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Graphical abstract 

 

When having a chitin-binding domain, the interaction of proteins with chitosan depends on DA 

and on protein concentration, with a two-step association mechanism at high concentration. 

Abstract 

A full comprehension of chitosan interaction with proteins is yet to be achieved, in view of the 

complexity of the physico-chemical behaviors found in the chitosan family, and the diversity of possible 

protein interaction mechanisms. In this work, we studied the interactions between chitosans and wheat 

germ agglutinin (WGA), a lectin that can bind chitin thanks to an amino-acid pattern called the hevein-

like chitin-binding domain (CBD). The specificity of CBD interactions with chitin/chitosan chains and 

the impact of the degree of acetylation (DA) of chitosan have been studied by quartz crystal 

microbalance with dissipation monitoring (QCM-D). The mass per unit area of WGA adsorbed on 

chitosan was six times higher than that of immunoglobulin G (IGG), which does not contain a CBD. 

The mass per unit area of deposited WGA was also almost twice as high at higher chitosan DAs (54%, 

67%, 76%) than at lower DAs (0.5%, 15%, 35%), evidencing more specific interaction with “chitin-

like” chitosans. WGA is a dimer at neutral pH and presents 4 CBDs on each monomer. The repartition 

of these CBDs seems to allow for reorganization of WGA on the chitosan surface in order to favor the 

interactions of this chitosan with a higher number of proteins. Furthermore, the binding kinetics have 

been assessed and modelled with a two-step association model, providing insights on the observed 

association constants. These results indicate that QCM-D constitutes a suitable method for the analysis 

of lectin CBD–chitosan dynamic interactions and could be applied to other types of proteins, in 

particular CBD proteins or further used in biosensor elaboration or biomaterial coating assessment with 

chitosan of different DAs.   
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1. Introduction 

Carbohydrate-protein interactions are ubiquitous in various biological processes  and are also crucial for 

many biotechnological applications like therapeutics or biointerfaces [1–6]. Chitin and chitosan are 

natural copolysaccharides composed of N-acetyl-D-glucosamine (GlcNAc) and D-glucosamine (GlcN) 

residues linked by β (1→4) glycosidic bonds. Chitosan is the product of deacetylation of chitin resulting 

in a soluble polymer family in acidic aqueous media [7]. Each chitosan can be characterized by the 

molar fraction of acetylated units (DA), the molar mass distribution, and also the acetylation pattern [8–

11]. Chitin can specifically bind proteins which present, along their sequence, a motif of several 

conserved amino acids called the chitin-binding domain (CBD). In the case of some major plant lectins, 

this domain is also called the hevein domain [12]. This domain allows proteins such as wheat germ 

agglutinin (WGA) to bind chitin associated with a plant stressor (e.g. insect or fungus) [13]. The hevein 

domain comprises 30 to 45 amino acids and its interactions with GlcNAc was studied by NMR,[14–20] 

and X-ray structural analyses [21–23]. It is believed that a few tyrosine and serine residues play a crucial 

role in this specific binding [21–24]. Lectin carbohydrate interactions have also been studied by 

isothermal calorimetry in solution [25,26]. The potential for lectin-carbohydrate biosensors recently 

raised interest and motivated studies involving quartz crystal microbalance with dissipation monitoring 

(QCM-D) and surface plasmon resonance (SPR) to quantify and characterize the interactions between 

the lectin and the polysaccharide [1,3,26–31]. QCM-D allows for the determination of surface 

interactions at very low scale (sensitivity up to 1 ng/cm²) providing insights on affinity rate constants 

and binding energies and can be used for various applications. Carbohydrate-lectin QCM-D studies can 

present different experimental setups. The component immobilized on the sensor surface is either the 

carbohydrate [1,3,29,30] or the lectin [31]. The study of the interactions of WGA with different types 

of monosaccharide modified QCM-D sensors showed preferential interaction of WGA with GlcNAc 

compared to other types of monosaccharides like mannose and galactose [3]. Wangchareansak et al. 

studied the Langmuir parameters for the interaction between a WGA solution and GlcNAc coated sensor 

and defined two distinct binding regimes according to the concentration of WGA used in the system 

[28]. So far, apart from this last study, only monosaccharides (GlcNAc) were used to study CBD 
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interactions of WGA by QCM-D. To the best of our knowledge, no QCM-D experiments involving the 

entire unmodified chitin/chitosan chain interactions with lectin has been reported yet. Moreover, the 

impact of the degree of acetylation (DA) of chitosan was not assessed. As seen in the literature, it is 

possible to obtain reacetylated chitosans up to a DA of 80% [32]. These highly reacetylated chitosans 

could act as chitin-like polymers soluble in acidic water and can be used for coating of QCM-D sensors 

to study the interactions of proteins with chitosan of low and high DA giving rise to further insights on 

CBD interaction mechanisms.  

This article is the first to present a QCM-D study of the dynamic interactions of a CBD protein, WGA, 

with unmodified chitosan whole chains of different DAs up to 76%. This article presents the adsorption 

of WGA compared to IGG on chitosan-coated sensors, the study of WGA interaction with chitosan of 

different DAs and at different concentrations of protein and provides insights into CBD interaction 

mechanisms. The binding rates of WGA adsorption were also assessed.  

2. Materials and methods 

2.1. Materials 

A detailed list of raw materials used in this study and corresponding sources can be consulted in the 

Supplementary Materials, SM. 

2.1. Preparation of reacetylated chitosans 

Chitosan powder was solubilized in an aqueous acetic acid solution (polymer concentration cp = 0.5% 

w/v, nAcOH = nGlcN). Insolubles were removed by successive filtration through cellulose membranes of 

pore sizes of 3 μm, 1.2 μm and 0.45 μm. Chitosan was retrieved from the solution by precipitation 

allowed by increase in pH to 10 by ammonia solution addition. The precipitate was then washed against 

distilled water until neutral pH and freeze-dried to obtain a purified chitosan powder. Reacetylation of 

the purified chitosan was achieved thanks to a process previously described by Vachoud et al [33]. 

Briefly, chitosan was dissolved in an acetic acid aqueous solution and an equivolume of 1,2-propanediol 

was then added. Acetic anhydride was added stoichiometrically to GlcN units of chitosan intended to 
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be reacetylated. After stirring for 12 h, the reacetylated chitosans were precipitated, washed and freeze-

dried and chitosan powders of DAs 15%, 35%, 54%, 67% and 76% (+/-1%) were obtained. Again, the 

estimation of the DAs was performed by 1H NMR (Bruker advance III, 300MHz, 64 scans) using the 

Hirai et al. method [34]. Mass average molar masses were determined by size exclusion chromatography 

(SEC-MALLS). Chitosans were dissolved in AcOH/AcONa (0.2 M/0.15 M) buffer (pH 4.5) to a 

concentration of 0.5 mg/mL and the refractive index increment was adjusted for every DA according to 

the method described previously [32,35]. 

2.2. QCM-D preparation and measurements  

2.2.1. Chitosan and protein solutions 

Chitosans solutions were prepared by solubilizing chitosan powders in aqueous acetic acid solutions 

(cp = 1% w/v, nAcOH = nGlcN). The chitosan solutions were then diluted to 0.5 mg/mL in 0.15 M NaCl (at 

pH 5.5) for QCM-D analysis. Proteins (WGA or IGG) were diluted to either 10 or 50 µg/mL in HEPES 

buffer (0.01 M, pH 7). 

2.2.2. QCM-D measurements 

Sensors were cleaned by successive rinses with milli-Q water and ethanol and subjected to ozone 

treatment (UVO-CLEANER® Model 42 SERIES) for 20 min. The sensors were then placed in the 

fluidic cell of the Qsense Explorer (Biolin Scientific, Sweden) and flushed with the analyte buffer to 

establish a stable baseline (i.e. NaCl for chitosans and HEPES for proteins on bare gold). The solutions 

were filtered at 0.8 µm and injected in the system at 100 µL/min. After any change in analyte solution, 

the system was left to equilibrate until a stable resonance frequency was reached (time to reach 

equilibrium depends on the analyte solution, for example  30 min for chitosan deposition on QCM-D 

gold sensors and around  150 min for WGA deposition on chitosan layer). A typical measurement 

cycle consisted of: (i) establishing the baseline with NaCl (0.15 M, pH 5.5); (ii) injecting the chitosan 

solution (0.5 mg/mL in NaCl 0.15 M pH 5.5) into the sensing chamber; (iii) washing of the deposited 

chitosan by injecting the NaCl baseline buffer (0.15 M, pH 5.5) to remove the weakly adsorbed chitosan; 

(iv) equilibration of the sensor with the HEPES solution (0.01 M, pH 7); (v) injection of the protein 
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solution (WGA or IGG at 50 µg/mL or 10 µg/mL in HEPES buffer, pH 7) in the QCM-D cell and run 

until equilibration and (vi) washing of the protein layer with a solution of HEPES buffer (0.01 M, pH 7) 

to remove poorly immobilized proteins. The washing steps allow to analyze the reversibility of the 

adsorption. After the experiment, the sensor was unmounted and washed with the previously described 

water/ethanol and ozone process 3 times, dried with N2 and stored until further use. The sensors were 

not used for more than 5 successive experiments. In order to thoroughly wash the QCM-D fluidic cell, 

a milli-Q water solution was flushed, and the device was unmounted and washed with milli-Q water. 

2.2.3. QCM-D data analysis 

The Qsoft software was used for data collection. During the experiments, after application of a voltage, 

the crystal sensor oscillates to its resonance frequency and the 3rd, 5th, 7th, 9th and 11th overtone of this 

frequency were recorded, as well as the energy dissipation shift of the signal (only the 5th overtone 

results will be presented here). The Qsense Dfind software was used for data analysis. Considering that 

the deposited polymer forms a rather thin and rigid film [relatively low ΔDn/n (< 5 × 10−6) for any of 

our experiments, and good superimposition of all overtones], the Sauerbrey equation (equation 1) was 

used to model the collected data and convert the resonance frequency shift of the 5th overtone to the 

adsorbed mass of analyte per unit area:  

Δ𝑚 =
−𝐶Δ𝑓

𝑛
 (1) 

Where C is the mass sensitivity constant (17.7 ng/cm2/Hz at 5 MHz), n the overtone number and Δf the 

change in resonance frequency of the nth overtone. 

Exponential and bi-exponential functions were used to fit the experimental data and determine affinity 

constants. Details on data analysis and fitting functions can be consulted in SM.  
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3. Results and discussion 

3.1. Characterization of chitosans 

The commercial chitosan powder was purified and reacetylated to DAs of 0.5%, 15%, 35%, 54%, 67% 

and 76% as assessed by 1H NMR (spectra can be consulted in Basso et al. [36]). The molar masses were 

in the range Mw= 200-300 kg.mol−1, results can also be consulted in Basso et al. [36].  

3.2. CBD proteins present specific interactions with chitosans 

The interactions between “chitin-like” chitosan of DA 76% or chitosan of DA 0.5%, with either WGA 

or IGG were studied by QCM-D and compared. IGG presents an isoelectric point of 8.0 [37], not far 

from the isoelectric point of WGA of 8.7 [38]. The studies were first conducted at pH 7, at which both 

proteins are slightly positively charged. The results are presented in Figure 1(a). 

 

  

Figure 1: (a), QCM real-time adsorption monitoring of chitosan of DA 76% or chitosan of DA 

0.5% and proteins (WGA, orange and blue, respectively; IGG pink and purple, respectively) at 

pH 7. (b), QCM real-time adsorption monitoring of chitosan of DA0.5% and proteins (WGA, 

orange and IGG pink) at pH 7 (solid line) and pH 8 (dashed line). The letters A, B, C and D 

indicate the different solutions injected in the QCM-D chamber (A: [NaCl] = 0.15 M pH 5.5; 

B: Chitosan of DA 0.5% or DA 76% at 0.5 mg/mL in buffer A; C: HEPES at 0.01 M and pH 7 

or pH 8; D: Protein (WGA or IGG) at 50µg/mL in buffer C). The frequency changes are labelled 

by a double arrow for the adsorption of chitosan (fCS) and the adsorption of the protein (fP). 

The changes in solution flows are marked with their corresponding letters. 
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A layer of chitosan was deposited (B) onto the gold sensor and a solution of 50 µg/mL of proteins was 

then injected (D) in the QCM-D system. Before protein adsorption and after rinsing with NaCl solution 

and HEPES buffer (t = 90 min), the frequency shifts resulting from chitosan adsorption for DA 0.5% 

and DA 76% slightly differ from one experiment to the other but stabilize at ΔfCs = −4 Hz for DA 0.5% 

and −40 Hz for DA 76%, the differences in chitosan adsorption will be discussed below. For chitosan 

of DA 76% at pH 7 (Figure 1 (a)), the frequency shifts resulting from protein deposition were equal to 

ΔfP = −56 Hz for WGA and −7 Hz for IGG after a time of around 2.5 h for both proteins with a fast 

adsorption in the first few minutes (adsorption kinetic will be discussed and quantified hereafter). This 

shift in frequency corresponds to a mass per unit area of protein of 999 ng/cm2 and 165 ng/cm2 for WGA 

and IGG, respectively, as deduced from equation (1). There is more than a 6-fold difference between 

the two results. IGG presents a molar mass 4 times higher than WGA (150 and 36 kDa, respectively) 

which means that at same adsorbed mass, 4 times more molecules of WGA are adsorbed than IGG. The 

mass adsorbed during the experiment is 6 times higher for WGA than for IGG, so, ultimately 24 times 

more molecules of WGA are immobilized than IGG. For chitosan of DA 0.5%, the frequency shifts 

resulting from protein adsorption were around −34 Hz for WGA and −39 Hz for IGG, corresponding to 

surface densities of 602 and 698 ng/cm2, respectively. Thus, no clear difference in the adsorbed mass of 

the two proteins can be distinguished in the low DA case, possibly because (i) at DA 0.5%, less chitosan 

is immobilized on the gold sensor; and (ii) WGA interaction with chitosan is thus less distinguishable 

than at DA 76% where the CBD may play a more impacting role. As a comparison, for a control 

experiment on bare gold without the presence of chitosan, this value is reduced to 400 ng/cm2 for WGA 

absorption and increased to 930 ng/cm2 for IGG (possibly adsorbed via amine chelation with gold or 

electrostatic interactions as WGA and IGG are slightly positively charged at pH 7, see Fig. S1).We can 

deduce that the presence of chitosan limited the adsorption of IGG onto the gold surface of the sensor 

and favorized that of WGA, evidencing unspecific interactions controlling the adsorption of IGG and 

the specific interactions formed by WGA with chitosan. In order to evidence the contribution of 

electrostatic interactions in protein immobilization, the interactions between chitosan of DA 0.5% and 

WGA or IGG were conducted at pH 8 (Figure 1 (b)). At pH 8 (dashed lines), the frequency shifts for 
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the adsorption on chitosan of DA 0.5% are reduced to −28 Hz for WGA and −12 Hz for IGG 

(corresponding adsorbed masses of 500 and 234 ng/cm2, respectively). The significant reduction in IGG 

binding when increasing pH suggests that binding to chitosan is favored by electrostatic interactions. 

The binding of WGA is rather weakly affected by the change in pH, confirming the specific affinity of 

WGA to chitin and chitosan through its CBDs. WGA appears to present specific interactions with both 

chitosans of DA 0.5% and 76%: this result means that the CBD can be experimentally confirmed as a 

chitosan-binding domain and not solely a chitin-binding domain. However, the amount of bound WGA 

is higher at DA 76% than at DA 0.5% (Figure 1 (a): 999 ng/cm2 and 165 ng/cm2 for WGA and IGG, 

respectively) suggesting that the interaction of WGA with “chitin-like” chitosan is favored, which is 

characteristic of the CBDs of WGA. These results are also quantitatively within the frame of previous 

literature on the subject. The quantification, by fluorescence microscopy, of WGA on chitosan-coated 

surfaces of same DA of 76% presented a mass per unit area of protein of 477 ng/cm2 [36]. Sugawara et 

al. studied the adsorption of WGA on chitin films by voltametric analyses and reported a mass per unit 

area of 774 ng/cm2 [39]. The observed differences can be due to different configurations of WGA 

binding on the surface (ex: “in-plane” and “out-of-plane” bindings) allowing deposition of more or less 

WGA (this hypothesis will be detailed below). 

3.3. Chitosan DA impacts the amount of interaction sites with CBD proteins 

The adsorption of WGA onto chitosan was studied for a homologous series of chitosans with similar 

molar masses but with different DAs (0.5%, 15%, 35%, 54%, 67% and 76%) using a constant 

concentration of protein of 50 µg/mL (Figure 2). 
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Figure 2: QCM-D real-time adsorption monitoring of chitosan of different DAs (0.5%, 15%, 

35%, 54%, 67%, and 76%) and WGA: (a) frequency shift and (b) dissipation shift. The letters 

A, B, C and D indicate the different solutions used in the system (A: [NaCl] = 0.15 M at pH 

5.5; B: Chitosan at 0.5mg/mL in buffer A; C: HEPES at 0.01 M and pH 7; D: WGA at 50 µg/mL 

in buffer C). The changes in solutions are marked by an arrow with the associated letter and a 

vertical bar. For more clarity, a graphical representation of the conformation adopted by 

chitosan chains during the adsorption at pH 5.5 on gold sensors is presented in (c). Blue 

squares represent water molecules responsible for chitosan swelling and higher dissipation. 

Firstly, we can observe that the frequency shifts after washing of the deposited chitosan layer were 

of −6 Hz for DAs 0.5% and 15%, around −14 Hz for DA 35%, −31 Hz for DA 54%, −18 Hz for DA 

67% and −44 Hz for DA 76%. These results indicate that the amount of deposited chitosan onto gold 

sensors gradually increases with the DA apart from the deposition of chitosan of DA 54% which leads 

to an enhanced adsorption compared to chitosan of DA 67%. The adsorbed mass per unit area and 

thicknesses, at the swollen state in aqueous medium calculated from the resonance frequency changes 

are presented in Table 1. 
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Table 1: Mass per unit area and thicknesses of chitosan layers and WGA layers on the QCM-

D sensor calculated from the frequency shifts and Sauerbrey equation (error on mass was 

estimated inferior to 1 ng/cm² by Dfind Sauerbrey analysis). The thicknesses were deduced from 

the deposited mass (error on thickness was estimated inferior to 0.01 nm). A density of 1050 

g/L (hydrated sugar, Dfind software) was chosen for chitosan and a density of 1100 g/L was 

chosen for WGA (hydrated protein density, Dfind software).  

 

Low DA chitosans carry –NH2 groups which are partially positively charged at pH 5.5. The chitosan 

chains can thus interact with the negatively charged gold sensor by electrostatic interactions (presence 

of an OH- adlayer on QCM-D sensors in aqueous environment, sensor charge was verified with zeta 

potential in NaCl at pH 5.5) [40]. High DA chitosan present less (potentially ionized) –NH2 groups. 

More chitosan chains are then needed to counter the negative charges at the surface of the gold sensor 

and consequently a higher mass of chitosan could be deposited at high DA. Moreover, the extend of 

repulsive electrostatic forces between chitosan chains (dependent of the DA), is anticipated to play on 

the conformation adopted by the adsorbed chitosan chains and thus the obtained mass per unit area. At 

low DA, such repulsions are at the origin of the observed lower mass of deposited chitosan, explained 

by the expansion of the adsorbed polymer chains at the surface (see Figure 2 (c)). In parallel, the 

dissipation was monitored during chitosan deposition (Figure 2 (b)). Two ranges of dissipation energy 

variations are observed: the first one with relatively low dissipation at low DA (0.5% to 35%) and a 

second one with a pronounced dissipation for higher DA (54% to 76%), as a consequence of the 

differences in the deposited mass of chitosan, gathered in Table 1.  

DA (%) 

Mass per unit 

area of chitosan 

(ng/cm2) 

Thickness of 

chitosan layer 

(nm) 

Mass per unit 

area of WGA 

(ng/cm2) 

Thickness of 

WGA layer (nm) 

0.5 113 1.0 602 5.5 

15 103 1.0 532 4.8 

35 271 2.6 633 5.6 

54 558 5.3 986 8.7 

67 332 3.2 1043 9.3 

76 787 7.5 999 8.7 
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Such changes in dissipation as a function of the DA corroborates the fact that the DA (at a given pH) 

closely controls the conformation of the chitosan chains in aqueous solution and at the surface of the 

gold sensor. Given that at high DA, electrostatic repulsive forces are screened, polysaccharide chains 

are less extended and are adsorbed onto the surface under the form of globules and coils that are able to 

entrap a higher number of water molecules. This peculiar chain conformation leads to an increase of 

both: (i) the mass of deposited chitosan and (ii) the amount of water molecules embedded within the 

polymer chains. Herein, the DA increase yields an enhancement of the hydration and swelling degree 

of polymer chains. Moreover, the tricky differences in dissipation shifts observed between the three high 

DA values (54%, 67%, and 76%) can be attributed to the distribution/repartition of the D-glucosamine 

and N-acetyl-D-glucosamine units along the chitosan backbone, which might impact the conformation 

in solution and thus the degree of compacity of the layer. The distribution of these repetitive units can 

also play on the extent and the strength of the interactions (electrostatic interactions involving –NH3
+ 

groups and chelation involving –NH2 groups) developed at the interface with the gold sensor. 

The amount of bound WGA increases with DA and a gap is observed once again between the two ranges 

of DA: low DAs (0.5%, 15%, 35%) and high DAs (54%, 67%, 76%). This trend was previously 

evidenced for WGA interaction with chitosan-grafted films of different DAs quantified by fluorescence 

microscopy and was attributed to the increased affinity of WGA’s CBD for “chitin like” chitosans of 

high DA [36]. By considering thicknesses and the swelling degrees of chitosan layers, we can speculate 

that WGA proteins are able to interact with the surface of the chitosan layer and diffuse in the depth of 

the layer to interact with additional available interacting sites. As a result, the differences in WGA 

interaction with chitosan of different DAs is subtle and can thus be modulated by i) the specific 

interaction of WGA with chitin-like chain portions, ii) the thickness of the chitosan layer and iii) the 

ability of chitosan to swell in aqueous media [41,42]. Nevertheless, for quasi-identical thicknesses of 

chitosan layer for DAs 35% and 67%, a pronounced difference in the amount of WGA bound to the 

chitosan layer is observed (633 for DA 35% against 1043 ng/cm2 for DA 67%). Consequently, we can 

conclude that the high mass per unit area of WGA adsorbed chitosans of high DAs is linked to the higher 

affinity of WGA CBD for chitin-like chitosans (bearing more GlcNAc units). Additionally, the 
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adsorption of the protein quickly occurred, and the interaction seem very strong as no desorption is 

observed during the washing step. 

3.4. Proteins are subjected to changes in binding configuration to present more interaction 

sites with chitosan 

3.4.1. Impact of protein concentration 

Monitoring of protein adsorption on chitosan of DA 0.5% was performed at two WGA concentrations, 

i.e. at 50 µg/mL (high concentration, noted HC) or 10 µg/mL (low concentration, noted LC). It may be 

noticed that the frequency shift resulting from WGA deposition on the chitosan layer is almost twice as 

high for WGA at HC than for WGA at LC (−41 Hz and −24 Hz, respectively, see figure S2): although 

we have let adsorption to occur until equilibrium, the surface densities of WGA are estimated at 602 

ng/cm2 at HC and 295 ng/cm2 at LC. These results show that the concentration of the solution strongly 

impacts the amount of adsorbed WGA. To go a step further in the elucidation of such adsorption regimes, 

we can study both adsorption-induced changes in frequency (mass adsorbed) and dissipation 

(viscoelasticity/hydration rate of the layer): the plots of the variation in dissipation (ΔD/n) as a function 

of the variation of frequency (Δf/n), also called the “ΔD-Δf plots”, can be used to gain information on 

the binding characteristics of the interaction (Figure 3), from the examination of the dissipation changes 

per unit of adsorbed mass. 
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Figure 3: ΔD-Δf plots of the adsorption of WGA solutions at two different concentrations (50 

and 10 µg/mL) on chitosan of DA 0.5%. For WGA at HC, protein adsorption presents 2 

domains: the first one is a decrease in frequency at constant dissipation (horizontal slope) and 

the second one is a decrease in frequency with increased dissipation. For WGA at LC, protein 

adsorption presents a sole domain: a decrease in frequency with increase of dissipation. 

For WGA at HC, two domains can be evidenced. For the first 2 min, the frequency rapidly decreases 

from −6 Hz to around −23 Hz without significant dissipation change (horizontal slope, Figure 3). After 

that, for the rest of WGA binding (around 2 h), the frequency decreases from −25 Hz to −45 Hz with an 

increase in dissipation presenting a negative slope in the ΔD-Δf plot. This slope is identical to the slope 

observed for binding of WGA at LC, which does not present the first horizontal domain. Such a slope 

change for protein adsorption has previously been observed and attributed to a distinct conformational 

change of the protein on the surface [43–47]. Hampitak et al. described a two-step adsorption 

mechanism for BSA on graphene, characteristic of hydrophobic interactions followed by hydrophilic 

interactions: BSA hydrophobic sites are adsorbed first in an “in-plane” configuration followed by the 

hydrophilic ones located at the extremity of the protein and resulting in an “out-of-plane” protein 

configuration [46]. Komorek et al. studied the deposition of lysozyme by QCM-D and a two slope 

response of the ΔD-Δf plot was associated to a reorganization of the lysozyme layer [47]. As each WGA 

monomer presents 4 CBDs (adding up to 8 for the dimer), it has been previously discussed that WGA 

can adsorb on chitosan with different binding configurations [28]. The protein can then interact “out of 
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plane” with CBDs located at the extremity of the protein with the chitosan surface or the interaction 

could involve more CBDs stabilizing the protein in a configuration “in-plane” where the protein takes 

up more space on the surface (see Fig. S3 for details on “in-plane” and “out-of-plane” WGA 

configurations) [28]. 

Considering this information, we can hypothesize that in our experiments, for WGA at LC, the protein 

interacts “in plane” in regards to the chitosan layer whereas at HC the protein first interacts “in plane” 

as a low dissipation compact layer of proteins, but then, the protein layer is subjected to a progressive 

reorganization to an “out-of-plane” configuration that allows to increase the number of interaction sites 

and thus enhance further binding of WGA onto the chitosan layer. It has to be noted that WGA “in-

plane” binding is expected to present identical and even super-imposable slopes on the ΔD-Δf plot for 

HC and LC if the surface presents the same organization [48]. The differences in slopes observed may 

be explained by the differences in concentration. At high concentration, the surface gets rapidly saturated 

with “in-plane” WGA due to a high influx of protein, without allowing chitosan chain rearrangement. 

This results in a more horizontal (flat) curve, indicating a quick adsorption phase (2 minutes) of “in-

plane” proteins. At low concentration, WGA adsorbs gradually, leading to a continuous slope with 

increase in dissipation as the adsorption progresses over time and the layer appears more viscoelastic as 

proteins are less tightly packed. 

As presented above, the characteristic two-slope response in the ΔD-Δf plot of WGA binding is 

characteristic of layer reorganization; additionally, the deposited protein amounts as well as the 

corresponding thicknesses of the protein layer are consistent with this model (Table 2). 
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Table 2: Masses and thicknesses of chitosan layer and WGA layer on the QCM-D sensor 

calculated from the frequency shifts and Sauerbrey equation when conducting experiments with 

high and low concentration of WGA (10 and 50 µg/mL). The error on mass was estimated 

inferior to 1 ng/cm2 and the error in thickness inferior to 0.01 nm. The thicknesses were 

deducted from the deposited mass and a density of 1050 g/L (hydrated sugar as presented in 

the Dfind software) was chosen for chitosan. A density of 1100 g/L was chosen for WGA 

(hydrated protein as presented in the Dfind software).  

 
WGA at 10 

µg/mL (LC) 

WGA at 50 

µg/mL (HC) 

Thickness of chitosan (nm) 1.2 1.1 

Mass of WGA before slope change in the ΔD-Δf plot (ng/cm2) 

(Δf = −22 Hz) 
- 291 

Final mass per unit area of WGA (ng/cm2)  

(Δf = −40 Hz for WGA at HC and Δf = −22 Hz for WGA at LC) 
295 602 

Final thickness of WGA (nm) 2.6 5.4 

 

For WGA at HC, the mass per unit area of bound proteins is equal to 291 ng/cm2 before the slope change 

on the ΔD-Δf plot, which is similar to the mass per unit area resulting from the binding of WGA at LC. 

This would mean that the protein first deposits “in plane” for both systems (HC and LC) leading to the 

same amount of deposited protein for both concentrations. After that, for HC, the proteins are subjected 

to a change in interaction to an “out-of-plane” configuration allowing for the deposition of a higher 

quantity of WGA (from 295 ng/cm2 to 602 ng/cm2). The results also match with the theoretical amounts 

of WGA leading to saturation of the sensor surface. If we consider the WGA dimer as an ellipsoid 

resulting from the head to tail interaction of the horseshoe shaped monomers of WGA (see fig. S3 and 

Uniprot®: P10968 for 3D representations of WGA dimer), then the surface taken by a single WGA 

dimer interacting “in plane” is an ellipse of 3.8 nm minor diameter and 6.7 nm major diameter (as 

measured on 3D structure of PDB: 2UVO, see Fig.S3); one single protein takes 20 nm2 on the surface. 

This corresponds to a mass per unit area of protein of 298 ng/cm2 for full sensor surface. This result is 

in accordance with the amount of proteins bound to the surface for experiments with WGA at LC (295 

ng/cm2). If WGA interacts “out of plane” with the chitosan surface, the area taken by the protein can be 

simplified to a circle of 3.8 nm in diameter (area of 11 nm2). The mass per unit area of protein would 
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thus appear as 536 ng/cm2. This result is in accordance with the amount of protein bound to the surface 

for experiments with WGA at HC in the second step of the deposition (602 ng/cm2). Moreover, the 

thickness of WGA bound to chitosan at LC is 2.6 nm, which is close to the size of a single layer of “in-

plane” WGA (3.8 nm) but still smaller, this could indicate that the protein is denatured or hydrated at 

the surface or that the dimer is split into two monomers (which  is known to be unlikely in solution at 

pH 7 and room temperature) [49]. For WGA at HC, the final thickness of WGA is 5.4 nm, which is 

intermediate between the sizes of “in-plane” and “out-of-plane” WGA. The hydrodynamic radius of 

WGA is close to 5.6 nm, [49] so this confirms that only a single layer of protein is bound to the chitosan 

surface. This differences in thickness could be explained (i) by a configuration for which the proteins 

would interact vertically but being partially tilted (see fig.S3) [46] or (ii) by an intermediate mean 

thickness of “in-plane” and “out-of-plane” configurations. The thicknesses gathered in Table 2 are 

calculated from both the density of the layer and the mass of adsorbed proteins, so it might not represent 

the actual/real geometric thickness of protein adsorbed. Finally, the possibility for monomeric WGA 

interactions with chitosan can not be completely ruled out, because of the possible presence of a small 

fraction of monomeric WGA at pH 7.0. In this view, the adsorption phases observed could then be 

interpreted as the adsorption monomeric WGA in the first phase (horizontal slope), followed by 

dimerization of WGA in the second phase. This hypothesis is unlikely as WGA is expected dimeric at 

this pH and temperature. Moreover, the amount of WGA bound to the surface in the second phase is 

fairly high (300 ng/cm2), whereas dimerization of a fraction of bound WGA monomers would not be 

reach this adsorption values alone. Nevertheless, it cannot be excluded that both processes of “in-plane”-

“out-of-plane” reorganization and dimerization occur during WGA binding. 

3.4.2. Impact of DA 

The different binding regimes of WGA on chitosan surfaces were investigated as a function of DA. 

QCM-D experiments were conducted with chitosans of DA 0.5%, 15%, 35%, 54%, 67% and 76% and 



18 

with WGA concentration of 50 µg/mL (HC). The results of the ΔD-Δf plot during WGA binding are 

presented in Figure 4.  

 

Figure 4: ΔD-Δf plots of the adsorption of WGA (50 µg/mL) on chitosan of different DAs (0.5%, 

15%, 35%, 54%, 67%, 76%). The I, II and III symbols represent the different binding regimes 

observed. 

For QCM-D experiments with DAs 0.5% and 15% the behavior is identical. We can differentiate two 

domains; the first one is the decrease in frequency at constant dissipation (regime II) and the second one 

is the decrease in frequency with increase in dissipation (regime III), as displayed in figure 4. For DA 

15% and above, three separate binding regimes can be distinguished. The first phase consists in a 

decrease in frequency with a decrease of dissipation (regime I), the second is a decrease in frequency at 

constant dissipation (II) and the last one a decrease in frequency with an increase in dissipation (III). 

The first dissipation decrease observed at high DA corresponds to a progressive stiffening of the layer 

along the deposition of protein [50]. This could be explained by the diffusion and binding of WGA 

inside the chitosan layer happening at the same time as “in-plane” association and acting as a physical 

crosslinker causing an increase in stiffness (and a possible deswelling of the chitosan layer). As can be 

seen in figure 5, the amplitude of the first regime (I), in the ΔD-Δf plot, increases with DA. This can be 
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explained by the increased mass of deposited chitosan at higher DAs thus creating a chitosan layer of 

higher dissipation (higher ΔD) and higher porosity. The second phase hypothetically corresponds to “in-

plane” only interaction of WGA (decrease in Δf with no change in ΔD) and the third phase to “out-of-

plane” reorientation of WGA (decrease in Δf with increase of ΔD, “out-of-plane” protein layer appearing 

more dissipative). The first two deposition regimes happen within 2 to 6 min while the third one lasts 

approximately 140 min. The slope values of regime (III) do not depend on DA. It can be extrapolated 

that the proteins adopt the same “out-of-plane” configuration for all DAs. The thickness of deposited 

protein layer was around 5 nm for DAs 0.5%, 15% and 35%, while the thickness of deposited protein 

layer was of 9 nm for DAs 54%, 67% and 76% (Table 1). The thickness of the protein layer determined 

for high DAs seems fairly high and could suggest that WGA does not solely form a single layer on top 

of the chitosan film (since WGA dimensions do not exceed 7 nm). The calculations in the Dfind software 

only accounts for a translation of the mass deposited to a thickness of layer on top of the precedent layer 

without including the possibility of protein interaction within the precedent layer. Thus, the results 

obtained for the protein layer thicknesses are not fully representative of the thickness of WGA layer on 

top of the chitosan layer, as some of it can be present within the chitosan layer. 

3.4.3. Affinity constants 

The binding rates are fundamental properties of ligand-receptor systems. In most cases, ligand binding 

is governed by simple bimolecular interactions. The association step consists in a single ligand binding 

to a single target site in one step. This binding process is called a one-step association, and the adsorption 

kinetics (mass adsorbed with time) can be modeled by an exponential function. The observed rate 

constant kobs takes into account both association and dissociation steps. When the ligand-receptor couple 

is subjected to changes in conformation, the reaction is considered as a two-step association, and the 

kinetic data can be analyzed by a bi-exponential function and will imply two separate kobs constants. In 

agreement with our findings, the interaction of WGA with chitosan can be fitted with an exponential 

function for low WGA concentration (thus a one-step association corresponding to “in-plane” 

interaction) and a bi-exponential function for high WGA concentration (meaning a two-step association 

corresponding to “in-plane” adsorption followed by reorganization to “out-of-plane” configuration). The 
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modeled curves with bi-exponential functions for high WGA concentration are shown in Figure S4. The 

association constant tendencies resulting from the data modelling are gathered in Figure 5. 

 

Figure 5: Association rate constants kobs,1 (left axis) and kobs,2 (right axis) of the adsorption of 

WGA of concentration 50 µg/mL on chitosan of different DAs (0.5%, 15%, 35%, 54%, 67% and 

76%) determined from bi-exponential fitting of the frequency variation during protein binding. 

Note that the vertical axes are two orders of magnitude apart. Error bars on kobs represent error 

of bi-exponential fitting.  

According to the bi-exponential fitting, the first association phase related to the rate constant kobs,1 

corresponds both to the primary interaction of WGA with the chitosan layer and to the stiffening of the 

chitosan sub-layer caused by WGA diffusion within the layer. The two events rapidly and 

simultaneously occur and present a single association rate constant. The second association phase of rate 

constant kobs,2 relates to the protein layer reorganization. The observed association rate constant kobs,1 

increases with DA more than ten times between DAs 0.5% and 15%, and then decreases with DA. The 

increase between DA 0.5% and DA 15%, is possibly due to the presence of GlcNAc groups at DA 15%, 

which favors specific binding of WGA through its CBDs. The slow decrease at higher DAs can be 

explained by the diffusion of WGA within the chitosan layer, which could slow the interaction process. 

The chitosan layer thickness increases with DA, the impact of protein diffusion on association rate 

constant could appear more important for increased chitosan layer thickness as more WGA is diffused 
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within the layer. The values of kobs,1 at DA higher than 0.5% are consistent with the values obtained by 

Vogt et al. for binding of the CBD of a chitinase (Bacillus circulans chitinase A1) with chitin which 

range from 2.0 × 10−2 s−1 to 4.0 × 10−2 s−1 [27]. 

The observed association rate constants kobs,2 seem quite constant from DA 0.5% to 35% and increases 

from DA 35% to DA 67% but then significantly drops for DA 76%. Note that the same amount of bound 

WGA is obtained for DAs 54%, 67% and 76% (around 1000 ng/cm2). The decrease observed at DA 

76% could be explained by a higher affinity of the CBDs of WGA (upon “in-plane” conformation) for 

the chitosan of DA 76%, which could hinder and limit layer reorganization. If we hypothesize that the 

protein interacts in an “in-plane” orientation with chitosan through interaction of more than one of its 

CBDs, the layer reorganization to “out-of-plane” configuration would require to break one of these 

bonds to flip the protein to a vertical position where less CBDs are bound to chitosan (see Fig. 6). If the 

affinity of these bonds is stronger at DA 76%, the energy barrier required to break these bonds would 

then be higher.  

 

Figure 6: WGA dimer interaction with chitosan on QCM-D sensor. Four CBDs (CBD 1, dark 

and light pink; CBD2, dark and light green; CBD3, red and orange; and CBD4, dark and light 

blue) are present on each WGA monomer (monomers noted A, and B). In the first two cases (a) 

and (b), 4 CBDs from monomers A and B interact with the surface, in the second two cases (c) 

and (d), 2 CBDs from the same monomer interact with the surface, while in the third two cases 

(e) and (f), 2 CBDs from different monomers interact with the surface. The dimer protein can 

appear in plane when it interacts with 4 CBDs or out of plane when it interacts with less than 

4 CBDs.  

Overall, the rate constant kobs,1 is 100 times higher than the rate constant kobs,2 for almost all DAs (apart 

from DA 0.5%). Protein layer reorganization is a slower process compared to the fast primary CBD 
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interaction of WGA with chitosan. The reorientation process is probably dynamically based on an on-

and-off break of some of the CBD bonds and implying the binding of a new protein in the available spot 

to stabilize the protein in an interaction involving less CBDs. The co-occurrence of these conditions 

could explain that the “out-of-plane” rearrangement is kinetically slower. 

4. Conclusion 

We studied, by QCM-D, the CBD interactions of WGA with whole chain chitosans at various DA. The 

specificity of CBD binding was assessed and compared to other protein interactions and the strong 

impact of chitosan DA and protein concentration were evidenced. The dynamic affinity constants were 

also determined for each DA. We were able to demonstrate the specificity of CBD binding of WGA by 

comparison with the behavior of IGG at pH 7.0 and 8.0. A higher mass per unit area was deposited for 

WGA compared to IGG and the amount was not impacted by changes in pH compared to IGG. A higher 

amount of WGA was absorbed on chitosan surfaces of high DAs in comparison with low DAs (almost 

twice as high) and the maximum mass per unit area was around 1000 ng/cm2 for DA 67%. As the binding 

of WGA to chitosan of DA 0.5% was not affected by pH, WGA’s CBD can maybe then be considered 

a “chitosans” binding domain, but with preferred affinity to “chitin-like” chitosans. The concentration 

of WGA used in the experiment seems to impact the system and cause rearrangement within the protein 

layer. At a concentration of 10 µg/mL, the proteins probably interact “in plane” with the chitosan layer 

until saturation of the sensor, while at a concentration of 50 µg/mL, the proteins seem to interact “in 

plane” until saturation of the sensor and then reorient “out of plane”, thus favorably impacting further 

binding of WGA. Nevertheless, the hypothesis regarding WGA reorientation is still left to be thoroughly 

examined and would need more in-depth work to be able to be undoubtedly proven. For higher DAs, 

the protein diffuses within the chitosan sub-layer and interact within the film to access supplementary 

interaction sites. WGA interaction with chitosan of high DA is a complex multi-step process with a mass 

adsorption presenting as a two-step process decomposed in three binding regimes with different 

viscoelastic properties. The observed association rate constants kobs are around 0.02-0.03 s−1 for the first 

association step (interaction of the protein inside the chitosan layer and primary WGA interaction) and 

1-2 × 10−4 s−1 for the second association step (protein layer reorganization). This work shows promising 
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results in the study of protein interactions with chitosans without the need of a grafted adlayer to help 

in chitosan immobilization and allows QCM-D experiments with whole chains chitosans of different 

DAs (0.5% to 76%) and not only GlcNAc monosaccharides. QCM-D constitutes a suitable method for 

the quantitative analysis of lectin CBD–chitosan interactions and could be applied to other types of CBD 

proteins such as cuticular proteins which have been less studied. Moreover, the use of chitosan of 

different DAs in QCM-D opens tremendous perspectives for the development of biosensors or 

biomaterial coating for which there is a need to tune chitosan DA to assess the affinity of specific 

proteins.  
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• Figure S3: WGA dimer protein dimensions and possible configurations in interaction 
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• Figure S4: QCM-D frequency shifts fittings for adsorption of WGA solution at a 

concentration of 50 µg/mL on chitosan of different DAs (0.5%, 15%, 35%, 54%, 67%, 
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Chitin-binding protein behavior at chitosan interface 

studied by quartz crystal microbalance with dissipation 

monitoring (QCM-D): binding quantification, 

orientation and affinity constants 

 
Lisa Basso a, Clémence Vuillet a, Yvan Rahbé b, Laurent David a, Aurélia Charlot a, Guillaume Sudre a 

a Universite Claude Bernard Lyon 1, INSA Lyon, Université Jean Monnet, CNRS UMR 5223, 

Ingénierie des Matériaux Polymères (IMP) F-69622 Villeurbanne Cédex, France. 

b Universite Claude Bernard Lyon 1, INSA Lyon, INRAE, CNRS UMR 5240, Microbiologie, 

Adaptation et Pathogénie (MAP), F-69621 Villeurbanne, France 

 

Materials 

Chitosan from shrimp shells was purchased from Mahtani Chitosan Ltd (Veraval, India, batch type 244 

LG). The degree of acetylation (DA) was determined by 1H NMR thanks to the method of Hirai et al. 

[1] and was found equal to 0.5%. Chitosan mass average molar mass was determined by size exclusion 

chromatography coupled with Multiangle Laser Light Scattering (Mw = 190 kg/mol, dispersity Đ = 2.3). 

Acetic acid (AcOH, > 99% w/w), ammonium hydroxide (NH4OH, 28% w/w), deuterium oxide (99.9% 

D), HEPES buffer (powder form), lectin from Triticum Vulgaris (WGA, lyophilized, immunoglobulin-

G (IGG) from human serum were purchased from Sigma Aldrich. Acetic anhydride (> 99% w/w) was 

purchased from Carlo Erba. Gold-coated quartz crystal sensors QSX301 were purchased from Biolin 

Scientific (Gothenburg, Sweden). Ultrapure Milli-Q water was obtained thanks to an ultrapure water 

system (Milli-Q Simplicity® water purification system, with resistivity of 18.2 MΩ.cm). 
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Data analysis 

The Sauerbrey equation was used to convert the resonance frequency shift to the adsorbed mass of 

analyte per unit area.  The thickness of the deposited layer of analyte (at the swollen state) can be 

estimated from the data thanks to the layer density (typical densities were provided in the software and 

were evaluated at 1050 g/L for hydrated polysaccharides and 1100 g/L for hydrated proteins). The 

frequency change was fitted to either an exponential or a biexponential function and modelling 

parameters were used to determine the affinity constants kobs. 

 

 

Where R is the receptor, L the ligand, kon the association constant, koff the dissociation constant and kobs 

the observed association constant. 

In enzyme kinetics, the exponential function (2) is typically used to model a one-step association. The 

bi-exponential function (3) is used to model a two-step association, in which the first step is the ligand 

to receptor binding and the second step is the change in conformation of one or both of the associated 

parts.[2,3] In the context of this study, RL and RL* may represent two different surface configurations 

of the protein interacting with chitosans films. Such modellings allow to identify or confirm the 

interaction model and determine the observed association rate constants (kobs) of ligand-receptor 

binding.[4]  
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WGA and IGG adsorption on bare gold 

 

Figure S1: QCM-D frequency shifts result for adsorption of WGA and IGG on bare gold 

sensors at pH 7. Δf/n corresponds to the shift in frequency of the nth overtone. The letters C and 

D correspond to the solutions used for QCM-D experiments (C: HEPES 0.01M pH7; D: Protein 

(WGA or IGG) 50µg/mL in buffer C. The changes in solution flows are marked by an arrow 

and a vertical line. 
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WGA adsorption on chitosan DA0.5% at 2 different concentrations 

 

Figure S2: QCM-D frequency shifts result for adsorption of WGA of concentration 50 µg/mL 

(orange) or 10 µg/mL (blue) on chitosan of DA 0.5% at pH 7.0. The letters A, B, C and D 

correspond to the solutions used for QCM-D experiments (A: [NaCl] = 0.15 M at pH 5.5; B: 

Chitosan of DA 0.5% at 0.5 mg/mL in buffer A; C: HEPES at 0.01 M at pH 7.0; D: WGA at 10 

or 50 µg/mL in buffer C). The change in solution flows are marked by an arrow and a vertical 

line. 
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WGA dimer protein dimensions and possible configurations in 

interaction with a surface 

 

Figure S3: Dimensions of WGA dimer protein (Uniprot®: P10968) as measured on the crystal 

3D structure of PDB: 2UVO and ellipsoid approximation. In plane and out of plane 

configurations of WGA when in interaction with a surface. The blue square represents the 

surface, monomer A is orange and monomer B is green.  
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Kinetic modelling of WGA adsorption on chitosan layers of 

different DAs 

 

∆𝑓

𝑛
= 𝐴 + 𝐵1𝑒

−𝑡 𝜏1⁄ + 𝐵2𝑒
−𝑡 𝜏2⁄  

DA (%) τ1 (s) τ2 (s) A (Hz) B1 (Hz) B2 (Hz) 

0.5 183 ± 1 5415 ± 21 -47.47 ± 0.05 10.19 ± 0.04 27.36 ± 0.03 

15 26.0 ± 0.5 5920 ± 62 -43.47 ± 0.09 10.2 ± 0.1 17.84 ± 0.08 

35 34.5 ± 0.5 6359 ± 64 -61.6 ± 0.1 21.6 ± 0.2 22.0 ± 0.1 

54 43.9 ± 0.4 5593 ± 47 -97.9 ± 0.1 34.5 ± 0.2 28.6 ± 0.1 

67 49.6 ± 0.4 5177 ± 41 -86.8 ± 0.1 31.3 ± 0.1 28.32 ± 0.09 

76 53.1 ± 0.4 11296 ± 288 -116.2 ± 0.5 47.7 ± 0.2 25.6 ± 0.4 

Figure S4: QCM-D frequency shifts bi-exponential fittings for adsorption of WGA solution of 

concentration 50µg/mL on chitosan layer of different DAs (0.5%, 15%, 35%, 54%, 67%, 

76%) at pH 7.0. 
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