for the energy landscapes for the mucin–chitosan interaction obtained from the constant-force rupture-rate presentation (Table S1) are similar to the values obtained from the dynamic strength spectrum presentation (compare data in Table S1 with Table 2). Since the latter is invariant to the number of bins, whilst the constant-force rupture-rate presentation is not, the dynamic strength spectrum presentation yielded more robust parameter estimations, as can also be seen from the R2Pred values in Figure S3 and Figure S4. In both presentations, the phenomenological approach (ν = 1) was found to be insufficient to describe the systems as judged from poor regression goodness and increasing force variance with increasing loading rate, which should be constant for this model to be valid [68]. This data is only included for comparison.



The structure of the chitosans and mucins is expected to support multiple interactions along the individual polymer chains. The effects of the zipper-type, multiple-interaction-site model on force spectroscopy profiles have been modeled theoretically [79]. In the present case with interaction probabilities up to 45% (Figure 2), it is also difficult to totally exclude possible interactions supported by parallel chains bridging the AFM tip and the mucin immobilized to the mica surface. More explicit signs of possible multiple interactions include a trend in the observed in Pint versus pulling rate. This can be interpreted as follows: the longer the functionalized AFM tip and mica surface spend in proximity, the slower the pulling, which allows a longer period for bond formation. In the force–distance curve panels, we have also included examples (e.g., Figure 3, lower traces) that are consistent with macromolecular interactions supported by multiple molecular groups. Deconvolution of individual binding strength and number of effective interactions following theories in the field [79,80,81] are in the present case, difficult due to the varying tether length to the interaction site. The estimated parameters for the energy landscapes should therefore be considered effective parameters.




3.4. Mucin–Alginate Interactions


For experiments between alginate functionalized tips and mucin functionalized surfaces, molecular unbinding events are observed up to 1500 nm from the surface (Figure 7). Some retraction curves display signatures of only one unbinding event, whereas others contain well-separated unbinding events along the complete retraction distance. The well-separated individual unbinding events were included in the force spectroscopy analysis in a similar manner as for the analysis of the chitosan–mucin interactions.



Similar to the mucin–chitosan interactions determined by AFM technique, the observed dissociation events in the mucin–alginate case reflect forced dissociation of physical bonds between such molecular pairs. This emerges from the observation of no major decline in the magnitudes of the forces following repeated trials, the presence of the unbinding events being specific to the molecular pair [49,62] and the magnitude up to about 0.2 nN being much less than 1–3 nN being the force needed to break covalent bonds.



The energy landscapes of the mucin–alginate (FG = 0.65) interaction indicate an initial nearly linear relationship between the mean rupture force with increasing ln(rf). A possible tendency toward a stronger dependence of     〈 f 〉     versus ln(rf), similar to that observed in the mucin–chitosan cases, is not clearly evident in the data (Figure 8). Preliminary data for the mucin–alginate (FG = 0.38) indicate overlap with mucin–alginate (FG = 0.65) interactions (data not shown). The parameters of the energy landscape indicate a distance to the transition barrier, <xβ>, of about 0.5 nm, a lifetime for the associated state of 2.8 s and a free activation energy <ΔG> of about 7.6 kBT for the mucin–alginate (FG = 0.65) case (Table 2). Similar estimates were obtained from the constant-force rupture-rate presentation (compare Table 2 with Table S1).
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Figure 7. Force-distance retraction curves obtained for pig gastric mucin covalently attached to mica and alginates covalently attached to the AFM tip. The force distance data were collected in aqueous solution on a high-precision mapping stage. The measurements were conducted in buffered aqueous solution (25 mM Hepes buffer, 150 mM NaCl, pH 6.9). The galleries of force distance curves are shown for the mucin interacting with alginates with FG = 0.65 (a); and FG = 0.38 (b). Data are shown only for the retraction directions from the surface, and are shifted in the vertical direction for better visibility. 
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Figure 8. Analysis of mucin–alginate (FG = 0.65) interactions in aqueous buffer (25 mM Hepes, 150 mM NaCl, pH 6.9) using mean rupture force versus loading rate (a) and dissociation rate versus rupture force (b) representation. The data is presented as individual dissociation events (transparent symbols for each unbinding event) and the mean value of rupture force versus loading rate (Figure 8a) and mean dissociation rate versus rupture force (Figure 8b). The mean values are calculated within the sub–distributions. The continuous lines depict the fits according to Equation (1) (Figure 8a) or Equation (2) (Figure 8b) for the energy barriers with ν = 1/2 and ν = 2/3. Two examples of histograms for the sub-distributions in Figure 8a are shown in Figure S5. 
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3.5. Nature of Mucin–Chitosan and Mucin–Alginate Interactions


Alginate and chitosan are two rather different biopolymers, both of which have a long history of research and use in pharmaceutical and mucoadhesive applications. Whilst chitosan performs well as a mucoadhesive agent both in vivo [32,33,34,35,36,37,38] and in vitro [2,25,26,28,39,40,41,42,43,44,45,46], alginate is generally considered to be poorly mucoadhesive. In this study both polymers clearly demonstrate intermolecular interactions with mucins. The finding that one barrier in the energy landscape is not always sufficient to account for the experimental data may indicate that localized net interactions supported by more than one molecular pair are involved. The multitude of interaction capacities hosted by the various molecular groups of mucin on one hand and chitosans on the other can be expected to yield complex energy landscapes with such features. The cationic nature of chitosan is thought to be centrally important for its interaction with mucins [2,25,26], which carry a net negative charge at physiological pH. The fraction of z–piezo retraction cycles showing interactions, Pint, does indicate that there is a substantial effect from changes in pH for the chitosan–mucin interaction, particularly for the chitosan with FA = 0.49. These observed changes in Pint parallel changes in the pH-dependent charge density of chitosan, and can be considered indicative of an electrostatic contribution to the overall mucin–chitosan interaction. Whilst both chitosans will be less charged at pH 6.9 and charged at pH 5.5, they will have different charge densities at pH 5.5, where the charge density for the chitosan with FA = 0.01 will approach 1 whereas that of the chitosan with FA = 0.49 will be approximately 0.5 of the residues. It is therefore interesting that the pH dependence of Pint is less obvious for the chitosan with FA = 0.01, which will have a greater difference in charge density at the two pH values than the chitosan with FA = 0.49, suggesting that Coulomb forces alone do not completely explain the interactions seen. The two chitosans will also respond somewhat differently to the changes in pH, with the chitosan with FA = 0.01 being insoluble at pH 6.9, whereas the chitosan with FA = 0.49 will remain soluble, albeit with a somewhat less expanded molecular conformation. As such, the wide variation in Pint for the chitosan with FA = 0.01 at pH 6.9 may reflect the poor solubility. Additionally, the obtained force curves do not display significant differences as a function of pH. These data indicate that electrostatic interactions alone do not account for the mucoadhesive properties of chitosan and are in agreement with other studies where hydrogen bonding and hydrophobic interactions have also been implicated as contributing to the mucoadhesion of chitosan [2]. If we consider the situation at pH 5.5, where both chitosans are soluble and in an extended molecular conformation, then the potential for hydrophobic interactions, which will be substantially greater in the chitosan with FA = 0.49 than that with FA = 0.01, may explain why the chitosan with the lower charge density shows a slightly greater (rather than lower, as would be expected from a purely electrostatic interaction) Pint (Figure 2). Indeed, the reported decreased second virial coefficient with increasing FA in a series of chitosan was suggested to be driven by an increase in the hydrophobic interactions due the increased number of N–acetyl groups [82].



Although there appears to be a significantly lower Pint seen for the mucin–alginate pairs, direct comparison between interaction frequencies between alginates and chitosans are difficult due to the optimization of the immobilization protocols towards single–molecule observations. It is interesting to note, however, that a tendency for a longer lifetime of the chitosan–mucin interaction (outermost barrier) was found, as compared to the alginate–mucin interaction (Table 2). Although mucins carry a net negative charge, there is the potential for isolated positive charges along the molecule, so charge–charge interactions between mucins and alginates, whilst less obvious than those between mucins and chitosan, cannot be excluded. The molecular groups of alginate do not offer the possibility for hydrophobic interactions that is seen in chitosan, so such forms of interaction will not contribute to the mucin–alginate association. Hydrogen bonding on the other hand is possible in both mucin–chitosan and mucin–alginate interactions. Thus the tendency for longer interaction lifetimes for the mucin–chitosan pairs may reflect a greater range of potential intermolecular interaction types.




3.6. Relevance for Mucoadhesion


Mucoadhesion is a complex phenomenon not least due to the complexity of the mucosal surface and the macromolecules therein. A common feature of mucosal surfaces is the extracellular mucus layer, so when considering mucoadhesion we are generally considering that (at least initially) the contact and adhesion occurs between the mucus layer and the mucoadhesive rather than the cell surface and the mucoadhesive [83,84]. Secreted mucus is a highly hydrated gel of polymeric mucin glycoproteins, lipids, proteins and inorganic salts. Mucin polymers, interacting with each other through multiple diverse non-covalent interactions, are the structure-forming element of the gel and the central determinant of its functional rheological properties [27,84,85]. Mucin molecules are capable of forming many diverse types of intermolecular interactions and of incorporating diverse elements into the mucus gel without destabilization, which in theory makes mucus an appealing surface for adhesion for many different types of material. Indeed the data obtained in this study firmly support the idea that mucins are capable of supporting diverse types of intermolecular interactions. It is of interest that the chitosans, which generally perform better as mucoadhesives and showed greater interaction potential in this study, have the potential for a greater range of intermolecular interactions than the less well performing alginates.



Despite the clear mucoadhesive potential of chitosan as demonstrated here, there are a number of issues relating to the adhesion of a dosage form to mucus. Firstly, constitutive secretion and mucus turnover means that any adhered dosage form risks being rapidly removed along with the mucus it is adhered to [86], and secondly the payload must diffuse upstream across the mucus before reaching the underlying epithelial cells for uptake. Added to this, mucus provides a substantial barrier to the diffusion of large, charged and lipophilic entities, which can dramatically reduce diffusion rates [87,88,89]. Indeed, these issues have resulted in increasing interest in the development of muco-inert carrier systems in the form of mucus-penetrating particles that avoid interaction with mucus and thus experience a lower diffusion barrier [84,90,91,92,93].



However, the high interaction potential of mucins and the ability of mucins to mix with other polymer or biomacromolecule systems without phase separation [51,52] give rise to the intriguing possibility that a polymer from a traditional mucoadhesive dosage form could interact with and diffuse into mucus, giving rise to an interpenetration [94] zone of mixed polymers that has altered barrier or turnover properties compared to the mucus gel. It has previously been shown for example that various polymers found in pharmaceutical formulations may induce changes in mucociliary transport rates [95]. It would be of significant interest, particularly given the varied muco–interaction modes for chitosan, to further explore these possibilities by investigating the interactions between dense mucin layers and chitosan.





4. Conclusions


Chitosan and alginate are among polymers suggested to mediate mucoadhesive properties in the context of drug delivery applications. Given the fundamental role played by mucins in the mucus gel, it is natural to consider mucoadhesion of such polymers in terms of their intermolecular interactions with mucins. In the present work, the binding between mucin and either chitosan or alginate has been determined using forced dissociation of the macromolecular interactions in aqueous solutions. Both molecular pair combinations display interaction forces up to 200 pN with a dependence on force loading rates that can be rationalized in terms of an energy landscape for the interactions with 2 or 1 rate limiting barrier for the chitosan–mucin and alginate–mucin pairs, respectively. Trends in the obtained data depending on macromolecular structural and solvent parameters are rationalized in terms of fundamental forces contributing to the overall net interactions.
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