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Abstract We studied the kinetics of adsorption of alexa-labeled Bt toxin Cry1Aa, in 

monomer and oligomer states, on muscovite mica, acid-treated hydrophilic glass and 

hydrophobized glass, in the configuration of laminar flow of solution in a slit. Using normal 

confocal fluorescence through the liquid volume allows visualizing the concentration in 

solution over the time of adsorption, in addition to the signal due to the adsorbed molecules at 

the interface. The solution signal is used as calibration for estimation of interfacial 

concentration. We found low adsorption of the monomer compared to oligomers on the three 

types of surface. The kinetic adsorption barrier for oligomers increases in the order 

hydrophobized glass, muscovite mica, acid-treated hydrophilic glass. This suggests enhanced 

immobilization in soil if toxin is under oligomer state. 

Keywords: Bt toxin; Bt adsorption; adsorption kinetics; protein adsorption; GMO 
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Introduction 

 

A large proportion of commercial crops of genetically modified plants synthesize the 

insecticidal protein known as Bt toxin originally produced by the soil bacteria Bacillus 

thuringiensis. The risks associated with the liberation of such toxins in the soil must be 

evaluated
1
. Bt toxin can be introduced into soil via decomposition of plant biomass and root 

exudation. The use of Bt crops can give markedly improved crop yields due to efficient 

protection against pests, but their use raises the question of exposure of non-target organisms 

and the acquisition of resistance by target insects. The mineral composition of soil is very 

varied. Therefore, adsorption on model minerals such as goethite, kaolinite, montmorillonite, 

rectorite and silicon dioxide is often examined 
2-5

. As for other proteins at interface we could 

expect phenomena such as irreversible adsorption, conformational changes, exchange with 

other solutes, and pH-dependence 
6-9

. Adsorption on soil may also increase the life time of the 

protein by physical protection against enzymatic degradation
10, 11

 and it has been reported that 

insecticidal activity is conserved
12

. The aim of the present work is to contribute to the 

understanding of the fate of the toxin in the presence of hydrophilic minerals, such as 

muscovite mica and glass, and hydrophobic surfaces via a surface-treated glass. 

 The state of the protein in solution is an important parameter in determining 

adsorption properties. At large concentrations, high pH and high salt concentrations are 

required to inhibit polymerisation of this protein
13, 14

. Among the methods of preparation of 

the toxin reported in the literature, only a few verify that the monomer state was maintained in 

solution. The protein dimerizes easily 
15

 and so the monomer is difficult to maintain in 

solution. Although the tetramer is the entity responsible of the perforation of the insect midgut 

wall
16

, this tetramer is formed on the bilayer from monomers in solution. We present a study 

of the different adsorption behaviours of monomer and oligomers of Cry1Aa. The sensitivity 

of the detection on the surface was obtained by labeling the toxin with a fluorescent probe. 
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We used slit geometry, as in a previous work with radiolabeled proteins
17-19

, to create 

controlled laminar flow. The solution signal is used as a calibration to evaluating the 

interfacial concentration. In addition to the sensitivity obtained with a fluorescent label, the 

technique is useful in studies involving a mica surface which is not suitable for other optical 

techniques like total internal reflection fluorescence (TIRF), surface plasmon resonance 

(SPR), ellipsometry or reflectometry.  

 

 

Materials and Methods 

 

Chemicals 

 

The Cry1Aa solutions were prepared in 3-(Cyclohexylamino)-1-propanesulfonic acid 

(CAPS, pKa 10.4) and 3-(N-Morpholino)-propanesulfonic acid (MOPS, pKa 7.2). Both 

buffers were purchased from Sigma (France). Decyltrichlorosilane (Aldrich, France) and 

reagent grade toluene (Sigma, France) were used as received. Labeling of Bt was performed 

with Alexa-fluor-594 succinimidyl ester (InvitroGen, A30008). 

 

Bt toxin and Alexa-labeled Bt 

 

The procedure of preparation of Cry1Aa toxin has been published previously 
4
. The protein 

(65 000 g/mol) contains 609 residues and is composed of three distinct domains. The domain 

I contains eight helices bearing mainly negatively charged residues while the stacked domains 

II and III are mainly composed of -sheeted structures bearing positively charged residues so 

that the external protein surface has an uneven distribution of charges 
20, 21

 . Its isoelectric 

point pI is 6.5 
22

. Aliquots of concentrated solution were provided in CAPS pH 10.5. Diluted 

samples in 10 mM CAPS, 350 mM NaCl, pH 9.6 were labelled with Alexa-594. Typically 

800 µL of Bt solution were poured on dried fluorophore Alexa-594 in molar ratio 1:1 and 

allowed to react for 1.5 h at 20°C. The mixture was then put in an ad hoc microtube with filter 
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(Biospin P6) and centrifuged at 16,000 g for 1 min according to the supplier of the kit 

(InvitroGen). Elution of the filtrate on a preparative size exclusion chromatography column 

(BioRad P60; same elution buffer; pH 9.6) provided the pure monomer. It was verified that 

labelled and unlabeled samples presented the same elution curve. The final average labeling 

ratio [Alexa] / [protein monomer] was 0.5 - 0.7. Without centrifugation step, a substantial 

amount of oligomers was obtained with labeling ratio ~ 0.1. Labeling ratio was determined 

from the UV absorbances at 277 nm where both the label (277 –Alexa = 47793 M
-1

.cm
-1

) and 

protein (277-protein = 82000 M
-1

.cm
-1

) absorb and at 587 nm where only the label (587 = 78000 

M
-1

.cm
-1

) absorbs. 

 After column calibration with standard proteins the apparent molar masses was 44000 

g/mol for monomer, lower than the reported value of 65 000 g/mol. This may be attributed to 

an interaction with the column. Similar underestimation of the molar mass has been reported 

with another type of column in size exclusion chromatography HPLC analysis
13

. Oligomers 

were estimated to be an assembly of at least ten monomers. Tubes were stored at + 4°C. The 

samples were diluted (0.1-1 % in vol) immediately before adsorption in 50 mM NaCl, 10 mM 

CAPS buffer at the required pH obtained by addition of HCl or in 50 mM NaCl, 10 mM 

MOPS buffer for experiments at both pH 6.3 and 7.2.  

 

Substrates 

 

Hydrophilic surfaces. Muscovite mica was purchased from Metafix SA (Montdidier, 

France) as 5 cm  2 cm sheets. It was freshly cleaved before each experiment. Glass surfaces 

were microscope slides (Menzel-Glaser 25 mm × 60mm) of thickness 140-150 µm. They 

were made very hydrophilic with acid treatment (H2SO4 / H2O2 70/30 vol at 90°C for 30 min) 

followed by extensive washing with ultrapure water. The sessile water drop contact angle was 

near 0° with
23-25

  5 × 10
14

 silanols per cm
2
. The acid-treated cleaned glass will be called 

“hydrophilic” in what follows, to emphasize the contrast with hydrophobized glass. 
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Hydrophobized glass. Glass slides after the previous treatment were dried under nitrogen 

flow and heated at 110°C in an oven for 20 min. Then six slides, using a holder made in 

Teflon, were put in decyltrichlorosilane 1 mM in toluene (250 mL) at 20°C for 1.5 h before 

rinsing with toluene (thrice) and drying under nitrogen. The water contact angle was 103.0°  

0.9° over the six slides. Eight measurements, over the entire surface, were performed on each 

plate with narrow distribution ( 0.5°), showing very homogeneous treatment on the whole 

surface of each item. 

 

Flow cell 

 

The flow cell has been described previously
26

. A microscope slide, just cleaned or 

hydrophobized, was positioned near the objective. The other wall was mica sheet with holes 

punched at each extremity for entry and exit of flowing solution ( Fig. 1). The channel width 

w and height b were 3 mm and 50-70 µm respectively. The parameter characterizing the 

convection is the wall shear rate  deduced from the imposed flow rate Q according to the 

Poiseuille-like relation Q = (1/6)  b
2
 w. Experiments were carried out at T=19°C and  = 

1000 s
-1

 for 30 min or more. Flow occurs in the x direction normal to the y scanning one. A 

typical experiment consists first to flow the buffer to get the background signal and then the 

protein solution. Adsorption can be measured on both walls of the slit and through the 

solution. Each scan lasted 30 to 40 s. 
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Figure 1. Schematic illustration of the directions x of flow and y of translation of the 

objective leading to the focus scanning through the thickness of the slit between the two walls 

of glass (top) and mica (bottom).  

For technical reasons, the experimental setup was limited to about 60 µm between the slit 

walls. With such a distance between walls, the flow was laminar as the Reynolds number was 

very small. Coupling between convection and diffusion leads to create a depletion layer 

whose thickness depl can be estimated from the transport-limited Lévêque model 
27, 28

: depl  

Dx/)
1/3

 =21 µm with Bt diffusion coefficient D = 7  10
-7

 cm
2
 s

-1
; x = 2 cm;  = 1000 s

-

1
. For finite adsorption constant, such thickness remains of the same order of magnitude 

29-31
. 

It can be inferred that depletion extends over about two to three times that distance. A 

rigorous simple analysis of initial adsorption rate would require then such a ratio for half-

height of channel over Lévêque depletion layer thickness. The present conditions with the 

ratio 1.5 could introduce coupling between the two faces. However we found this coupling to 

be small as for instance the adsorption kinetics on mica are very similar in front of strongly 

and mildly adsorbing wall. Axial diffusion in tubing before the cell and probably the type of 

slit entrance into the slit led to not ideal hydrodynamic conditions for comparison with such 

models. However, despite such drawback, as the conditions were very close from one 

experiment to another, we believe that relative variations from monomer to oligomers and 
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from one surface to another, which are discussed in the present work, remain valid. Current 

work is in progress to improve especially the arrival of solution after buffer to approach the 

almost step function obtained in a radioactivity cell
32

 as used for adsorption studies of -

chymotrypsin on mica
18

. 

 

Optical device 

 

The optical device was previously described
26

. It is roughly similar to classical devices for 

confocal fluorescence studies. With respect to the previous work, an easier scanning was 

obtained as the step-by-step motor was changed to a piezoelectric device. A better separation 

of excitation and emission wavelengths was also obtained (SemRock NF01-594-25). The 

normal orientation of scanning with respect to the flow direction is sketched in Fig. 1. The 

laser energy was 500 nW corresponding to a power density, when focusing at the interface, of 

the order of 180 W / cm
2
 or less as this value does not take into account the energy loss 

through the objective. Despite this relatively low energy, the x - position of the sample was 

shifted a few micrometers (typically 5 µm) between each scan to avoid any possible 

contribution of photobleaching, an effect sometimes observed at higher laser power without 

lateral shift. This is justified by measurements at 2 cm far from the hole of entrance. Typically 

200 scans correspond then to measurements between 2 and 2.1 cm. As for an ideal slit 

geometry, the transport-controlled adsorption rate varies with the (1/3) power of distance x to 

entrance, the correction is negligible.  

 

Determination of interfacial concentration 

 

 Scanning normal to the walls of the slit through the solution along an axis y provides a 

data set F(y,t), corresponding to the counting of photons over some time t at successive 

positions y, with a dependence t(y). The positions y are not regularly spaced as large signal 

variations near the interface require a greater density of points than in the centre of the slit. 
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One scanning process does not lead to an instantaneous profile. All the results presented 

correspond to linear interpolations between the data of the scans to obtain equally time-spaced 

instantaneous fluorescence signal profiles. Fig. 2 provides as an example such interpolated 

profiles F(y,t) without and with adsorption at the interfaces. The interfacial concentration is 

estimated via calibration given by the fluorescence signal Fsol of solution of known 

concentration Cb. Fsol is the final steady-state value of the solution signal in the cell (see Fig. 

2a as an example). The concentration in liquid phase is then equal to the concentration of the 

incoming solution. The solution signal is always taken at mid-distance between the walls for, 

near the interfaces, the adsorption intense signal masks the true contribution of solution. Fsol is 

relative to an effective volume V containing solution at concentration Cb while the signal Fsurf 

from surface concerns interfacial concentration  over area A. As a first approximation, we 

will assume that the fluorophore is randomly oriented at interface as in solution. Then we 

have time (t) dependent interfacial signal Fsurf (t) ~  (t) A and calibration solution signal Fsol 

~ Cb V with the same proportionality constant. Therefore (t) = (V/A) (Fsurf (t) / Fsol) Cb. 

 Based on focus radius of 300 nm (objective numerical aperture 1.2;  = 594 nm) and 

volume V ≈ 1 µm
3
, V/A = 3.5 µm. The convolution of the solution profile (step function at 

both interfaces) with the beam shape leads to a sigmoid at the interfaces with half the bulk 

solution signal at the interface (Fig. 2b). We used then as surface signal Fsurf the raw signal 

minus half the solution signal. This correction is negligible when a strong adsorption occurs at 

small solution concentration.  
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Figure 2 (a) Example of fluorescence concentration profile between two walls of hydrophilic 

glass (y=9 µm) and mica (y = 67 µm) as a function of time when no adsorption is occurring 

(flowing of Alexa-labeled Bt solution at 2.0 µg/mL in 10 mM CAPS pH 10.5, 350 mM NaCl). 

(b) Illustration of sigmoid curve shape of solution signal at the interfaces; from bottom to top t 

= 10; 20; 22.7; 25; 28.3 min. (c) Example when adsorption is occurring (flowing of oligomers 

solution 6.6 µg/mL, pH 7.2) 
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 Compared to adsorption kinetics studies by means of -radiolabeled protein where the 

calibration is provided by the solution signal jump
33

, the use of confocal fluorescence may 

introduce difficulties. The -emission indeed is not dependent on the position of the protein, in 

solution or at the interface, and moreover not dependent also on its conformation and 

orientation. Conversely, the fluorescence properties may present such dependences. The 

orientation of the protein in solution is isotrope but surface may induce a preferred orientation 

of the adsorbed protein. Orientation changes can appear depending on surface coverage 

during the adsorption process
34-36

. Such considerations are relevant for a fluorophore firmly 

attached to the molecule
26

. In the present study the labeling was performed via a loose arm to 

allow fluorophore freedom of rotation with respect to protein in solution. We assumed that 

such freedom or random orientation existed at the interface. 

 

Results and Discussion 

 

Influence of pH on Bt adsorption (2.0 µg/mL) in CAPS 

 

 No adsorption occurred onto either interface (Fig. 2a) when 2 µg/mL Bt solution in 

350 mM NaCl, 10 mM CAPS buffer (pH 10.5) was flowing through the slit between mica and 

hydrophilic glass. Lower salt concentration (50 mM) at pH 8 and 7.3 (by addition of 

concentrated HCl) led to the same observation. Only at pH 6.3 a small amount was adsorbed 

at both interfaces. Conversely, on hydrophobized glass, we could observe a small 

fluorescence signal at pH 10.5 and a much larger one at pH 6.3. From these series of 

experiments, it was inferred that significant adsorption occurred only close to the isoelectric 

point of the protein. Experiments at pH 6.3 and 7.2 were then performed with MOPS instead 

of CAPS to maintain significant buffering power of solvent in this range of pH. In addition, 
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we focused on the difference of behavior between monomer and oligomers at interfaces. 

These buffers were preferred to phosphate as the dianions in this pH range may introduce 

specific effects 
9
. 

 

Monomer Adsorption kinetics 

 

 We studied adsorption from solutions at pH 6.3 using as buffer 50 mM NaCl, 10 mM 

MOPS (Fig. 3). In such conditions, the Debye screening length (1.3 nm) is smaller than the 

protein size (8 nm). Therefore the electrostatic interactions protein / surface should be of 

relatively short range and involve only a part of the molecule. On mica a plateau was 

observed at 20 µg/mL after 30 min, while a steady-state value was not attained at lower 

concentrations within 50 min. The adsorption kinetics could be represented quite well by a 

single increasing exponential function of time, at least over the time range of this study. On 

the contrary, the adsorption behavior of Bt on hydrophilic glass showed an initial rapid step 

followed by a much slower one: the two hydrophilic surfaces can be considered as two 

different classes of surfaces for the toxin Bt. 
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Figure 3 (a) Adsorption kinetics at pH 6.3 of monomer Bt on mica at wall shear rate 1000 s

-1
 

in a cell of height 60 µm. From bottom to top: Cb = 3.3 (); 5.3 (■); 20 µg/mL(▼). (b) idem 

on hydrophilic glass  

 

Over the time range of 1h, adsorption is almost the same on mica and hydrophilic glass, 

0.015-0.020 µg cm
-2

 for 5.3-20 µg/mL solution. The same level is reached on hydrophobized 

glass with the lower concentration of 2.0 µg/mL (Fig. 4) but a higher initial kinetic constant 

(3.5 ± 0.5) × 10
-6

 cm s
-1

 vs 2.4 × 10
-6

 cm s
-1

 on mica. Those results suggest a slightly lower 

adsorption barrier of Bt monomer in the presence of hydrophobized surfaces compared to 

hydrophilic ones. Besides we observed on hydrophobic substrate the interfacial concentration 

as a quite sharp decreasing function of pH above the isoelectric point of the protein (Fig. 4) 

 

 
Figure 4 Adsorption kinetics from 2.0 µg/mL solution of monomer Bt on hydrophobized 

glass at pH 6.3 (open symbols) and pH 7.2 (full symbols). 
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Oligomers adsorption kinetics 

 

 Two series of experiments were carried out. One at pH 6.3 with Bt concentration of 

13.2 µg/mL, the other at pH 7.2 with twice less concentration of 6.6 µg/mL. Each series 

includes two experiments with mica facing either hydrophilic glass or C10-glass. Adsorption 

kinetics are presented in Fig. 5. We can see the small effect of the facing wall on adsorption 

on mica, as kinetic curves are very close to each other. This is an illustration of the small 

coupling between the two faces in the adsorption process. 

 
Figure 5 Adsorption kinetics of the oligomers on mica (o) in front of hydrophilic glass () 

and mica () in front of C10-glass (▼) from 13.2 µg/mL solutions at pH 6.3 (upper graph) 

and from 6.6 µg/mL solutions at pH 7.2 (lower graph). 

 

Whatever the pH value, adsorption onto mica was always intermediate between that on the 

two types of glasses. At pH 6.3 however, the differences between the surfaces tended to 

vanish, especially between mica and hydrophobized glass. Moreover, the two final behaviors 
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for hydrophobic glass suggest the same limit of interfacial concentration probably close to the 

saturated surface. Given the size of the monomer (7-8 nm), a compact coverage of the surface 

would correspond to 0.26 - 0.20 µg/cm
2
 and according to the random sequential adsorption 

model 
37, 38

 to 0.16 - 0.12 µg/cm
2
. In addition, there is the question of the extent of spreading 

of the oligomers on the surface. For a spherical oligomer of n monomers, the interfacial 

concentration varies with n
1/3

. Whatever the exact value, it remains close to the order of 

magnitude of a monolayer of monomer or oligomers. To make visible the pH effect from 

experiments carried out at concentrations differing by a factor two, we gathered in Fig. 6 the 

Fig. 5 fit curves, for sake of clarity, with the time scale axes for the two series differing by the 

same factor.  

 

 
Figure 6 (Bottom time scale, full lines from bottom to top: hydrophilic glass, mica, 

hydrophobized glass) Interfacial concentration of oligomers as a function of time at pH 7.2, 

Cb = 6.6 µg/mL; (Top time scale, dashed lines: same order) pH 6.3, Cb = 13.2 µg/mL  

 

We observed that the pH has no effect on the initial adsorption kinetics on hydrophobic 

glass while adsorption rate is a decreasing function of pH on mica and hydrophilic glass. The 

electrostatic interactions between protein and hydrophobic surface are not predominant in this 

range of pH. With globally negatively charged protein above the isoelectric point, the more 



 16 

negative surfaces of mica and glass contribute as a repulsive component for adsorption. 

Another way to illustrate the pH effect is to compare the initial value of the kinetic constants 

(1/Cb) (d/dt)t=0 (Fig. 7): the constant in the presence of hydrophobized glass does not vary 

much between pH 6.3 and pH 7.2 while it is a decreasing function of pH for mica and 

hydrophilic glass. All these values are underestimated because of the smooth transition from 

buffer to solution, but the real ones should be positioned in the same order as hydrodynamic 

conditions were similar for all experiments. 

 

Figure 7 Initial kinetic constant for oligomers adsorption on hydrophilic glass, mica and C10-

glass at pH 6.3 and 7.2. 

 

Comparison between monomer and oligomers adsorption behavior 

 

 From the previous results it is clear that the behaviors of monomer and oligomers are 

very different: much faster adsorption occurred for the oligomers than for the monomer over 

the three types of surface. Although most measurements were not continued until a plateau 

value was attained, it is very likely that the plateau values for monomer would not attain the 

corresponding values for oligomers, unless surface-induced conformational changes occur 

over larger time scales. In the period 30 min to 50 min, there is a ratio of at least one order of 

magnitude between monomer and oligomers adsorption. In addition, the oligomers adsorption 
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kinetics on hydrophobized glass was independent of pH (Fig. 6) in the studied range while the 

monomer adsorption kinetics was not (Fig. 4).  

  

Conclusion 

 

 Scanning Confocal Fluorescence measurements have been used to investigate the 

adsorption behaviour of the Bt insecticidal protein, Cry1Aa, on macroscopic flat surfaces of 

mica and glass. This protein (pI 6.5) has a strong tendency to oligomerize and the adsorption 

properties of monomer and oligomers have been compared: they are very different.  

 In contrast with the often reported behavior of globular proteins near their isoelectric 

point, the adsorption of monomer Cry1Aa toxin was slow on both types of hydrophilic 

surfaces, mica and glass, and on the hydrophobic C10-treated glass. It should be pointed out 

however that the nature of the buffer, independently of pH, may play a non negligible role. 

The influence of low molecular-weight organic acid ligands on toxin adsorption was 

previously studied
3
 and conclusion was drawn that the binding of the toxin on the minerals 

was looser in the presence of such ions. Inorganic salts can influence also the adsorption 

behavior
2
. 

Adsorption of the oligomeric state was greater and decreased in the order hydrophobized 

glass > mica > hydrophilic glass. The high adsorption of oligomers on hydrophobic surface 

may result from neutralizing electric patches in the association that exposes hydrophobic 

residues in patches facing the hydrophobic surface. On such kind of surfaces we observed a 

strong dependence on pH for monomer contrary to oligomers. The kinetic curve shapes for 

the monomer on hydrophilic glass differ notably from those for the oligomers. They may be 

related to conformational changes induced at the interfaces, while similar modifications could 

already have occurred in the oligomerization process. Whatever the type of mechanism, the 

present study suggests that Bt toxin is more easily adsorbed in the oligomer state over various 

types of surface. 
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This result, obtained with fluorescently-tagged protein, suggests quicker and larger 

retention of the toxin in any soil if aggregation had occurred.  

About the technique of fluorescence applied here to adsorption studies, it represents a first 

step towards determining the profile of concentration in solution near the interface 

concomitantly to the interfacial concentration as a function of time. Deconvolution of surface 

and solution signals is presently under investigation. It should bring a direct new way towards 

determination of kinetic parameters which are dependent on surface availability and 

adsorption history
39, 40

. Still the present semi-quantitative study can become more quantitative 

with determination of the ratio V/A and improving the sharpness of transition between the 

flows of buffer and solution. 
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