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Abstract

:

The competition between various carbohydrates in the binding to Concanavalin A (Con A) can be exploited in gravimetric microsensors that detect changes in mass or viscoelasticity as a function of glucose concentration. Such sensors are based on the immobilisation of Con A as the ligand specific element, and a successful application requires that the binding property of Con A is retained. This paper presents a simplified immobilisation procedure of Con A on a quartz surface, a common material for gravimetric microsensors. Structural assessment with atomic force microscopy confirmed that the surface was covered with a layer of macromolecules. This layer shows the presence of entities of various sizes, presumably monomers, dimers and tetramers among which dimers of the Con A are the most dominant structure. Functional assessment using fluorescent labelled dextran (FITC and Alexa 488) suggests a surface coverage ranging from 1.8 × 1011 to 2.1 × 1012 immobilised fluorescent molecules per cm2. The assay was responsive to glucose over a concentration range from 0–40 mM, but became gradually saturated above 20 mM. Hence, the immobilised Con A is able to bind dextran, which is displaced by glucose in a concentration dependent manner, thus triggering a mass change proportional to the MW of dextran.
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1. Introduction


Concanavalin A (Con A) was first identified by Sumner and Howell in 1935 [1] and is a carbohydrate binding protein (lectin) that is extracted from the jack bean (Canavalia ensiformis). Lectins are storage proteins thought to form part of the passive defence systems of plants by exhibiting specific binding affinities to animal glycoproteins and thereby provoking a toxic response [2]. The lectin Con A binds specifically by hydrogen bonds to the 3rd, 4th and 6th carbon of the pyranosyl ring system of α-mannosyl, α-glycosyl and α-N-acetylglucosaminyl groups acting as the non-reducing termini of mono and polysaccharides [3]. This interaction has been exploited in various biological applications for example cell separation [4], immobilisation of micro-organisms [5], glycoenzyme separation [6], identification of carbohydrates [7], mapping of glycoconjugates [8] and the detection of viruses [9]. The specificity of Con A binding towards a selected group of carbohydrates have also been explored in biosensor applications, in which the lectin was incorporated as the primary ligand in the detection of biologically active metabolites. It is especially the binding affinity of the α-glycosyl group of glucose and dextran that have raised interest for use in glucose sensors based on the competitive binding between these two in their interaction with Con A [10,11,12,13]. Despite traditional enzyme sensors representing the state-of-the-art in glucose monitoring [14], they suffer from a degradation in enzyme activity [15], interfering electroactive compounds [16], changing hematocrit level [17], electrode fouling [18] and the requirement of mass transport control [19]. Although remedies have been sought to rectify parts of these challenges [20,21], lectin based sensors have the potential to bypass the drawbacks posed from the combination of enzymes with an electrochemical system. Work on non-enzymatic glucose sensors have explored the use of functionalised receptors made from carbon nanotubes [22], nanomaterials with enzyme like behaviour [23] and abiotic catalysts [24]. Inactive enzymes (e.g., apo-glucose oxidase) have been used as affinity receptors in “smart tattoos”-small capsules of glucose sensitive hydrogels that emit a shift in photoluminescence [25] as a function of glucose concentration, or in conjunction with gold nanoparticle probes that emit light through fluorescence resonance energy transfer [26]. However, non-enzymatic glucose sensors, smart tattoos and gold nanoprobes, are still at the proof of concept level and have not attained widespread commercial use.



A lectin-based sensor would require a transducer mechanism that conveys the signal by physical or optical means. One potent application permits the registration of small changes in mass or viscoelasticity associated with the binding of molecular species on a surface [27]. This form for gravimetric detection permits label free measurements of glucose to be performed without the use of any fluorophores. Moreover, the competitive binding between the smaller glucose (180 Da) and the larger dextran molecule (3–70 kDa) with Con A amplify the mass change on the surface making the accompanying change in the resonance frequency more easily detectable [28]. This change in resonance frequency can be monitored by quartz crystal microbalances (QCM) [12], acoustic Love wave (LW) resonators [29] or thin film bulk acoustic resonators (FBAR) [27]. These gravimetric sensors share a common trait of using silicon oxide based ceramics (silica, silicon dioxide, quartz) as their bulk and/or surface material, as well as the guiding layer modulating the entrapment and propagation of acoustic waves in LW devices. It is on this surface material that one of the components of the Con A affinity assay would need to be immobilised.



Immobilisation strategies described in prior art focus on immobilising dextran to the sensor surface with Con A and glucose being freely suspended in the surrounding solution [10,11,12,28]. In contrast, a direct immobilisation of Con A will reduce the amount of (expensive) protein used in the preparation of the biosensor as well as preventing any loss of this potential toxic molecule should the sensor membrane be compromised [30]. It will also permit the detection of any target molecules that are freely suspended in the surrounding environment should any related applications be explored. Although protocols for a direct immobilisation of Con A on the sensor surface exist [31,32] the immobilisation process may change the binding affinity of the protein [33]. It is therefore important to map the binding properties of any immobilized Con A as an integral part of the biosensor calibration.



The main variables which have to be taken into account considering immobilisation on silicon oxide based ceramics, is the surface roughness (effective surface area) and the number of oxygen molecules associated with Si (and the corresponding number of active bond sites available). The immobilisation starts with a silanisation process that forms an initial anchor point to the surface active OH groups. The choice of silane depends on the selection of the coupling group (e.g., amine, thiol, carboxylic acid) of the biomolecule to be immobilised and the type of crosslinker (homobifunctional or heterobifunctional) that is used [34]. The active group of Con A is an amine where both homobifunctional and heterobifunctional crosslinkers can be employed. Successful protocols exist for both silicon oxide based ceramics [35,36] and metal surfaces [31], although thiols are used at the initial attachment molecule for gold [37]. However, most immobilisation protocols involve elaborate steps and require the use of harmful chemicals [36].



In this paper, we present a simple and safe protocol for rapid Con A immobilisation on quartz surfaces based on the formation of a covalent linkage between the carboxylic acid on the immobilised silane (N-[(3-Trimethoxysilyl)propyl] ethylenediamine triacetic acid trisodium salt) and an amine group of Con A. The binding characteristics of carbohydrates to the immobilised lectin as well as its distribution per unit area was assessed by titration studies based on the competitive binding between glucose and fluorescent labelled dextran. The binding capacity of the immobilised Con A was quantitated based on the observed fluorescent intensity, whereas structural assessment was performed by atomic force microscopy (AFM). The latter approach was employed for monitoring changes in surface topography after each immobilisation step. This affinity assay will be suitable for implementation in a gravimetric glucose sensor based on acoustic wave resonators.




2. Materials and Methods


2.1. Materials and Characterisation Equipment


All materials are of analytical grade, and used without further purification. The following materials were purchased from Sigma Aldrich, St. Louis, Mo, USA: 98% sulfuric acid, H2SO4, (No. 435589), N-[(3-Trimethoxysilyl)propyl] ethylenediamine triacetic acid trisodium salt 3% (No. AB1114888), Boric acid powder (No. B6768), N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride, EDAC, (No. 03449), 3-(N-morpholino) propanesulfonic acid, MOPS, (M3183), Concanavalin A extracted from C. ensiformis (No. C2010). The following materials were purchased from Merck Chemical, Darmstadt, Germany: 30% hydrogen peroxide, H2O2, (No. 107209), Methanol EMPLURA, MeOH, (No. 822283), 30% hydrochloric acid, HCl, (No. 100318), 96% acetic acid (No. 100062), calcium chloride dehydrate, CaCl2⋅2H2O, (No. 142000), manganese (II) chloride tetrahydrat (No. 105927). Single side polished ST-cut quartz wafers (3-inch), with an rms surface roughness of 0.6 nm was purchased from Roditi, London, U.K. Fluorescein isothiocyanate (FITC)–dextran with a molecular weight (MW) of 70 kDa (No. FD70S), and Alexa Fluor 488 dextran with a MW of 3 kDa, anionic (No. D34682) were obtained from Thermo Fisher Scientific (Life Technologies), Waltham, MA, USA.



The fluorescence imaging was performed with an inverted microscope (Olympus IX51, Tokyo, Japan) using an excitation filter BP460-490, beam splitter DM500 and a barrier filter BA520IF. The intensity of fluorescence emission was captured using a CCD DP71-1-5 camera (Olympus, Tokyo, Japan). The AFM images were recorded with a Digital Instruments, Multimode IIIa (Veeco, Plainview, NY, USA). The PPP-NCH AFM cantilevers (Nanosensors, Neuchâtel, Switzerland, nominal spring constant 42 N/m), with a tip height of 10–15 μm and guaranteed tip radius <10 nm (typical <7 nm), were employed.




2.2. Con A Immobilisation Protocol


The immobilisation protocol for Con A consists of four steps: (i) substrate treatment and cleaning, (ii) hydroxylation, (iii) silanisation and (iv) protein immobilisation. A schematic representation of the Con A immobilisation protocol is presented in Figure 1.



2.2.1. Substrate Treatment and Cleaning


The 3-inch quartz wafer was cut into 10 × 10 mm2 size samples using a dicing machine (Dicing SAW Disco DAD-2H/6T, Disco, Tokyo, Japan). The samples were initially cleaned with acetone, ethanol and deionised (DI) water, before being dried under a nitrogen stream, and then etch cleaned in “piranha solution” (7:3 v/v of 98% H2SO4 and 30% H2O2) at a temperature of 80°C for 20 minutes to remove any organic contamination. The quartz samples were subsequently rinsed three times in DI water and dried under a nitrogen stream.




2.2.2. Hydroxylation


The hydroxyl groups required for bonding to the silanes were formed on the quartz surface by immersion in a (1:1 v/v) mixture of HCl:MeOH solution for 30 min at room temperature (Figure 1a). The samples were then rinsed in DI water and dried under a nitrogen stream.




2.2.3. Silanisation


The samples were silanised by immersion in an aqueous solution of 3% N-[3-Trimethoxysilyl propyl] ethylene diamine triacetic acid trisodium salt in 1 mM acetic acid (v/v) for 30 minutes at room temperature before being rinsed in DI water. This step permits conjugation between the hydroxyl groups on the substrate and the trihydroxysilyl group of the silane (Figure 1b).




2.2.4. Con A Immobilisation


Con A was added at a concentration of 1 mg mL−1 in an aqueous 20 mM MOPS buffer of pH 5.5 containing 10 mM CaCl2 and 10 mM MnCl2. The Ca2+ and Mn2+ ions play the role of co-factors [38] required to activate the protein for glucose binding. The MOPS buffer containing Con A was further diluted 10-fold in 50 mM Boric acid to a final concentration of 0.1 mg mL−1 protein. The covalent coupling of Con A to the silane layer (catalysed using a water soluble carbodiimide) involved conjugation of the amine groups on the protein to the carboxyl groups on the silane. The water soluble carbodiimide (EDAC) was dissolved to a final concentration of 0.5 mg mL−1. EDAC catalyses an activation of the carboxyl for the coupling of primary amines to yield amide bonds. Accordingly, 100 µL of freshly prepared solution was dispersed on the silanised quartz surface for at least 2 h at room temperature to permit the amide bonds to be completed (Figure 1c,d). After the immobilisation process, the wafers were removed from the solution, washed with MOPS buffer and DI water three times. Thereafter, the sample surface was dried under a nitrogen stream.





2.3. AFM Characterisation


The surface topography of the quartz sample, before and after the preparation steps (Figure 1), was determined using an AFM operating in tapping mode. The scan sizes ranged from 0.5 to 10 µm. The roughness parameter, Ra is given by:


Ra=1N∑i=1,N|Zi|



(1)




where Zi is the height difference from the mean value in each sample and N the number of pixels. Ra were calculated using the analysis software (NanoScope Analysis, v. 1.40, Bruker Corporation, Billerica, MA, USA, 2012) from the AFM manufacturer or the Gwyddion software (GNU General Public License [39]). The mean values and standard deviations of the surface roughness were obtained using the data from several scans for each sample (see Table 1).




2.4. Functional Characterisation by Fluorescence


2.4.1. Fluorescence Calibration


A calibration protocol was developed to relate the observed fluorescent intensity to the number of Alexa 488 and FITC dextran molecules on the sample surface. The intensity was determined for both a dry and a wet sample environment in order to investigate possible differences. The test solutions consisted of 3 µL MOPS buffer containing 0–4 µg mL−1 Alexa 488 dextran or 0–8 µg mL−1 FITC dextran pipetted on 10 × 10 mm2 large substrates cut from one of the 3-inch quartz wafers. A glass coverslip of identical size was placed on top of the quartz substrate to permit the drop to be equally spread over the area. This also allowed for an estimation of the height of the liquid film that was sandwiched between the substrate and the coverslip. The fluorescent intensity was then recorded with the fluorophore evenly distributed in the solution (wet state). In the dry state, the samples were permitted to dry for 2 h prior to use to ensure that the solvent had been evaporated. The coverslip (acting as a lid) prevented the fluorophore from being concentrated in the centre during evaporation. Any optical diffraction from the coverslip would be minimal due to the measurements being performed with an inverted microscope with a 10x objective.



Fluorescence imaging was analysed using Cell^B software (Olympus) and Image J software (National Institutes of Health, Bethesda, MD, USA). The Image J software quantifies the intensity at a resolution of 8 bit (intensity scale from 0 to 255 a.u.). A constant exposure time (te = 2500 ms) was used throughout to optimize the range without triggering saturation of the intensity. The correlation between the concentration of fluorescent labelled dextran and the observed fluorescence intensity was based on the average intensity in the region of interest (ROI) which measured the size of the picture frame (1.3 × 1.7 mm2), and was averaged over 10 images. These 10 images were captured at four positions at the edges and six positions within the centre region of each 10 × 10 mm2 sample. The number of recordings n were scaled up by repeating the measurement on three different samples for each fluorophore concentration (n = 30).




2.4.2. Fluorescence Intensity Measurements


The functional properties of the immobilised Con A were investigated in two ways: (i) First the binding to fluorescent labelled dextran was assessed by using Alexa 488 and FITC dextran. (ii) Secondly, the competitive binding of glucose to Con A was assessed over a glucose concentration cglu range of 0–40 mM, with a titration increment of 5 mM. The presence of glucose should displace the dextran from Con A. These two functional investigations were performed by measuring the fluorescence intensity. Both types of the dextran molecules have similar fluorescent properties and could be evaluated using the same microscope settings. The maximum excitation and emission wavelengths of Alexa 488 dextran are 494 and 518 nm respectively, whereas the maximum excitation and emission wavelength of FITC-dextran is 490 nm and 520 nm, respectively.



The samples were incubated for 30 min at room temperature in a MOPS buffer containing fluorescence dextran at a concentration of 200 µg mL−1 (both for the FITC and Alexa 488 dextran). The samples were washed three times with MOPS buffer and DI water to remove the unbound fluorescent dextran after incubation. The samples were then immersed for 30 min in a MOPS solution containing different cglu in the range of 0–40 mM. After the incubation with glucose, the samples were washed three times with MOPS buffer and DI water to make sure that all the excess fluorescence dextran was washed away. The sample ID and description of the different immobilisation and experimental steps is presented in Table 1.



The observed fluorescence intensity was based in the protocol used in Section 2.4.1 (ROI averaged over 10 images captured at different positions for each of three independently prepared surfaces per observation (n = 30)).






3. Results and Discussion


3.1. Structural Characterisation Using AFM


The immobilisation of silane resulted in only a marginal difference in surface topography (Figure 2a,b), which is most likely due to the carboxyl silane forming an equally smooth surface as the unmodified quartz. The occurrence of white spots are most likely the result of contamination from the silanisation step. In contrast, the surface topography scanned after the Con A immobilisation (Figure 2c) showed densely packed small globules. Zooming in on the 3D topographic image of the protein immobilised surface (Figure 3) revealed clustered structures of one, two, three and four units, which may be representative for Con A in its monomer, dimer, trimer and tetramer state. The lectin can adapt these quaternary states depending on the pH of the solution. However, most of the clusters seem to be dimers, which conforms to the most likely state that Con A exists in when subject to a pH from 4.5–5.6 [21]. This was also the region of pH used in the immobilisation protocol of this study (pH 5.5).



AFM images of the samples before and after incubation with MOPS buffer containing cglu = 40 mM are presented in Figure 4 and Figure 5 The samples that were initially incubated with the smaller Alexa 488 dextran show a more evenly distributed surface compared to samples incubated with the larger FITC dextran. This result is expected if the surface roughness is scaled to the molecular size.



The topographical images of the sample incubated with FITC dextran (Figure 4a,b) show peaks that are up to approximately 8 nm in height. This is larger than the 4 nm height observed with the sample incubated with Alexa 488 dextran (Figure 5a,b). These results are comparable to published data on the hydrodynamic diameter of FITC dextran (MW = 70 kDa) DF = 10.2 ± 1.4 nm [40] and Alexa 488 dextran (MW = 3 kDa) DA = 2.33 ± 0.38 nm [40], but smaller than the total height of Con A and dextran. This could be due to protein dehydration during preparation of these samples for the AFM studies (measured in dry state), while the published diameter is hydrodynamic. Other reasons could be that the lowest point detected by the AFM needle may not be the quartz substrate, or that the total height depends on the binding position of dextran to Con A. The number of peaks are reduced after incubating the samples with cglu = 40 mM, due to the displacement of the long chained dextran with the smaller glucose molecules.



The average roughness, calculated from the AFM images at each consequent immobilisation step, is presented in Table 1. The clean polished SiO2 surface (sample ID1) had an average roughness of Ra = 0.12 ± 0.04 nm, with no significant change following the silanisation step (ID2, Ra = 0.15 ± 0.05 nm). The average roughness increased to Ra = 0.60 ± 0.16 nm after Con A immobilisation (ID3), and increasing further to Ra = 0.77 ± 0.04 nm following incubation with Alexa 488 dextran (ID6), and Ra = 1.14 ± 0.35 nm with FITC dextran (ID4). The roughness observed within the AFM topographs were not changed, Ra = 0.76 ± 0.22 nm (Alexa 488 dextran, ID7) and Ra = 1.12 ± 0.50 nm (FITC dextran, ID5) after incubation in a MOPS buffer containing 40 mM glucose. This data confirms that the addition of new layers (immobilisation and dextran incubation) increases the relative surface roughness. The subsequent removal of layers (competitive displacement of dextran by glucose immersion) was not yielding a straightforward reduction in the roughness parameter, possibly due to a rather large standard deviation of the roughness. The average roughness may depend on the AFM tip radius provided that the height variations are within the same size range.




3.2. Functional Assessment of Immobilised Con A


The fluorescence intensity measurements show that the immobilised Con A was able to bind and retain both the Alexa 488 and the FITC dextran. Moreover, it was observed (Figure 6a) that the fluorescence intensity was distributed over the ROI before glucose was added. A control experiment in which the immobilisation protocol was followed except for the addition of Con A (omitting step 3, Table 1), shows that the fluorescent dextran did not bind to the surface in any unspecific manner (Figure 6f). This suggests that the presence of Con A was the main contributing factor responsible for binding dextran to the sample surface.



The fluorescence intensity decreased following incubation in MOPS buffer with increasing glucose concentration (Figure 6a–e). This result was as expected since a higher glucose concentration would be more effective in displacing bound dextran molecules, resulting in a lower concentration of the latter. This result does also agree with those obtained from the AFM measurements.



It was observed that the fluorescence intensity was not evenly distributed over the sample surface. A reason for this may be that the concentration of Con A was uneven following the immobilisation step, and which was masked out by the higher fluorescent intensities at low glucose concentrations. A more uniform distribution of the protein could in principle be achieved by ensuring that the sample is 100% clean, resulting in a perfect hydroxylation step and subsequent coverage of silane. Protein aggregation could then be reduced by agitating the solution during the Con A immobilization step (e.g., by ultrasound). However, variations will still be visible if there is a loss or reduction in the binding ability of the lectin. The AFM images revealed a range in height differences on the topograph of immobilised Con A (Figure 4 and Figure 5). This suggests that the activity of the sugar binding moieties of the lectin could also be dependent on its distance from the surface. Olmsted [33] showed that the dissociation constant (KD) for glucose was reduced from 344 μM in free solution to 41 μM with the lectin attached in direct contact with the surface. Since dextran is de facto long chained glucose molecules, the observed changes in the binding affinity between Con A and glucose, depending on the immobilization, are expected to yield similar changes in dextran binding to Con A. In this case the Con A–dextran complexes closest to the surface would be the ones that would dissociate last as the glucose concentration increased. Unfortunately, any cross correlation with the AFM images was not possible due to the higher resolution of the latter. Creating a more uniform distance from the substrate could be realized using specific molecular spacers that provide a minimum level of separation [33]. A third factor could be that some of the binding sites of Con A could be blocked by the surface due to different orientation of the immobilised lectin. Closer investigation of the Con A structure performed by Becker [41] revealed that the surface of the molecule is dominated by two large β-sheets in which one constitutes the front end and one the back end. The difference lies in the front end containing the carbohydrate binding site with one hydrophilic and one hydrophobic domain. Considering the binding site representing a discontinuity in the overall surface chemistry of the molecule, and hence the density of available amine groups, one may be inclined to think that the most probable attachment to a bifunctional chemical cross linker would be at the β-sheet constituting the back end. This would also prevent a completely random orientation of the Con A molecules once immobilized. However, a more site-specific attachment of the lectin could be achieved by chemical grafting resulting in, for example, a disulfide group, but this would require some kind of surface treatment or the substitution of amino acid residues (cloning) that in turn could alter the structure of the protein, and hence, the functionality. An uneven displacement of dextran could also be an effect if there were localised concentration differences of dextran, but this was considered secondary to those described above.



The experimentally determined average fluorescence intensity I for the two different fluorophores used in this study (Alexa 488 and FITC dextran) is presented in Figure 7 as a function of glucose concentration. The intensity was found to decrease with an increasing concentration of glucose for both of the labelled polysaccharides. The observed trend represents an exponential decay which levels out at a plateau in the cglu range of 30–40 mM. The appearance of the plateau suggests a trend towards glucose saturation of the binding sites on Con A which corroborates with results obtained from previous studies of Con A in free solutions [13].




3.3. Fluorescence Calibration


3.3.1. Alexa 488 Dextran


The fluorescence intensity recorded from the Alexa 488 Dextran in the calibration has been subject to a linear regression analysis as a function of the surface density σ given for both the wet and dry state (Figure 8). The density range mirrors the average fluorescence intensity recorded in the experimental results, and it became clear that the intensity from the dried specimen is lower compared to the wet state. One possible explanation comes from a difference in the quantum yield, where the fluorophore in the dehydrated state may quench the fluorescence emission [42]. The fluorescence intensity of the immobilised samples was all measured in the dry state and hence the calibration line for the “dry state” was applied to estimate the number of Alexa 488 dextran molecules on the sample surface. Thus, the observed fluorescence intensity from dextran bound to the immobilised Con A Figure 7) was then converted to the number of bound dextran molecules, in which the maximum number (2.1 × 1012 molecules per cm2) should correlate with the number of functional Con A molecules at the surface (irrespective of their tertiary form and assuming that each Con A monomer have one carbohydrate binding site). After incubation in a MOPS buffer containing cglu = 40 mM, the number of Alexa dextran molecules remaining on the surface was reduced to 6.1 × 1011 molecules per cm2.




3.3.2. FITC Dextran


The average fluorescence intensity was obtained for the σ range of FITC dextran (Figure 9) in which the maximum number of bound FITC dextran molecules after incubation (Figure 7), was estimated to be 1.8 × 1011 molecules per cm2 (based on the observed calibration for the “dry state”). This number was lower compared to the value obtained with Alexa 488 dextran. A possible reason for this discrepancy is the different molecular weight of the two types of dextran molecules. The hydrodynamic diameter of FITC dextran (MW = 70 kDa) is larger than the Con A monomer molecule with a published dimension of 4.2 × 4.0 × 3.9 nm3 [43]. In fact, the size of the FITC dextran is closer to the dimension of the Con A tetramer (6.3 × 11.8 × 16.5 nm3) [44] with four binding sites. If the labelling molecule is larger than the molecule aimed to be detected, the labelling molecule may cover several active Con A molecules and hence obstruct the binding of a second dextran molecule to an active Con A. Another reason might be the association between the long chain dextran and binding sites on multiple Con A molecules [45]. Therefore, the molecular weight of dextran may have an effect on the quantitative result. The smaller Alexa 488 dextran (MW = 3 kDa) has a hydrodynamic diameter below that of Con A, which would facilitate binding to only one active Con A molecule, and with a lower tendency of obstructing the binding site of the neighbouring monomer/molecule. A similar observation was made in the paper by Shiraishi et al. [46].




3.3.3. Surface Density Analysis


The theoretical density of the immobilised Con A was calculated based on published dimensional data of a Con A monomeric unit in an aqueous solution [43]. The corresponding hydrodynamic diameter would be approximately 4 nm, and if packed side by side would yield a total number of 6.25 × 1012 molecules per cm2, (or 7.22 × 1012 per cm2 if stacked hexagonally). This is comparable to the calculated value published in the literature [47], and would also be the theoretical maximum number of fluorescence dextran molecules if we consider one active binding site per Con A molecule. This assumption is based on an ideally flat quartz surface, and any additional surface roughness would increase the effective area and consequently the number of immobilised Con A molecules per cm2. Hence, an increased surface roughness could potentially improve the sensitivity of a gravimetric sensor when used to detect glucose using Con A. The number of Alexa 488 dextran and FITC dextran that binds to the immobilised surface is calculated from the fluorescence intensity measurements and the results are presented in Table 2. It was found that the maximum amount of Alexa 488 dextran after immobilisation was about one third of the maximum theoretical density.



The ratio between surface density of Alexa 488 dextran and FITC dextran bound to an immobilised Con A surface is calculated to be approximately 12, which is comparable to the ratio between their hydrodynamic diameters (DF/DA)2 ≈ 19. This suggests that larger labelling molecules may cover multiple binding sites as explained in Section 3.3.2.



The difference in the number of fluorescent labelled dextran before and after incubation in cglu = 40 mM was found to be 1.5 × 1012 per cm2 for the Alexa 488 dextran and 1.3 x 1011 per cm2 for the FITC dextran. This would correspond to a theoretical mass change of 7.5 × 10−9 g per cm2 and 1.5 × 10−8 g per cm2 respectively (Table 2). Despite the Alexa 488 dextran yielding a larger change in absolute number and fluorescence intensity, the FITC dextran yields an almost 2 fold increase in mass change. This suggests that the FITC dextran will be more effective in triggering a mass change in a gravimetric glucose sensor compared to the Alexa 488 dextran in the presence of glucose.



The polished SiO2 substrates would not offer any large increase in the effective surface area, and the stacking of the Con A molecules would be a function of active binding sites to the underlying silane layer, which could have regions of defect. The estimated density assumed Con A to be in its monomeric form, and any other configurations (dimer, trimer or tetramer) or a combination thereof would most likely result in a lower stacking density due to a less ordered monolayer structure. Some of the binding sites on the Con A molecules may also have been inactive or oriented away from the surface, and as such did not bind to the dextran molecules masking away the presence of the underlying Con A. The approximately 3-fold reduction in density following incubation with 40 mM glucose demonstrates that the affinity assay is working and that glucose will displace most, but not all of the dextran molecules.





3.4. Note on Toxicity and Interferring Substances


The toxic response of Con A has been evaluated by Ballerstadt [30], who showed that the systemic effects on the body would be dependent on the dose and route of administration. Converting results from rodents into an equivalent human dose suggests that subcutaneous injections (representative of a leaking biosensor) would result in a local inflammation (hemorrhagic skin lesions) of up to a concentration of 0.9 × 10−2 mg per kg. The equivalent amount released from an implantable biosensor used in the study would be 1.5 × 10−4 mg per kg (or 60 times smaller). In contrast, the intravenous LD50 dose was reported to be 2.2 × 10−2 mg per kg. Given that some of the Con A could migrate from the implantation site and into the bloodstream, it is highly unlikely that a ruptured Con A based biosensor would cause any systemic toxicity. Furthermore, immobilisation of the Con A onto the sensor surface, as proposed in this study, should prevent any unwanted release of the lectin in the case of a compromised sensor.



Being a sugar binding lectin, Con A, may not be able to discriminate between glucose, dextran and other carbohydrates in the surrounding medium since it has an affinity towards α-mannosyl, α-glycosyl and α-N-acetylglucosaminyl groups. Carbohydrates are abundant in biology, and any competing ligand would play a detrimental role in the specificity of a Con A based glucose sensor. Studies performed by Krushinitskaya on key dietary components [48] showed that although competing carbohydrates exist in the human body, their concentration would generate error signals below the detection limit of conventional glucose sensors.





4. Conclusions


A simple protocol for the immobilisation of Con A on a quartz substrate has been developed. The binding activity of the immobilised Con A was assessed by measuring the intensity from fluorescent labelled dextran over a glucose concentration range from 0–40 mM whereas any structural changes to the surface topography were investigated using AFM. Complementing measurements from both the AFM and fluorescence intensity verified that a change in the intensity was accompanied with a change in the average surface roughness and thereby the composition (addition and loss of dextran) at the sample surface. Controls performed with no immobilised Con A verified that any unspecific binding of fluorescent labelled dextran did not take place. The binding of Alexa 488 dextran with a dimension smaller than Con A was found to represent a simple and rapid method to estimate the number of bound fluorescent labelled dextran, and hence, functional Con A molecules attached to the sample surface. This work has shown that Con A, immobilised on a quartz surface using the simplified immobilisation protocol described in this paper, is able to bind to a larger dextran molecule as well as to a smaller glucose molecule in a competitive manner. The substitution of dextran with glucose and vice versa will result in a mass or viscoelastic change at the interface between the immobilised Con A and the surrounding media. Although the Alexa 488 dextran exhibited larger numbers and fluorescence intensities, the FITC dextran is predicted to give a larger absolute mass change. This change as a function of glucose concentration will be explored in the design of a new, miniaturised gravimetric glucose sensor based on acoustic wave resonators.
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Figure 1. Schematic representation of various steps of the immobilisation protocol: (a) hydroxylation, (b) silanisation, (c) Con A immobilisation, and (d) chemical reaction between the functional groups of the silane and the Con A, (e) Dextran binds to immobilised Con A, (f) Glucose competitive binds to Con A and replaces dextran. 
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Figure 2. Atomic force microscopy (AFM) images from the immobilisation process. (a) Native SiO2 sample, (ID1) (b) after silanisation, (ID2) and (c) after Con A immobilisation (ID3). 
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Figure 3. 3D rendered atomic force microscopy (AFM) image after Con A immobilisation, sample ID3. All units in nm. 
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Figure 4. Atomic force microscopy (AFM) image of the sample (ID5) incubated with (a) Fluorescein isothiocyanate (FITC) dextran, and (b) FITC dextran with 40 mM glucose. 
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Figure 5. Atomic force microscopy (AFM) image of the sample (ID7) incubated with (a) Alexa 488 dextran, and (b) Alexa 488 dextran with 40 mM glucose. 
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Figure 6. Single fluorescence intensity images of a sample (ID6, Table 1) following Con A immobilisation, and Alexa 488 dextran incubation. The image intensity changed by immersing the sample (ID7, Table 1) with a 3-(N-morpholino) propanesulfonic acid (MOPS) buffer containing different concentrations of glucose, depicted in image series (a) to (e). The reference sample without Con A immobilisation is shown in (f). Image size 1.3 × 1.7 mm2. The scale bar corresponds to 250 μm. 
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Figure 7. Average fluorescent intensity for FITC and Alexa dextran 488 following Con A immobilisation and fluorophore incubation (sample ID 4, 5, 6 and 7, Table 1), following immersion with MOPS buffer containing glucose at increasing concentrations (cglu from 0 to 40 mM), n = 30. 
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Figure 8. Calibration graph of the Alexa 488 dextran in the wet and dry state, with linear regression fitting. Error bars represent the standard error of the mean, n = 30. 
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Figure 9. Calibration graph showing the average intensity of FITC dextran in the wet and dry state with linear regression fitting. Error bars represent the standard error of the mean, n = 30. 
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Table 1. Sample ID notation, process preparation, and average roughness of the atomic force microscopy (AFM) image. FITC: fluorescein isothiocyanate.
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	Sample ID
	Description
	Duration (min)
	Number of Scans
	Roughness, Ra (nm)





	1
	Substrate samples (quartz) after dicing and cleaning (acetone, ethanol and DI water)
	20
	6
	0.12 ± 0.04



	2
	Hydroxylation and silanisation step
	60
	4
	0.15 ± 0.05



	3
	Con A immobilisation step
	120
	10
	0.60 ± 0.16



	4
	FITC-dextran incubation
	30
	8
	1.14 ± 0.35



	5
	FITC-dextran incubation (cglu = 40 mM)
	30
	10
	1.12 ± 0.50



	6
	Alexa-dextran incubation
	30
	8
	0.77 ± 0.05



	7
	Alexa-dextran incubation (cglu = 40 mM)
	30
	11
	0.76 ± 0.22
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Table 2. Density of Alexa 488 and fluorescein isothiocyanate (FITC) dextran molecules bound to the Con A immobilised surface. MOPS: 3-(N-morpholino) propanesulfonic acid.
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Alexa (MW = 3 kDa)

	
FITC (MW = 70 kDa)






	

	
I (a.u.)

	
σ (cm−2)

	
I (a.u.)

	
σ (cm−2)




	
Incubation in MOPS buffer

	
73

	
2.1 × 1012

	
69

	
1.8 × 1011




	
Incubation, cglu = 40 mM

	
35

	
6.1 × 1011

	
33

	
4.8 × 1010




	
Difference (cglu = 0–40 mM)

	
38

	
1.5 × 1012

	
36

	
1.3 × 1011




	
Number of moles (mol cm−2)

	

	
2.5 × 10−12

	

	
2.2 × 10−13




	
Mass change (g cm−2)

	

	
7.5 × 10−9

	

	
1.5 × 10−8
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