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Summary 

Bt crops are genetically modified to carry the trait of insect resistance by expressing 

transgenes from B. thuringiensis that code for insecticidal Cry proteins. Via various 

pathways, Bt crops release these proteins to agricultural soils. Adsorption is a key 

process that governs transport, bioavailability, and degradation of Cry proteins in 

soils. The major goals of this work were (i) to elucidate the adsorption mechanism of 

Cry1Ab – a commercially important Cry protein – to polar charged surfaces in soils 

using quartz (SiO2) as a model, (ii) to assess the activity of Cry1Ab adsorbed to soils 

and major mineral and organic soil constituents, and (iii) to evaluate commonly 

employed methods to detect soil-adsorbed Cry proteins.  

In a first step, the factors governing adsorption of Cry1Ab to negatively charged 

quartz (SiO2) and positively charged poly-L-lysine (PLL) were investigated at pH 5-8 

and constant ionic strength of 50 mM (NaCl) using two in situ surface adsorption 

techniques. Rates and extents of adsorption decreased to SiO2 and increased to PLL as 

the pH increased above the isoelectric point (IEP) of Cry1Ab. Inversion of the pH 

dependence of adsorption upon inversion of the sorbent surface charge demonstrated 

that electrostatics governed Cry1Ab-sorbent interactions. However, Cry1Ab 

adsorption to SiO2 was reversible, suggesting that the electrostatic interactions were 

weak and that Cry1Ab did not undergo extensive irreversible conformational changes 

on SiO2.  High conformational stability of Cry1Ab in adsorbed states was supported 

by supply rate-independent extent of adsorption of Cry1Ab to apolar gold.  

In a second step, using the same experimental techniques, the ionic strength 

dependence of Cry1Ab adsorption to SiO2 and PLL was investigated. Adsorption 

rates and extents to sorbents that carried the same net charge as the protein (SiO2 at 

pH> IEPCry1Ab and PLL at pH< IEPCry1Ab) increased with decreasing I. This I-

dependence suggested that Cry1Ab-sorbent electrostatic interactions were not 

governed by the protein net charge but instead by charged patches on the Cry1Ab 

surface. This patch controlled electrostatic attraction (PCEA) is supported by the 

highly non-uniform surface charge distribution of Cry1Ab, as shown by modeling of 

the surface potentials. Consistent with PCEA, Cry1Ab desorption from SiO2 at pH> 
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IEPCry1Ab increased with increasing pH and I. Weak Cry1Ab-SiO2 PCEA above pH 7 

resulted in reversible, concentration dependent adsorption.  

In a third step, solution depletion and column transport studies were conducted to 

study Cry1Ab adsorption to heterogeneous SiO2 particles at low, environmentally 

relevant Cry1Ab concentrations, and under various transport regimes. These 

conditions more closely resembled those in real soils, as compared to the conditions 

of the in situ adsorption technique measurements used in the previous steps. 

Consistent with the previous results, Cry1Ab-SiO2 interactions were dominated by 

patch-controlled electrostatic attraction (PCEA), as evident from increasing Cry1Ab 

adsorption to SiO2 with decreasing I at pH at which both Cry1Ab and SiO2 were net 

negatively charged and from increasing Cry1Ab desorption upon increasing the 

solution pH. A fraction of adsorbed Cry1Ab molecules desorbed only slowly, 

indicating particularly strong Cry1Ab-SiO2 interactions. Modeling of Cry1Ab 

breakthrough curves suggested that the surface heterogeneity of SiO2 particles gave 

rise to this phenomenon.  

In an additional step, Cry1Ab spike-recovery experiments were conducted to assess 

the experimental variability in response factors (RF equals the ratio of added versus 

recovered protein mass) for soil-adsorbed Cry1Ab by an in vitro extraction-

immunological detection method and an in vivo bioassay method using Ostrinia 

nubilalis. Extraction buffers with high pH and I containing nonionic detergent 

resulted in highest RFvitro, likely due to attenuation of Cry1Ab-sorbent electrostatic 

interactions and of the hydrophobic effect. At the same time, RFvitro were always 

smaller than unity. Decreasing RFvitro with increasing Cry1Ab-soil contact time 

reflected increasing attractive interactions over time. In comparison to the in vitro 

detection, the in vivo detection was superior as it resulted in RFvivo! 1 for Cry1Ab 

from soils and from major soil constituents. These findings suggest the use of the in 

vivo method in the analysis of Cry1A proteins in soil samples. Furthermore, the 

bioassays demonstrate that Cry1Ab retains its insecticidal activity when adsorbed to 

soils and major soil constituents. Adsorption to the soil matrix is therefore not 

expected to result in inactivation of Cry1Ab. 
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Zusammenfassung 

Bt-Pflanzen sind dahingehend gentechnisch verändert, dass sie resistent sind gegen 

Schadinsekten, indem die Pflanzen Gene von B. thuringiensis exprimieren, welche für 

insektizide Cry-Proteine codieren. Diese Cry-Proteine gelangen aus der Pflanze in die 

Landwirtschafts-Böden. Die Adsorption der Cry-Proteine ist ein Schlüssel-Prozess, 

weil er entscheidend ist für Transport, Bioverfügbarkeit und Abbau dieser Proteine. 

Die wichtigsten Ziele dieser Arbeit waren, (i) den Adsorptionsmechanismus von 

Cry1Ab – einem kommerziell wichtigen Cry-Protein – an polare geladene 

Oberflächen in Böden zu erklären, indem Quartz (SiO2) als Modelloberfläche 

verwendet wurde, (ii) die Aktivität von an Böden und wichtige Bodenbestandteile 

adsorbiertem Cry1Ab zu bestimmen, (iii) gebräuchliche Methoden zur Detektion von 

in Böden adsorbiertem Cry1Ab zu evaluieren. 

In einem ersten Schritt wurden die Faktoren bestimmt, die die Adsorption von 

Cry1Ab an negativ geladenen Quarz (SiO2) und positiv geladenes Poly-L-Lysin (PLL) 

dominieren bei pH 5 bis 8 und einer gleichbleibenden Ionenstärke von 50 mM (NaCl). 

Dazu wurden zwei in situ Techniken verwendet, mit denen Adsorption von Proteinen 

direkt an der Oberfläche gemessen werden kann. Adsorbierte Mengen und 

Adsorptionsraten sanken an SiO2 und stiegen an PLL mit steigendem pH. Die 

umgekehrte pH-Abhängigkeit der Adsorption auf diesen gegensätzlich geladenen 

Oberflächen zeigte, dass die Cry1Ab-Sorbent-Interaktionen durch Elektrostatik 

dominiert wurden. Die Adsorption von Cry1Ab an SiO2 war reversibel, was andeutet, 

dass die elektrostatische Anziehung schwach war und Cry1Ab keinen erheblichen 

irreversiblen Konformations-Änderungen unterworfen war an der SiO2-Oberfläche. 

Auch die ratenunabhängige maximale Oberflächenbelegung von irreversibel an Gold 

adsorbiertem Cry1Ab deutete auf eine hohe Konformations-Stabilität von Cry1Ab 

hin. 

In einem zweiten Schritt wurde mit den gleichen in situ-Techniken die Ionenstärke-

Abhängigkeit der Adsorption von Cry1Ab an SiO2 und PLL untersucht. 

Adsorptionsraten und adsorbierte Mengen an Sorbenten mit gleicher Ladung wie die 

Cry1Ab-Nettoladung (SiO2 bei pH > isoelektrischer Punkt von Cry1Ab  (IEPCry1Ab), 

PLL bei pH < IEPCry1Ab) stiegen an mit abnehmender Ionenstärke. Diese Ionenstärke-
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Abhängigkeit deutete darauf hin, dass die elektrostatischen Interaktionen zwischen 

Cry1Ab und den Sorbenten durch einzelne gegensätzlich zum Sorbenten geladenen 

Stellen an der Cry1Ab-Oberfläche dominiert wurden und nicht durch die Cry1Ab-

Nettoladung. Diese „Patch Controlled Electrostatic Attraction“ (PCEA) ist in 

Übereinstimmung mit der nicht einheitlichen Verteilung der Oberflächenladung von 

Cry1Ab, wie die Modellierung des elektrischen Oberflächenpotentials des Proteins 

gezeigt hat. In Übereinstimmung mit PCEA stiegen Cry1Ab-Desorptionsraten von 

SiO2 bei pH > IEPCry1Ab mit steigendem pH und steigender Ionenstärke. Oberhalb 

pH 7 resultierten schwache Cry1Ab-SiO2-Interaktionen in reversible, 

konzentrationsabhängige Adsorption. 

In einem dritten Schritt, wurde die Adsorption von Cry1Ab an unterschiedliche 

heterogene SiO2-Partikel untersucht in umweltrelevant tiefen Konzentrationen unter 

verschiedenen hydrodynamischen Transport-Bedingungen (Säulentransport und 

Adsorption an suspendierte SiO2-Partikel). Diese Systeme sind näher an den 

Bedingungen, wie sie in Böden vorherrschen, verglichen mit den in situ-Techniken, 

wie sie in den vorhergehenden Schritten verwendet wurden. In Übereinstimmung mit 

den obenstehenden Resultaten war die Adsorption durch PCEA bestimmt: Auch bei 

pH > IEPCry1Ab stiegen adsorbierte Menge und Adsorptionsraten mit sinkender 

Ionenstärke, und die Desorptionsraten stiegen mit steigendem pH. Ein Teil des 

Cry1Ab desorbierte nur langsam. Die Modellierung der Säulentransport-Experimente 

deuteten darauf hin, dass die Heterogenität der Oberfläche für dieses langsame 

Desorption verantwortlich ist. 

In einem zusätzlichen Schritt, wurden Adsorptions-Wiederfindungs-Experimente 

durchgeführt, um die Variabilität in der Wiederfindung (Verhältnis von adsorbierter 

Menge zu detektierte Menge Cry1Ab) von an Boden adsorbiertem Cry1Ab zu 

bestimmen mit einer (in vitro) Extraktions-Immunodetektions-Methode und einer (in 

vivo) Biotest-Methode mit O. nubilalis (Maiszünsler) als Test-Organismus. Die 

Wiederfindung in der in vitro-Methode war am höchsten mit Puffern, die einen hohen 

pH und hohe Ionenstärke hatten und ein nicht-ionisches Detergens enthielten, 

wahrscheinlich aufgrund der Verminderung elektrostatischer Interaktion und des 

hydrophoben Effekts. Die Wiederfindung mit der in vitro-Methode war nicht 

vollständig und sank mit längerdauernder Cry1Ab-Adsorption vor der Extraktion. 

Dagegen war die Wiederfindung mit der in vivo-Methode vollständig für an Böden 
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und Bodenbestandteile adsorbiertes Cry1Ab, und war signifikant höher als die 

Wiederfindung mit der in vitro-Methode. Aufgrund der Resultate scheint die 

Verwendung der in vivo-Methode geeignet zu sein für die Detektion von Cry1A-

Proteinen in Böden. Zudem deuten diese Resultate darauf hin, dass die Bioaktivität 

von in Böden adsorbiertem Cry1Ab nicht vermindert ist.  
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Introduction 

Transgenic insecticidal Cry proteins in the environment 

Genetically modified Bt crops express one or more truncated cry gene(s) from the 

bacterium Bacillus thuringiensis. These gene sequences are expressed in all plant 

parts and code for insecticidal Cry proteins (also called Bt toxins) that confer the trait 

of pest insect resistance to the plant. Cry proteins belong to the pore-forming toxins 

and are highly specific to certain pest insects (1). In contrast to the truncated 

transgene in Bt crops, the complete cry genes in B. thuringiensis code for 70 to 130 

kDa crystalline protoxins (1). Activation of these protoxins requires ingestion by the 

target insect, dissolution in the insect guts, and cleavage by gut proteases, resulting in 

the active 60 to 70 kDa toxin (1). The activated protein binds to specific receptors 

anchored in membranes of midgut epithelian cells of the insect. The Cry proteins then 

inserts into the membrane, and forms lytic pores, which lead to disruption of the cell, 

septicemia, and ultimately death of the organism (1).  

Up to now, approximately 600 Cry proteins have been identified (2), some of which 

are expressed by Bt crops. The major Bt crops are maize, cotton, rice, and eggplant, 

(3). Since their market introduction in 1996, the use of Bt crops has steadily increased 

worldwide. Bt maize is the second most common transgenic crop. In 2009, it was 

planted on 420 000 km2 (42 million hectares) worldwide (3), which corresponds to 

more than ten times the area of Switzerland (41 000 km2).  

The use of Bt crops results in the release of Cry proteins to agricultural soils via root 

exudates (4), plant residues (5), pollen shedding (6), and feces of animals feeding on 

Bt plant material (7). Estimates for seasonal inputs of Cry proteins to agricultural soils 

planted with Bt crops range from tens to few hundreds g ha-1 (8). In soils, reported 

Cry proteins concentrations are in the !g kg-1 range (4, 9-11). Cry proteins persist in 

soils up to months following harvest (9-12) and were detected in stream ecosystems 

near Bt crop fields (13).  

The release of Cry proteins by Bt crops into the natural environment has lead to 

several concerns including that Cry proteins may adversely affect non-target species 

in soils (14, 15). While stringent evidence for non-target effects is yet missing, the 

topic is intensely debated (16-18). Irrespective of whether or not Cry proteins have 
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adverse impacts on agricultural ecosystems, it is important to understand the fate of 

Cry proteins in soils, both from a scientific and a legal perspective. In 2005, Swiss 

voters banned the commercial use of genetically modified plants until 2011. The 

Swiss Federal Council extended this moratorium to 2013 and implemented the 

National Research Program 59 Benefits and Risks of the Deliberate Release of 

Genetically Modified Plants to answer open questions, relevant for future discussions 

and decisions on the commercial use of genetically modified plants in Switzerland. 

This Ph.D. thesis is part of this research program.  

Adsorption is a key process that determines the fate of Cry proteins 

Adsorption affects the mobility (19), bioactivity (20), degradability (4, 12, 21), and 

hence potential persistence and accumulation of Cry proteins in soils. Understanding 

Cry protein adsorption on a molecular level is essential for fate and risk assessment of 

Cry proteins in soils. This also includes the monitoring of Cry proteins in soils, which 

requires reliable methods to detect and quantify the proteins. Current detection 

methods of Cry proteins are either in vitro methods, using buffer extraction and 

subsequent detection by immunological techniques, or in vivo diet incorporation 

bioassays. Information on how changes in the solution chemistry affect Cry protein 

desorption from soils may therefore help to optimize the efficiency of detection 

methods.  

Cry protein adsorption was previously studied to complete soils, to soil size fractions 

(21-25), and to isolated soil constituents, including clay minerals (21, 23, 26-28), 

mica (29), and soil organic matter (12, 30). The results of these studies are more 

phenomenological. The mechanism of Cry protein adsorption, however, was not 

investigated nor identified. In order to get a mechanistic picture of Cry protein 

adsorption, more systematic experiments need to be conducted with purified Cry 

proteins, well-defined sorbents, controlled solution conditions, known Cry protein 

concentrations, and with experimental techniques that allow for direct quantification 

on the sorbent surface under well-defined hydrodynamic conditions. None of the 

previously published studies have met all of these requirements. 

Furthermore, previous studies on in vitro and in vivo methods to detect soil-adsorbed 

Cry proteins in the field have used short-time spike-recovery experiments under 

laboratory conditions to determine the response factors – i.e. the fraction of detected 
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from total Cry protein present in a sample – for a given method (9, 31, 32). These 

response factors vary widely between studies for yet unknown reasons. Inefficient in 

vitro or in vivo extraction or protein conformational changes that render the protein 

undetectable are the most likely explanations. Applying response factors determined 

in laboratory spike-recovery experiments requires that the reasons for the variability 

in response factors are understood. This understanding, however, is currently missing. 

Molecular factors governing protein adsorption 

Protein adsorption from water to solid surfaces is complex and numerous aspects are 

still only poorly understood. Part of the complexity arises from the fact that proteins 

are composed of amino acids that differ in polarity, charge and size, leading to a large 

chemical heterogeneity on a given protein surfaces and large variations in the surface 

properties among different proteins. Proteins also differ in their secondary and tertiary 

structures. Protein conformations are, to a certain extent, flexible and may change 

upon adsorption to surfaces. Numerous factors play a role in protein adsorption from 

water to solid surfaces. The most important are electrostatic interactions and vdW 

interactions, contributions from the hydrophobic effect, and protein conformational 

changes in adsorbed sates.  

Electrostatic interactions are attractive or repulsive depending on whether the part of 

the protein surface that interacts with the sorbent carries an opposite or the same 

charge as the sorbent, respectively. For non-uniformly charged proteins patches of a 

few charged amino acids on the protein surface can result in orientation-dependent 

patch controlled electrostatic attraction (PCEA) even to surfaces that carry the same 

net charge as the protein (33-35). The surface charges of proteins and most charged 

sorbents in soils are pH dependent, such that changes in solution pH may strongly 

affect electrostatic interactions. Electrostatic interaction energies at a given pH, 

irrespective of whether they are attractive or repulsive, decrease with increasing ionic 

strength due to charge screening of the electric field by dissolved ions. Protein 

adsorption to polar charged surfaces is generally dominated by electrostatic 

interactions (36).  

Protein-sorbent attractive VdW interactions primarily result from induced dipole-

induced dipole interactions. vdW interactions increase with increasing sizes, densities, 

and polarizabilities of the protein and the sorbent.  
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The hydrophobic effect results from the poor solvation of apolar moieties on the 

protein and sorbent surfaces. The interaction of water molecules with these moieties is 

energetically unfavorable as compared to the interactions between water molecules. 

Adsorption that results in a minimization of the contact area between apolar protein 

and sorbent moieties with water molecules is therefore energetically favorable. While 

the hydrophobic effect plays a dominant role in protein adsorption to apolar, 

uncharged surfaces, its contribution in protein adsorption to polar, charged surfaces is 

considered small relative to the other interaction forces (36).  

Proteins may undergo conformational changes in adsorbed states. Such changes may 

result in an increase in entropy of the protein and/or an enthalpy gain due to an 

increase in the number of protein segments that are in contact with the sorbent surface 

relative to the native conformation (37). Conformational stabilities in adsorbed states 

differ widely among proteins. Conformational stability, however, remains an ill-

defined protein property often assessed on the basis of protein adiabatic 

compressibilities, denaturing temperatures, and structural features, such as !-helix 

content and amounts of disulfide bridges (38-40). Conformational changes may be 

irreversible such that adsorption-desorption cycles may alter the properties and 

activities of proteins (41). The conformational stability of Cry proteins has not been  

investigated previously.  

Objectives  

The main goals of the research conducted in this Ph.D. thesis were to identify factors 

govering the adsorption of Cry1Ab to charged surfaces, particularly to quartz (SiO2) 

and to evaluate currently used detection methods for Cry1Ab adsorbed to soils. 

Cry1Ab was chosen, as it is a commercially important Cry protein, expressed by 

major Bt crops, and because it serves as a model for other Cry1A proteins with high 

sequence homology to Cry1Ab. SiO2 served as a model for negatively charged polar 

mineral surfaces in soils. 

The principal objectives of this thesis were 

(i) to indentify the driving forces for Cry1Ab adsorption to planar and 

homogenous SiO2 surfaces using in situ surface adsorption techniques 
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(ii) to verify that the same driving forces governed Cry1Ab adsorption to SiO2  

particles heterogeneous in size and surface properties under various 

transport conditions and at environmentally relevant Cry1Ab 

concentrations  

(iii) to evaluate the variability in the recoveries of Cry1Ab spiked to soils by an 

in vitro extraction-immunological method and an in vivo bioassay method 

using the Cry1Ab-suscepticle pest insect Ostrinia nubilalis 

Thesis organization 

Chapter 1 

Chapter 1 assesses the relative importance of electrostatic interactions, van der Waals 

interactions, and of protein conformational changes in the adsorption of Cry1Ab to 

negatively charged SiO2 and to positively charged poly-L-lysine (PLL) surfaces. 

Adsorption is studied at pH 5 to 8 and at an ionic strength of 50 mM (NaCl) under 

laminar flow conditions using two complementary in situ surface techniques, quartz-

crystal microbalance with dissipation monitoring (QCM-D) and optical waveguide 

lightmode spectroscopy (OWLS). The combination of the two techniques provides 

information on the thickness and water content of the Cry1Ab adlayer, and on the 

conformation of adsorbed Cry1Ab. The conformational stability of Cry1Ab in 

adsorbed states is assessed by supply-rate-dependent adsorption to apolar gold. 

Cry1Ab adsorption is compared to the adsorption of the reference proteins hen egg 

white lysozyme and bovine serum albumin measured in the same systems.  

Chapter 2 

Cry1Ab has a highly non-uniform surface charge distribution with a negatively 

charged domain (isoelectric point (IEP) of 4.7) and two positively charged domains 

(IEPs of 9.4 and 9.6). The research in chapter 2 is directed towards assessing whether 

the surface charge non-uniformity of Cry1Ab gives rise to patch-controlled 

electrostatic attraction with charged SiO2 and PLL. Using QCM-D and OWLS, the pH 

and ionic strength dependence of Cry1Ab adsorption to and desorption from SiO2 and 

PLL are investigated. The QCM-D and OWLS measurements are complemented by 

solution depletion experiments to study Cry1Ab adsorption to SiO2 particles at low, 

environmentally relevant concentrations. 
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Chapter 3 

The work in chapter 3 evaluates whether the same factors governing Cry1Ab 

adsorption to homogeneous SiO2 surfaces are also govering adsorption to 

heterogeneous SiO2 particles, both under well-mixed conditions in solution depletion 

experiments and under hydrodynamic flow in packed columns. These systems more 

closely resemble real soils as compared to the in situ adsorption techniques in the first 

two chapters. Cry1Ab adsorption is studied at pH 4.5 to 10 and I from 10 to 250 mM 

to various SiO2 particles with different sizes and surface properties. Convection-

dispersion-adsorption models are fitted to the Cry1Ab breakthrough curves to 

characterize adsorption. Furthermore, in vivo bioassay using larvae of the susceptible 

insect O. nubilalis (Lepidoptera) are conducted to assess the impact of adsorption on 

the activity of SiO2-adsorbed Cry1Ab. 

Chapter 4 

Fate and risk assessment of Cry proteins in soils warrants reliable methods to quantify 

soil-adsorbed Cry proteins. In chapter 4, Cry1Ab spike-recovery experiments with 

soils and soil constituents are used to assess the variability in response factors for 

adsorbed Cry1Ab by an in vitro method consisting of Cry1Ab extraction from the soil 

followed by immunological detection, and an in vivo method, a diet-incorporation 

bioassay based on growth inhibition of the susceptible insect pest Ostrinia nubilalis. 

The in vivo method has the advantage of detecting only the active protein. The effects 

of extraction buffer composition, Cry1Ab spiking method, Cry1Ab-soil equilibration 

method and time on the response factors of the in vitro method are assessed. The 

response factors by both methods are compared to determine which method is 

superior to detect Cry1Ab in field soil samples. The in vivo detection of Cry1Ab 

adsorbed to major soil constituents will also be used to evaluate whether soils contain 

surfaces that may inactivate the protein either by irreversible adsorption or by causing 

extensive irreversible conformational changes in the protein. 
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Abstract 

Genetically modified Bt crops express insecticidal Cry proteins (Bt toxins) that may 

enter agricultural soils. A mechanistic understanding of Cry protein adsorption to 

soils is critical for risk assessment, as this process governs Cry protein fate and 

bioavailability. We used quartz crystal microbalance and optical waveguide 

lightmode spectroscopy to elucidate the driving forces of the adsorption of 

monomeric Cry1Ab to negatively charged quartz (SiO2) and positively charged poly-

L-lysine (PLL) at pH 5-8 and constant ionic strength of 50 mM (NaCl). Bovine serum 

albumin and hen egg white lysozyme were used as reference proteins because of their 

known adsorption behavior. Electrostatics governed Cry1Ab adsorption; as pH 

increased above the isoelectric point of Cry1Ab, the initial rate and the extent of 

adsorption decreased on SiO2 and increased on PLL. Reversible adsorption to SiO2 

suggested weak Cry1Ab-SiO2 electrostatic interactions and no irreversible 

conformational changes of Cry1Ab at the surface. High conformational stability of 

Cry1Ab was further supported by supply rate-independent extent of adsorption of 

Cry1Ab to apolar gold. Some evidence is presented that the non-uniform surface 

charge distribution of Cry1Ab resulted in 'patch-controlled' electrostatic attraction 

with sorbents that carried the same net charge as Cry1Ab. A more detailed discussion 

of this mechanism is given in a companion paper. 
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1.1 Introduction 

Genetically modified Bt crops express one or more gene sequences from the 

bacterium Bacillus thuringiensis that code for insecticidal Cry proteins (Bt toxins), 

which provide protection against specific pest insects. Since their market introduction 

in 1996, Bt crops became an integral component of pest management practices in 

many countries. Bt maize is the second most common transgenic crop, grown on !42 

million hectares, worldwide, in 2009 (1). By various pathways, Cry proteins may be 

released to soils, where they have been detected in the mg kg-1 range (2, 3). Some Cry 

proteins were shown to persist and to remain insecticidal in soils for months 

following crop harvest (2-5). Concern has been raised that Cry proteins in soils may 

accumulate over time and adversely affect non-target soil-dwelling organisms (6). 

Assessing these risks requires that the processes governing the fate of Cry proteins in 

soils, most importantly the adsorption to mineral and organic soil surfaces, are 

understood. Adsorption affects protein mobility, bioavailability, degradability, and, 

hence, persistence and accumulation. Desorption of adsorbed Cry proteins upon 

changes in solution chemistry may result in spatially and temporally high pore water 

Cry protein concentrations.  

Previous studies have investigated adsorption of Cry proteins to clay minerals, iron- 

and aluminum (hydr-)oxides, silica, mica, humic acids, and natural soils (e.g., (7-12)). 

A molecular level picture of Cry protein adsorption, however, is missing. Advancing 

this picture requires experiments in which purified proteins are used, the solution pH 

and ionic strength (I) are properly controlled, and adsorbed protein is directly 

quantified on the sorbent surface (and not indirectly via solution depletion). None of 

the previous studies has met all of these requirements.   

The goal of the work presented in this and a companion paper (13) was to identify the 

major driving force(s) for Cry protein adsorption to charged, polar surfaces. 

Electrostatic and van der Waals (vdW) interactions play a major role in the 

interaction of proteins with such surfaces (14), while the hydrophobic effect is 

considered less important. If adsorbed proteins undergo conformational changes on 

the sorbent surface, these changes result in a gain in protein conformational entropy 

(14), which additionally drives adsorption. Interfacial conformational changes also 

increase the number of protein segments that interact with the sorbent surface and, 
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hence, the activation free energy for desorption, leading to irreversible adsorption. 

For proteins with low interfacial conformational stabilities, this driving force may 

lead to adsorption even when protein-sorbent electrostatic interactions are repulsive. 

The conformational stability of Cry proteins and hence the significance of this 

process in the adsorption of Cry proteins is unknown. 

In this paper, we discuss the relative importance of electrostatic interactions, vdW 

interactions and conformational changes in the adsorption of Cry1Ab to charged polar 

surfaces at a constant ionic strength (I= 50 mM). Cry1Ab is expressed by several 

commercially important Bt maize events, and served as a model Cry1 protein. The net 

surface charge of Cry1Ab changes from positive at pH 5 to negative at pH 7 and 8. 

Cry1Ab, however, has a non-uniform surface charge distribution (Table 1). Cry1Ab 

adsorption was compared to adsorption of two well-studied reference proteins, bovine 

serum albumin (BSA) and hen egg white lysozyme (HEWL) that have different 

surface net charges and conformational stabilities (Table 1). Quartz (SiO2) and poly-

L-lysine (PLL) polymeric films served as model surfaces, which were negatively and 

positively charged over the tested pH range, respectively. To assess the relative 

Cry1Ab conformational stability, proteins were also adsorbed to an apolar gold 

surface at pH 6.  

Adsorption was studied by a combination of two in-situ surface techniques, quartz 

crystal microbalance with dissipation monitoring (QCM-D), the primary technique, 

and optical waveguide lightmode spectroscopy (OWLS). Both techniques allow 

direct and label-free quantification of the kinetics, extents, and reversibility of protein 

adsorption. QCM-D senses the "wet" mass of adsorbed proteins (i.e., adsorbed 

protein plus protein-associated water), whereas OWLS senses only the absolute 

("dry") adsorbed protein mass. These techniques have previously been combined to 

characterize protein adsorption (15). 



 

 

Table 1. Physicochemical properties of transgenic Cry1Ab protein and reference proteins bovine serum albumin and hen egg white lysozyme.  
 
 Cry1Ab Bovine serum albumin (BSA) Hen egg white lysozyme 

(HEWL) 
molecular 
weight  

66.6 kDa a 66.4 kDa a 14.3 kDa a 

molecular shape 
and size  

Elongated b 
7.6!6.2!5.0 nm b 

Heart shaped b 

Side length: 7.5 nm; thickness: 5 nm b  
Ellipsoid b 

4.2!3.0!3.0 nm b 
 

 
 

 

conformational 
stability 

unknown low c high c  

isoelectric point total domain I domain 
II 

domain III total domain I domain 
II 

domain III total 

 6.0d 

(6.4 e) 
4.7 e 9.4 e 9.6 e 4.7-5.3c 

(5.6e) 
5.5 e 5.3 e 7.6 e 11.0 c 

(10.5 e) 
diffusion 
coefficient D 

5.35 10-7 cm2 s-1 f 6.09 10-7 cm2 s-1 g 1.23 10-6 cm2 s-1 g 

a based on primary sequence (section S1, Supporting Information (SI)); b based on crystallography data of Cry1Aa (PDB ID: 1CIY) (16) with 
88% sequence homology to Cry1Ab (section S1, SI), human serum albumin (PDB ID: 1AO6) (17) with 75.6% sequence homology to BSA, and 
of HEWL (PDB ID: 1HEL) (18); c (19); d based on experimental IEP of Cry1Ac (20) (section S1, SI); e calculated with program Theoretical 
pI/Mw, ExPASy Proteomics tools; f estimated by the Stokes-Einstein relation using an averaged measured hydrodynamic radius rh = 4 nm) of 
monomeric Cry1Aa (8) (section S1, SI); g (21) 
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1.2 Experimental Section  

Proteins and Chemicals. Cry1Ab (provided by M. Pusztai-Carey, Case Western 

Reserve University, Cleveland, OH, USA) was extracted from protoxin from Bacillus 

thuringiensis subsp. kurstaki HD-1, expressed as a single gene product in E. coli, 

activated, purified, and lyophilized (details in section S1, Supporting Information 

(SI)). High purity HEWL and BSA (> 99%, lyophilized) were from Fluka and Sigma, 

respectively, and used as received. The physicochemical properties of Cry1Ab, 

HEWL, and BSA are given in Table 1. The preparation of protein solutions and of 

Cry1Ab quantification is described in section S2 (SI). All chemicals used were 

analytical grade (section S1, SI).  

Sorbents. SiO2-coated QCM-D sensors (QXS303; Q-Sense) and SiO2-coated OWLS 

waveguides (OW2400 sensor chips; Microvacuum Ltd, Budapest, Hungary; sputter 

coated with a 12 nm silicon oxide (SiO2) layer in a Laybold DC-magnotron Z600 

sputtering unit (Paul Scherrer Institute, Villigen, Switzerland)) were used as model 

quartz surfaces (isoelectric point ! 2-3). For adsorption to PLL, sensors were 

coated by running solutions containing 100 mgPLL L-1 over the SiO2-sensors for 30 

min, resulting in fast, electrostatically driven irreversible adsorption of thin PLL films 

(IEPPLL= 9.0-9.8 (22)) (Tables S1, S2; SI). PLL-coated sensors were rinsed with PLL-

free solutions prior to switching to protein-containing solutions. Gold-coated QCM-D 

sensors (type QXS301) served as a model apolar sorbent. All sensors and waveguides 

were thoroughly cleaned before use (section S3; SI).  

QCM-D measurements were conducted on a Q-Sense E4 system (Q-Sense AB, 

Gothemburg, Sweden) with four laminar slit shear flowcells, each containing a 

piezoelectric quartz crystal sensor. QCM-D monitors shifts in the resonance 

frequency (f= 5 MHz) and its overtones (n) as well as the dissipation (D) of the sensor 

upon adsorption/desorption of a viscoelastic protein film to its surface (23). For thin 

and rigid protein films, the total sensed "wet" mass (!mQCM-D (ng cm-2), the sum of 

the masses of adsorbed protein, !mprotein (ng cm-2), and of protein-associated water, 

!mwater (ng cm-2)) is proportional to –!fn (Hz) according to the Sauerbrey relation 

(23): 

 
IEPSiO2
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     Eq. 1 

where C (= 17.7 ng Hz-1 cm-2) is the mass sensitivity constant. In most systems, 

normalization to n= 3 to 11 resulted in overlapping frequency curves and the 

investigated films showed small dissipation values !D, such that Eq. 1 is valid. All 

reported !mQCM-D were calculated from n= 5 (25 MHz).  

OWLS measurements were conducted on an OWLS 110 instrument (Microvacuum 

Ltd, Budapest, Hungary). Solutions were run through a laminar slit shear flowcell 

over a planar waveguide. An optical grating at the waveguide-water interface couples 

a He-Ne laser into the waveguide. Adsorption of proteins to the interface changes the 

phase shifts of the transverse electric and transverse magnetic polarization modes of 

the laser (24). Assuming an optically uniform adsorbed layer, the mass of adsorbed 

protein, !mOWLS, is given as  

      Eq. 2 

where dadlayer and nadlayer are the thickness and the refractive index of the adsorbed 

protein layer, respectively, and are simultaneously determined from the two measured 

phase shifts; dnprotein/dCprotein is the refractive index increment of proteins (0.182 

g/cm3 (25)), and nsolution is the refractive index of the pH buffer solutions (1.3336; pH 

5 to 8, I= 50 mM, 20°C measured with a refractometer (Model J357, Rudolph 

Research Analytical, Hackettstown, NJ, USA). In contrast to !mQCM-D, !mOWLS 

corresponds only to the absolute ("dry") mass of adsorbed proteins.  

A typical adsorption experiment comprised three successive steps (Figure S5, SI): (i) 

Baseline generation: pH- and I-adjusted solutions (pH 5±0.05 (3 mM acetate), pH 

6±0.05 (3 mM 2-(N-morpholino)-ethane-sulfonic acid), pH 7±0.05 and pH 8±0.05 

(both 3 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid); total I=50 mM, 

adjusted by NaCl) were pumped with a peristaltic pump over the sensors/waveguides 

until the signal baseline remained stable. (ii) Adsorption: Protein-containing solutions 

(1-10 µg protein mL-1) of the same pH and I were run over the sensors/waveguides. 

Protein adsorption in most systems plateaued at a final adsorbed mass. (iii) Rinsing: 

The systems were rinsed with protein-free solutions of the same pH and I to study 

  
!mQCM-D = !mprotein + !mwater = C "

#!fn

n

  
!mOWLS = dadlayer "

nadlayer # nsolution

dnprotein / dCprotein
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adsorption reversibility. All experiments were carried out at 20.0±0.1°C and at least 

in duplicates. 

Adsorption data were analyzed for initial protein adsorption rates kads (ng cm-2 min-1), 

final adsorbed masses and  (ng cm-2), and for adsorption 

reversibility (Figure S5). kads between QCM-D and OWLS measurements and 

between different protein-sorbent systems were compared on the basis of the 

dimensionless adsorption efficiency (!):  

         Eq. 3 

where  (ng cm-2 min-1) is the maximum possible, transport-limited adsorption 

rate (i.e., no energy barrier to adsorption). While theoretical   kads
max  were calculated for 

the OWLS system (section S4, SI), the more complex flow patter in the QCM-D cell 

did not allow calculation of corresponding   kads
max . ! describes the fraction of protein-

sorbent encounters that result in adsorption relative to transport-limited adsorption in 

the absence of an energy barrier to adsorption (!= 1).  

1.3 Results and discussion 

Representative QCM-D and OWLS plots for the adsorption of Cry1Ab, BSA, and 

HEWL to SiO2 and PLL at pH 5 to pH 8 are provided in Figures S6, S7 (section S4, 

SI). The results of all replicate measurements are given in Tables S1 and S2 (section 

S4, SI). 

1.3.1 Transport-limited protein adsorption rates 

In the OWLS setup, the highest initial adsorption rates  (43.8±1.7 ng cm-2 min-1) 

of Cry1Ab to SiO2 were measured at pH 5. These rates agreed very well with the 

calculated transport-limited initial adsorption rate  for monomeric Cry1Ab (46.7 

ng cm-2 min-1; section S4, SI). Similarly, the highest  found for the adsorption of 

BSA to PLL (48.0±1.2 ng cm-2 min-1) and HEWL to SiO2 (83.2±20.3 ng cm-2 min-1) 

at pH 7 agreed well with the respective  of the monomeric proteins (50.9 and 

  
!mQCM-D

final
  !mOWLS

final

  
! =

kads

kads
max

  kads
max

  kads

  kads
max

  kads

  kads
max
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81.4 ng cm-2 min-1, respectively; section S4, SI). These findings indicate that the 

initial adsorption rates in these protein-sorbent systems were transport limited. We 

therefore used these initial adsorption rates, measured by OWLS and QCM-D, as 

 to calculate ! from the OWLS and QCM-D measured kads, respectively (Eq. 3).  

1.3.2 Adsorption efficiencies and final adsorbed amounts 

Figure 1 shows the adsorption efficiencies (!) as a function of pH for all protein-

sorbent systems and the corresponding final adsorbed mass on the QCM-D (

) and OWLS ( ), which was quantified when adsorption plateaued 

or, for protein-sorbent systems in which adsorption did not plateau during the 

adsorption period, when rinsing was initiated.  

1.3.3 Comparison of QCM-D and OWLS experiments 

Overall, ! values determined by QCM-D and OWLS showed good quantitative 

agreement in all protein-sorbent systems, except for Cry1Ab adsorption to SiO2 at 

pH" 6, for which ! values showed the same pH trends but were larger for QCM-D 

than OWLS measurements. Furthermore, the ! values in the Cry1Ab-SiO2 system at 

pH" 6 showed the largest uncertainties among all tested systems. As subsequently 

discussed, these findings reflect the relatively weak Cry1Ab-SiO2 interactions and 

were, at least in part, ascribable to slight physicochemical differences in the SiO2 

surfaces of the QCM-D sensors and OWLS waveguides.  

QCM-D and OWLS yielded consistent trends of  and  with pH and 

sorbent net charge, while, as expected,  were always larger than , 

because QCM-D senses protein-associated water. Changes in pH that affected 

protein-sorbent affinities were consistently reflected in both the magnitude of initial 

kinetics (!) and in the final extent of protein adsorption (  and ). For 

sake of brevity, discussion of  and  will subsequently be denoted 

by . The exact values of ! and  are provided in Tables S1 and S2 (SI). 

For Cry1Ab adsorption to SiO2, ! decreased with increasing pH from ! ! 1 at pH 5 to 

  kads
max
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final
  !mOWLS

final
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final
  !mOWLS

final
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final
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! < 0.02 at pH 8 (Figure 1a). Hence, 50 times as many Cry-SiO2 encounters were 

required at pH 8 to result in one adsorption event as compared to the transport-limited 

adsorption rates. Compared to SiO2, adsorption to positively charged PLL showed the 

opposite pH-dependence (Figure 1b) of !, with !! 0.24 at pH 5 and !! 1 at pH 6-8.  

The finding of !! 1 of Cry1Ab to SiO2 at pH 5 and to PLL at pH 6-8 implies that 

Cry1Ab was monomeric at all tested pH. The decrease in ! to SiO2 with increasing 

pH can, therefore, be rationalized by decreasing affinities of the monomeric Cry1Ab 

to SiO2. The finding of monomeric Cry1Ab stands in contrast to (8, 12), which 

reported that Cry1Aa formed oligomers composed of more than ten monomers at I< 

150 mM and circumneutral pH. Cry1Ab oligomers of that size would have resulted in 

< 28 ng cm-2 min-1 in the OWLS setup, which is much smaller than the 

experimental . Since the physicochemical properties of Cry1Aa and Cry1Ab are 

quite similar (88% sequence homology), they cannot be invoked to explain the 

apparently different tendencies of the proteins to oligomerize. Oligomerization in (9) 

may therefore have resulted primarily from the use of up to 100 fold higher Cry1Aa 

concentrations as compared to the Cry1Ab concentrations used in this study.  

Consistent with the pH trends of !, with increasing pH,  of Cry1Ab to SiO2 

decreased while to PLL increased (Figures 1c, d). The inversed pH trends on the 

oppositely charged strongly suggest that Cry1Ab-sorbent electrostatic interactions 

played a major role in adsorption. Increasing the negative surface charge of Cry1Ab 

with increasing pH resulted in decreasing Cry1Ab-SiO2 electrostatic attraction and in 

increasing electrostatic attraction in the Cry1Ab-PLL system. 

BSA served as a reference protein with a low conformational stability and with a 

similar molecular size and IEP as Cry1Ab (Table 1). Electrostatic repulsion of BSA 

from like-charged SiO2 explains, at least in part, the decrease in ! and  of 

BSA to SiO2 with increasing pH (Figure 1e, g). Previous work has shown that 

significant BSA adsorption to SiO2 at pH> IEPBSA despite electrostatic repulsion was 

due to interfacial conformational changes of BSA (26, 27). Similar to Cry1Ab, initial 

adsorption rates of BSA to PLL were transport-limited at pH 6 to 8 (Figure 1f, h), and 

adsorption was extensive, reflecting electrostatic attraction of net negatively charged 

BSA to positively charged PLL.  

  kads
max

  kads

  !mfinal

  !mfinal
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In contrast to BSA, HEWL has a high conformational stability and, in contrast to 

Cry1Ab, a uniform surface charge distribution. Therefore, changes in the orientations 

of HEWL to SiO2 only slightly modify overall strong electrostatic attraction, resulting 

in ! #1 from pH 5-8 and in  values that were only slightly affected by solution 

pH (Figure 1i, k), which is consistent with (28, 29). Conversely, all orientations of 

HEWL to PLL resulted in electrostatic repulsion, leading to approximately 30 fold 

lower ! values relative to SiO2 and resulted in slow continuous adsorption to small 

 values (Figure 1j, l). The large difference in ! and  values between 

SiO2 and PLL also provides good evidence that PLL coated most of, if not the entire 

SiO2 surface.  

 

  !mfinal

  !mfinal
  !mfinal
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Figure 1. Protein adsorption efficiencies ! (measured by quartz crystal microbalance 
with dissipation monitoring (QCM-D; filled circles) and optical waveguide lightmode 

spectroscopy (OWLS); open circles), and final 'wet' ( ) and 'dry' ( ) 

adsorbed protein masses (measured by QCM-D (solid bars) and OWLS (open bars) at 
which adsorption plateaued, or, for systems in which protein adsorption did not 
plateau, at which rinsing was initiated (marked by asterisk (*)). fprot is the fraction of 

"dry" adsorbed protein mass to the total adsorbed "wet" mass (i.e., ). 

The error bars represent standard deviations of replicate measurements. a-d: Cry1Ab; 
e-h: reference protein bovine serum albumin (BSA); i-l: reference protein hen egg 
white lysozyme (HEWL); a, c, e, g, i, k: sorbent: negatively charged quartz (SiO2); b, 
d, f, h, j, l: sorbent: positively charged poly-L-lysine (PLL). 

 

1.3.4 Monolayer adsorption 

Systems with transport-limited adsorption (!! 1) plateaued at reproducible   !mfinal  

(Figure 1, Tables S1, S2), which, for numerous reasons, can be assumed to 

correspond to protein monolayers: (i) Adsorption of Cry1Ab and BSA to PLL at pH 7 

from solutions that covered a factor of 20 in the protein concentration plateaued at 

comparable 
  
!mQCM-D

final ! 620 and 640 ng cm-2, respectively (Figure S9, SI). Such 

concentration-independent maximum adsorbed masses imply that adsorption was 

limited by the number of adsorption sites. Furthermore, similar 
  
!mQCM-D

final  and 

  !mOWLS
final  of Cry1Ab and BSA to SiO2 at pH 5 and to PLL at pH 6 to 8 (Figure 1; 

Tables S1, S2) were consistent with comparable monolayer adsorbed masses of 

proteins with comparable sizes.   !mfinal  of HEWL were smaller due to its smaller 

molecular weight and hence less adsorbed mass per protein footprint. (ii) The 

experimental 
  
!mQCM-D

final and   !mOWLS
final

 of Cry1Ab, BSA, and HEWL corresponded well 

to the respective theoretical 'wet' and 'dry' adsorbed masses of full monolayers, 

calculated based on the molecular dimensions of the proteins (section S5, SI). (iii) 

Viscoelastic modeling of the QCM-D frequency and dissipation values of several 

overtones resulted in an estimated adlayer thickness of ~6-7 nm for Cry1Ab and BSA 

and ~3 nm for HEWL (Section S5, SI), which corresponded well to the molecular 

dimensions of the proteins and, hence, monolayer adsorption. (iv) The ratios of 

  
!mQCM-D

final
  !mOWLS

final

  
fprot =

!mOWLS
final

!mQCM-D
final
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!mQCM-D

final  to   !mOWLS
final , fprot, were approximately 40 to 50 % (Figure 1), consistent with 

previously published values for the contribution of protein mass to the total QCM-D 

sensed mass in full protein monolayers (15, 30). Lower fprot !8-9 % for Cry1Ab and 

BSA adsorption to SiO2 at pH 7-8 are consistent with (15, 30), reflecting that the 

mass of water that couples to each protein molecule is larger at lower sorbent surface 

coverage. (v) As subsequently discussed, adsorption was irreversible in all systems 

with != 1, except for Cry1Ab-SiO2 at pH 5. Irreversible adsorption implies that 

adsorption plateaued as the maximum (jamming) concentration of proteins on the 

sorbent surface was attained, corresponding to a monolayer. 

1.3.5 Adsorption reversibility 

Adsorption in all investigated protein-sorbent systems was largely irreversible, except 

for Cry1Ab adsorption to SiO2 (decrease in  and during buffer 

rinsing; Figures S6, S7). Reversible Cry1Ab-SiO2 interactions imply (i) that adsorbed 

and solution phase Cry1Ab molecules were in dynamic equilibrium (adsorption 

plateaued because the adsorptive equaled the desorptive protein fluxes), (ii) that the 

sum of Cry1Ab-SiO2 electrostatic and vdW interactions were relatively weak, and 

(iii) no extensive, irreversible conformational changes of adsorbed Cry1Ab, which 

would have resulted in adsorption irreversibility. Conversely, irreversible adsorption 

of BSA to SiO2 at pH> IEPBSA is consistent with conformational changes of BSA on 

SiO2. vdW interactions most likely did not cause irreversible adsorption of BSA to 

SiO2, as comparable vdW interactions were present for the similarly sized Cry1Ab. 

The difference in Cry1Ab and BSA adsorption reversibility shows that their 

adsorption was governed by different driving forces despite the similar effects of pH 

and sorbent net charge on the kinetics and extents of Cry1Ab and BSA adsorption to 

SiO2 (and PLL). Irreversible adsorption of HEWL to SiO2 reflected strong 

electrostatic attraction due to the high positive surface charge density of HEWL over 

the investigated pH range (pH<< IEPHEWL).  

  
!mQCM-D   !mOWLS
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Figure 2. Adsorbed "wet" protein mass !mQCM-D on gold-coated QCM-D sensors 
versus the bulk protein concentration cprotein * time t. a. Cry1Ab b. bovine serum 
albumin (BSA), and c. hen egg white lysozyme (HEWL). Inserted graphs: Initial 
adsorption rates kads versus cprotein. The chosen normalization is applicable as the 
volumetric flow rates Q, and therefore the wall shear rates !, were constant within 
each set of experiment (Q= 100 µL min-1 for Cry1Ab and BSA and Q= 50 µL min-1 
for HEWL (section S4, SI).  
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1.3.6 Driving forces for Cry1Ab adsorption to SiO2 

The importance of electrostatic interactions of Cry1Ab with charged sorbents is 

apparent from the effects of pH and sorbent net charges on Cry1Ab adsorption. 

However, Figure 1 shows that Cry1Ab adsorbed also to like-charged SiO2 at pH> 

IEPCry1Ab and like-charged PLL at pH< IEPCry1Ab. There are two possible explanations 

for Cry1Ab adsorption in these systems. The first explanation assumes that the 

surface net charge of Cry1Ab governed its electrostatic interactions with charged 

sorbents. In this case, Cry1Ab-sorbent electrostatic repulsion had to be 

overcompensated by additional Cry1Ab-sorbent interaction forces. The second 

explanation assumes that Cry1Ab was oriented with positively charged surface 

patches towards SiO2 and with negatively charged patches towards PLL. Such 'patch-

controlled' electrostatic attraction is conceivable based on the non-uniform surface 

charge distribution of Cry1Ab (Table 1). These two alternative explanations will be 

subsequently evaluated. 

Electrostatic repulsion may, in principle, be overcompensated by attractive vdW 

interactions, protein conformational changes on the sorbent, as for BSA, and the 

hydrophobic effect. The latter effect must play a small role in the adsorption of 

Cry1Ab to SiO2 surface, due to its high polarity, as confirmed by small contact angles 

of water (< 5°) measured on the SiO2 sensors. vdW interactions unlikely 

overcompensated Cry1Ab-SiO2 electrostatic repulsion at pH>IEPCry1Ab, because 

previous work has demonstrated that electrostatic interactions predominate over vdW 

interactions at I< 100mM, even for moderately charged proteins (31). Furthermore, 

weaker vdW interactions are expected between Cry1Ab and PLL (a water-rich film 

with low Hamaker constant) than between Cry1Ab and SiO2 (larger Hamaker 

constant as compared to PLL). vdW interactions, therefore, cannot explain why 

Cry1Ab adsorption under electrostatic repulsion was irreversible to PLL but 

reversible to SiO2.  

Reversible Cry1Ab-SiO2 interactions suggest that Cry1Ab did not undergo extensive 

conformational changes on SiO2 (see above discussion). To further assess the 

conformational stability of Cry1Ab, we studied the effect of protein supply rate on 

 of all three proteins on gold-coated QCM-D sensors. Different supply rates 

were obtained by using different protein concentrations (2-20 µg mL-1) at a constant 
  
!mQCM-D

final
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volumetric flow rate (and hence wall shear rate). Gold was chosen as apolar surfaces 

induce larger conformational changes in adsorbed proteins than polar surfaces (32). 

Proteins with low conformational stability are expected to show decreasing  

with decreasing supply rates. At low supply rates, adsorbed proteins have more time 

to undergo time-dependent interfacial spreading before adjacent sites become 

occupied by other protein molecules, resulting in larger protein footprints on the 

sorbent surface and, hence, a smaller number of proteins adsorbed in a unit area of the 

sorbent (32, 33).  

Figure 2 shows  versus the product of the protein bulk concentration, cprotein, 

and time t. This approach to normalize different protein concentrations is justified 

because the volumetric flow rates, and hence the shear rates, were constant in each 

sorbent-protein system. Constant shear rates are also apparent also from kads that 

scaled linearly with the bulk protein concentration for all proteins (inserts in Figure 

2), which, however, had different effects on  for the three proteins. For 

Cry1Ab and HEWL, the concentration-normalized  overlapped and started 

to plateau at very similar values. These findings strongly suggest that Cry1Ab and 

HEWL did not undergo slow kinetic spreading on the surface, consistent for HEWL 

with its high conformational stability (19, 28). Conversely, the  of BSA 

markedly decreased with decreasing supply rates, implying extensive time-dependent 

interfacial spreading. The noted irreversible adsorption ruled out that decreasing 

 with decreasing BSA concentrations resulted from concentration-

dependent dynamic equilibria between Au-adsorbed and solution phase BSA 

molecules. These findings clearly suggest that Cry1Ab has a conformational stability 

much higher than that of BSA and comparable to that of HEWL. The absence of 

extensive conformational changes of Cry1Ab on the apolar Au surface strongly 

suggests conformational stability of Cry1Ab on the more polar SiO2 and, hence, that 

conformational changes did not drive Cry1Ab adsorption to SiO2 at pH> IEPCry1Ab.  

The preceding discussion gives credence to the second explanation for Cry1Ab 

adsorption to surfaces of the same net charge as the protein: patch-controlled 

electrostatic attraction, by which Cry1Ab was oriented with positively charged 

  
!mQCM-D

final

  
!mQCM-D

final

  
!mQCM-D

final

  
!mQCM-D

  
!mQCM-D

final

  
!mQCM-D

final
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patches, likely on high-IEP domains II and III, towards SiO2 and with negatively 

charged patches, likely on low-IEP domain I, towards PLL (Table 1). This 

mechanism provides a plausible explanation for reversible adsorption of Cry1Ab to 

SiO2 and irreversible adsorption to PLL as the acidic amino acids on domain I are 

concentrated on a relatively small surface patch with a high charge density (13, 16), 

while the basic amino acids in domains II and III are widely distributed over the 

domain surfaces, resulting in a lower positive surface charge density. The patch 

controlled-adsorption mechanism is validated in the companion paper (13), in which 

we report, among other findings, the effect of ionic strength on the interactions of 

Cry1Ab with SiO2 and PLL. 

1.4 Implications  

This study demonstrates (i) that electrostatic interactions govern the adsorption of 

monomeric Cry1Ab to charged, polar surfaces, (ii) that the sum of electrostatic and 

vdW interaction of Cry1Ab to negatively charged surfaces is weak at pH> 5 and I= 

50 mM, resulting in reversible adsorption, and (iii) that Cry1Ab has a high interfacial 

conformational stability. These findings have several implications. First, we expect 

that the adsorption of Cry1Ab to charged (bare) mineral oxide/hydroxide surfaces in 

soils, including Fe- and Al- (hydr)oxides and clay minerals, are also governed by 

electrostatic interactions. Weak interactions with negatively charged, polar (mineral) 

surfaces at pH> 5 are likely to result in reversible, concentration-dependent 

adsorption. For the assessment of fate, this finding means that adsorbed Cry1Ab 

proteins will desorb and, hence, be mobilized upon decreasing the solution protein 

concentration or increasing the solution pH. Third, the high Cry1Ab conformational 

stability rules out rapid inactivation of adsorbed Cry1Ab in soils due to irreversible 

loss of its bioactive structure. In fact, the high conformational stability provides a 

plausible explanation for earlier findings that soil-adsorbed Cry1A proteins remain 

insecticidal (4, 5).  

In a companion paper (13), we provide a detailed analysis of the effects of Cry1Ab 

concentration and solution ionic strength on Cry1Ab adsorption to SiO2 and PLL. 

Forthcoming papers will address the interaction of Cry1Ab with SiO2 particles and 

with humic acid films, as models for soil organic matter.  
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1.6 Appendix 1 

Materials and Methods 

Section S1: Protein preparation and characterization and chemicals 

Insecticidal Cry1Ab protein 

S1.1. Activation and Purification. Lyophilized activated Cry1Ab protein (provided 

by M. Pusztai-Carey, Case Western Reserve University, Cleveland, OH, USA) was 

produced from the protoxin from Bacillus thuringiensis subsp. kurstaki HD-1, which 

was expressed as a single gene product in Escherichia coli. Extraction and 

purification involved the following five steps:  

(i) Extraction and solubilization of Bt protoxins (130 kDa) from inclusion 

bodies at pH 10.5 in the presence of dithiothreitol (DTT) to reductively 

cleave intramolecular disulfide bonds (cys-S-S-cys).  

(ii) Centrifugation to remove all solid particles (e.g., spores and cell debris) 

remaining after solubilization.  

(iii) Precipitation of the protoxins, solubilization, and digestion of the pellet with 

commercial trypsin, which proteolytically cleaves the protoxin to produce the 

biologically active Cry1Ab toxin core (66.6 kDa).  

(iv) Isolation of the active toxin using high-performance liquid chromatography 

(HPLC) according to ref (1).  

(v) Desalting and concentrating of the pure Cry1Ab fractions by membrane 

filtration and finally lyophilization.  

 

S1.2. Primary structure of Cry1Ab. The amino acid sequence the Cry1Ab protoxin is 

given at http://ca.expasy.org/uniprot/P0A370 (entry name: CR1AB_BACTK; Primary 

accession number: P0A370). The molecular weight of the protoxin is 130 kDa with a 

total of 1155 amino acids. The active Cry1Ab obtained after trypsic digestion consists 

of 594 amino acids and corresponds to the amino acid segment from position 29 to 

position 622 in the sequence of 1155 residues of the protoxin. The amino acid 

sequence of active Cry1Ab is:  
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Domain I (N-terminal)  
 
IETGYTPIDISLSLTQFLLSEFVPGAGFVLGLVDIIWGIFGPSQWDAFLVQIEQLI
NQRIEEFARNQAISRLEGLSNLYQIYAESFREWEADPTNPALREEMRIQFNDM
NSALTTAIPLFAVQNYQVPLLSVYVQAANLHLSVLRDVSVFGQRWGFDAATI
NSRYNDLTRLIGNYTDHAVRWYNTGLERVWGPDSRDWIRYNQFRRELTLTV
LDIVSLFPNYDSRTY 
 
Domain II  

PIRTVSQLTREIYTNPVLENFDGSFRGSAQGIEGSIRSPHLMDILNSITIYTDAHR
GEYYWSGHQIMASPVGFSGPEFTFPLYGTMGNAAPQQRIVAQLGQGVYRTLS
STLYRRPFNIGINNQQLSVLDGTEFAYGTSSNLPSAVYRKSGTVDSLDEIPPQN
NNVPPRQGFSHRLSHVSMFRSGFSNSSVSIIRAPMFSWIHRS 
 
Domain III (C-terminal) 

AEFNNIIPSSQITQIPLTKSTNLGSGTSVVKGPGFTGGDILRRTSPGQISTLRVNI
TAPLSQRYRVRIRYASTTNLQFHTSIDGRPINQGNFSATMSSGSNLQSGSFRTV
GFTTPFNFSNGSSVFTLSAHVFNSGNEVYIDRIEFVPAEVTFEAEYDLERAQK 
 

The calculated molecular weight of Cry1Ab is MWCry1Ab= 66634.7 g mol-1.  

 

S1.3. Secondary and tertiary structure of Cry1Ab. The crystal structure of Cry1Ab 

has not yet been determined. However, atomic coordinates are available for other Cry 

proteins, including Cry1Aa (PDB ID: 1CIY (2), 88% sequence homology to Cry1Ab), 

Cry2AA  (PDB ID: 1I5P (3); 20.8% sequence homology to Cry1Ab), Cry3Bb1  (PDB 

ID: 1JI6 (4); 33.1% sequence homology to Cry1Ab), CryIIIA (PDB ID: 1DLC (5); 

34.3% sequence homology to Cry1Ab), Cry4Aa (PDB ID: 2C9K (6); 26.8% sequence 

homology to Cry1Ab), Cry4Ba  (PDB ID: 1W99 (7); 25.8% sequence homology to 

Cry1Ab), and Cry8Ea1 (PDB ID: 3EB7 (8); 36.1% sequence homology to Cry1Ab). 

The % sequence homology was calculated based on protein FASTA codes using 

EMBOSS Align Program (9).  

All Cry proteins are composed of three domains. The secondary structure of domain I 

is dominated by !-helices and of domains II and III by "-sheets. For Cry1Aa, 34% of 

the amino acids are in helical structures (19 helices; 206 residues), and 27% in beta 

sheet structures (28 strands; 161 residues). The structural similarity of two Cry 

proteins increases with % sequence homology. For instance, Cry3Aa and Cry3Bb 

with 71% sequence identity are highly similar in structure, with an root-mean-square 

C! distance of 0.86 Å for 535 out of 581 residues on superposition (7). Given the 
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very high sequence identity of 88% between Cry1Ab and Cry1Aa, the known atomic 

coordinates of Cry1Aa may reasonably be used to model the structure of Cry1Ab. The 

crystal structure of Cry1Aa is shown in Figure S1. Cry1Aa (and by inference 

Cry1Ab) has an elongated shape with approximate dimensions of 7.6 " 6.2 " 5.0 nm. 

 

S1.4. Use of the crystallographic data of Cry1Aa (PDB ID: 1CIY) as surrogate for 

Cry1Ab. The use of the crystallographic data of Cry1Aa (2) (PDB ID: 1CIY) to model 

the dimensions and electrostatic potentials of Cry1Ab is justified for two reasons. 

First, the proteins have a very high 88% sequence identity and therefore highly similar 

tertiary structures. Second, most of the charged amino acids were conserved between 

the two proteins (Figure S2). 

 

S1.5. Surface charge distribution of Cry1Ab. The charge distribution on Cry1Ab is 

non-uniform. The distribution of ionizable amino acids in Cry1Ab is shown in Figure 

S3. Domain I contains more acidic than basic amino acids, while domains II and III 

contain more basic amino acids and histidine than acidic amino acids. As show in 

Table 1 in the manuscript, the calculated isoelectric points IEPs of domains I, II, and 

III are 4.70, 9.41, and 9.56, respectively (program Theoretical pI/Mw, ExPASy 

Proteomics tools). Therefore, over the entire pH range investigated, domain I was 

negatively charged while domains II and III carried a net positive charge.  

Based on the primary structure, the estimated isoelectric point of Cry1Ab is 

 
IEPCry1Ab

calculated  = 6.41 (program Theoretical pI/Mw, ExPASy Proteomics tools). These 

IEP calculations do not account for the effects of solution ionic strength and 

intermolecular interactions of the acidic and basic amino acids with neighboring 

residues on their pKa values. While no experimental values for the IEP of Cry1Ab 

have been published, the IEP for closely related Cry1Ac (88% sequence identity to 

Cry1Ab) was determined by isoelectric-focusing gel electrophoresis as 
 
IEPCry1Ac

experimental = 

5.5 (10). This experimental value is about 0.7 pH units lower than the calculated value 

(i.e., 
 
IEPCry1Ac

calculated = 6.19, based on residues 29 to 623 of Cry1Ac protoxin, P05068 

uniprotKB; program Theoretical pI/Mw, ExPASy Proteomics tools). Based on the 
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high degree of sequence identities between Cry1Ab and Cry1Ac, the real IEP of 

Cry1Ab is likely lower than the calculated, i.e., 
 
IEPCry1Ab! 6.0.  

 

 
Figure S1. Tertiary and secondary structures and approximate molecular dimensions 
of proteins Cry1Aa (PDB ID: 1CIY (2); used as model for Cry1Ab), human serum 
albumin (PDB ID: 1AO6) (11); used as model for bovine serum albumin (BSA)), and 
hen egg white lysozyme (HEWL) (PDB ID: 1HEL (12)).  
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Figure S2. Sequence alignment of activated Cry1Aa (PBD ID: 1CIY; (2)) and 
activated Cry1Ab (residues 29 to 622 of full sequence CR1AB_BACTK 
http://www.uniprot.org). Sequence alignment was performed using the Needleman-
Wunsch algorithm for global alignment on MATLAB 7.9 (Bioinformatics Toolbox) 
on Mac OS 10.5.8. Charged amino acids that are mismatches between Cry1Ab and 
Cry1Aa are highlighted; red represents a negative charge, blue a positive charge, and 
His is green (pKa~ 6 falls into the range of investigated pH).  
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Figure S3. Distribution of ionizable amino acids in Cry1Ab, bovine serum albumin 
(BSA), and hen egg white lysozyme (HEWL). Aspartate and glutamate (Asp, Glu) 
were negatively charged, lysine and arginine were positively charged (Lys, Arg), and 
histidine (His) were positively charged at low experimental pH < 6. The comparison 
of Cry1Ab to BSA and HEWL shows that Cry1Ab had a highly asymmetric surface 
charge distribution and that it contains a smaller percentage of charged amino acids 
than BSA and HEWL. Domains carrying net negative and net positive charges at 
circumneutral pH are colored in red and blue, respectively. The total numbers of 
acidic and basic amino acids are given in red and blue font colors, respectively.  
 

S1.6 Diffusion coefficient of Cry1Ab. The hydrodynamic diameter of monomeric 

Cry1Aa, with 88% sequence identity to Cry1Ab has been measured as dh= 8.00 ± 0.75 

(standard deviation; n= 4 measurements). We used this experimental value to estimate 

the diffusion coefficient of monomeric Cry1Ab. The diffusion coefficient D (cm2 s-1) 

was calculated using the Stokes-Einstein relation: 

  
D =

kb !T
6 !" !# ! rh

                 Eq. S1 

, where kb is the Boltzmann constant (=1.38*10-23 J K-1), T is the absolute temperature 

(= 293 K), ! is the viscosity of water (= 1.002*10-3 Pa s), and rh is the hydrodynamic 

radius of Cry1Ab (= 4 nm).  
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The estimated diffusion coefficient of Cry1Ab is DCry1Ab= 5.35*10-7 cm2 s-1 (see 

Table 1 in the manuscript). 

 

Bovine Serum albumin (BSA) 

S1.6. Primary structure of BSA. The primary sequence of the unprocessed BSA 

precursor is given at http://www.expasy.ch/uniprot/P02769. BSA has 583 amino 

acids, which correspond to residues 25 to 607 of the precursor. The sequence of BSA 

is: 

Domain I (N-terminal) 

DTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPFDEHVKLVNELTEFAKTC
VADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEPERNECFLSH
KDDSPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYYA
NKYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQ 
 
Domain II 

RLRCASIQKFGERALKAWSVARLSQKFPKAEFVEVTKLVTDLTKVHKECCHG
DLLECADDRADLAKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKDAIPEN
LPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRRHPEYAVSVLLRLAKEY
EATLEECCAKDDPHACYSTVFDKLKHLVDEPQNLI 
 
Domain III (C-terminal) 

KQNCDQFEKLGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTK
PESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPD
ETYVPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKPKATEEQLKTV
MENFVAFVDKCCAADDKEACFAVEGPKLVVSTQTALA 
 

The calculated molecular weight of BSA is MWBSA= 66432.96 g mol-1, very similar 

to that of Cry1Ab. 

 

S1.7. Secondary and tertiary structure of BSA. The crystal structure of BSA has not 

yet been determined. However, the atomic coordinates of human serum albumin 

(HSA) with 75.6% sequence identity to BSA are known (PDB ID: 1AO6; (11)). HSA 

is heart-shaped with approximate dimensions of 7.5"7.5"7.5 nm and an approximate 

thickness of 5.0 nm. HAS consists of three domains (Figure S1). About 67% of HSA 

is !-helical. HSA contains no "-sheets. Given the very high sequence identity of HSA 

and BSA, the crystal structure of HSA was used as a surrogate for that of BSA. The 

same approach was used previously in refs (13, 14). 
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S1.8. Charge distribution on BSA and global and domain isoelectric points. Figure 

S3 provides an overview on the distribution of ionizable amino acids (i.e., glutamic 

acids, aspartic acids, histidines, lysines, and arginines) in BSA domains I to III. 

Domains I and II contain more acidic than basic amino acids, while domain III 

contains about an equal number of acidic and basic amino acids. As show in Table 1 

in the manuscript, the calculated isoelectric points IEPs of domains I, II, and III are 

5.53, 5.33, and 7.59, respectively. These calculated values are only approximations 

and higher than actual IEPs (see above). Domains I and II were negatively charged 

over most of the investigated pH range (i.e., pH > 5.5). Conversely, domain III carried 

a slight positive net charge at pH <7.5 and was slightly negatively charged at pH 8.  

Based on the primary structure, the calculated IEP of BSA is = 5.60 

(program Theoretical pI/Mw, ExPASy Proteomics tools). The experimental value is 

lower at  = 4.7-5.3 (15-17) (Table 1 in the manuscript). 

 

Hen egg white lysozyme (HEWL) 

S1.10. Primary structure of HEWL. Unprocessed HEWL has 147 amino acid 

residues (given at http://www.uniprot.org/uniprot/P00698). HEWL contains 129 

amino acids corresponding to number 19 to 147 of the unprocessed HEWL. The 

sequence of processed HEWL is: 

KVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAKFESNFNTQATNRNTDGS
TDYGILQINSRWWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAKKIVSDGN
GMNAWVAWRNRCKGTDVQAWIRGCRL 
 

The calculated molecular weight is MWHEWL=14313.14 g mol-1. 

 

S1.11. Secondary and tertiary structure of HEWL. The atomic coordinates of several 

crystallized HEWL structures have been reported. We chose the PDB ID 1HEL (12). 

The molecular structure of HEWL is shown in Figure S1. The shape of HEWL is 

ellipsoidal with approximate dimensions of 3.0 " 3.0 " 4.2 nm. HEWL contains seven 

!-helices. 

S1.12. Charge distribution on HEWL and global isoelectric point. HEWL has a 

uniform surface charge distribution. Figure S3 shows that HEWL contains more basic 

than acidic amino acids. Based on the primary structure, the calculated IEP of HEWL 

 IEPBSA
calculated

 IEPBSA
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is = 10.5 (program Theoretical pI/Mw, ExPASy Proteomics tools; 

accounting for cystine bonds in HEWL by excluding all 8 cysteines from pKa 

modeling), which is close to the experimental IEPHEWL= 11.0-11.1 (15, 17) (Table 1 

in the manuscript). 

 

S1.13. Chemicals. Analytical grade NaCl, KCl, Na2HPO4, KH2PO4, acetic acid, and 

poly-L-lysine hydrobromide (PLL, 70-150 kDa) were from Fluka (St. Louis, MO). 2-

(N-morpholino)-ethane-sulfonic acid (MES), and 4-(2-hydroxyethyl)-1-piperazine-

ethanesulfonic acid (HEPES) were from Sigma (St. Louis, MO).  

 

Section S2: Protein stock solutions and experimental solutions of Cry1Ab, HEWL, 

and BSA 

S2.1. Cry1Ab aqueous stock solutions. Cry1Ab aqueous stock solutions 

(concentration of 100 µg mL-1) were prepared by dissolving lyophilized Cry1Ab in 

MilliQ water (18 M! resistivity) adjusted to pH 10.5 by addition of 1 M NaOH. 

Drop-wise addition of de-ionized water under extensive sonication in an ultrasound 

bath was required to solubilize Cry1Ab. Aliquots of 200 µL were transferred from the 

stock into two mL Eppendorf Protein LoBind tubes, which were immediately frozen 

at -20°C and stored at that temperature until use. All aliquots were used within two 

months of preparation. Cry1Ab was stable over this time period as no losses of 

Cry1Ab were detectable by enzyme-linked immunosorbent assay (see S2.6). All 

Cry1Ab adsorption experiments were carried out with diluted Cry1Ab aqueous 

stocks.  

 

S2.2. Cry1Ab stock solutions containing the non-ionic detergent Tween® 20. In 

order to assess the extent of adsorptive losses of Cry1Ab to tube materials during the 

preparation of aqueous Cry1Ab stocks (see S2.1), we prepared control stock solutions 

by dissolving lyophilized Cry1Ab in borate buffered saline containing the non-ionic 

detergent Tween® 20 (BBST) adjusted to pH 9.5 (c(Cry1Ab)= 100 µg mL-1; BBST 

composition: 136.9 mM NaCl, 10 mM H3BO4, 2.68 mM KCl, 0.05 mass% Tween® 

20). In contrast to the aqueous stock (section S2.1), Cry1Ab readily dissolved in 

BBST without the need for extensive sonication. Tween® 20 prevents unspecific 

 IEPHEWL
calculated disulfides
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protein adsorption to tube materials. Aliquots of 200 µL were transferred from the 

stock into two mL Eppendorf Protein LoBind tubes, which were immediately frozen 

at -20°C and stored at that temperature until use. All aliquots were used within two 

months of preparation. Cry1Ab was stable over this time period as no losses of 

Cry1Ab were detectable by enzyme-linked immunosorbent assay. The stocks 

containing Tween® 20 were not used for adsorption experiments. Instead they served 

to quantify the extent of Cry1Ab losses in the preparation of Cry1Ab aqueous stocks 

(see S2.7).  

 

S2.3. Bovine serum albumin (BSA) and hen egg white lysozyme (HEWL) aqueous 

stock solutions. BSA and HEWL stock solutions (100 µg mL-1) were prepared by 

dissolving lyophilized protein in MilliQ water (18 M! resistivity) at pH 7. Aliquots 

of 200 µL were transferred from the stock to two mL Eppendorf Protein LoBind 

tubes. These tubes were immediately frozen at -20°C and stored at that temperature 

until use. All stocks were used within two months of preparation. 

 

S2.4. Protein solutions for QCM-D and OWLS experiments. Protein solutions were 

prepared by thawing 200 µL aliquots of the aqueous protein stocks (see S2.1) at room 

temperature for 10 min. The aliquots were then amended with required volumes of 

pH-adjusted solutions. The volume and the ionic strength of the added solution were 

adjusted such that the protein-containing solution after dilution had the desired protein 

concentration and ionic strength (e.g., 10 µg mL-1 and I= 50 mM). Immediately 

following dilution, the protein-containing solutions were sonicated in an ultrasound 

bath for ~1 minute to ensure complete mixing. The solutions were subsequently 

degassed by intermittent sonication in the same ultrasound bath for ~2 minutes and 

then used immediately in QCM-D and OWLS experiments. Control experiments 

showed that addition of pH-adjusted buffer solutions always resulted in desired 

experimental pH values (error ± 0.05 pH units). 

 

S2.5. Sorption of Cry1Ab to plastic devices and surfaces. Control experiments 

showed that Cry1Ab strongly adsorbed to polypropylene plastic material (e.g., 

standard Eppendorf tubes and pipette tips), resulting in significant losses of Cry1Ab. 

Several measures were taken to minimize these losses. First, Eppendorf protein 



Chapter 1: Forces driving adsorption 

 
42 

LoBind tubes were employed. Control experiments showed that adsorptive losses of 

Cry1Ab to these tubes were significantly smaller than to standard polypropylene tubes 

and to glass vials (data not shown). Second, pipette tips were equilibrated to Cry1Ab-

containing solutions prior to pipette transferring the required aliquots. To this end, 

five aliquots were first pipette-transferred from the Cry1Ab-containing solution to a 

waste container. The same tip was then used to transfer the aliquot of Cry1Ab 

solution to the receiving samples. Control experiments showed that Cry1Ab losses to 

a pre-equilibrated tip were significantly smaller than to a new, non-treated tip. Third, 

all Cry1Ab solutions for QCM-D and OWLS experiments were used within at most 

1.5 hours after preparation. Fourth, all Cry1Ab concentration standards for enzyme-

linked immuno-sorbent assay (ELISA) were prepared from aqueous stocks in 

phosphate buffered saline containing Tween® 20 (PBST) to prevent losses of Cry1Ab 

to tube materials. Control experiments showed no detectable losses of Cry1Ab from 

PBST over 48 h when storing the standards in normal polypropylene tubes. Fifth, for 

selected QCM-D experiments, the concentration of Cry1Ab was directly quantified in 

the Eppendorf protein LoBind tubes connected to the inflow to the QCM-D flow 

cells. To this end, a small aliquot of the Cry1Ab solution was directly pipette 

transferred into x-fold concentrated PBST, where x is the dilution factor. Cry1Ab 

concentrations were quantified by enzyme-linked immunosorbent assay (ELISA) (see 

S2.6). Cry1Ab concentrations were at most 10% smaller than targeted concentrations, 

but typically not more than 5% smaller. 

 

S2.6. Enzyme-linked immunosorbent assay (ELISA) quantification of Cry1Ab. 

Volumes of 100 µL of Cry1Ab samples (pre-diluted in PBST) or Cry1Ab 

concentration standards (prepared in PBST) were transferred to test wells of the 

antibody-coated ELISA 96 well microplates (PathoScreen® Cry1Ab-1Ac kit; Agdia 

Incorporated; Elkhart, IN, USA). Loaded plates were incubated at 23 ± 2°C on an 

orbital shaker for 1.5 h (300 rpm with 1.5 mm shaking orbital; Titramax 100, 

Heidolph instruments, Schwabach, Germany). Plates were subsequently emptied, re-

filled with PBST wash buffer, and allowed to sit for one minute. This washing 

procedure was repeated four times to remove all Cry1Ab that was not antibody-

bound. Subsequently, 100 "L of peroxidase enzyme conjugated sandwich antibody 

solution was added to each well, followed by incubation and washing as described 
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above. Finally, 100 "L of a tetramethylbenzidine substrate solution was added to each 

well. Substrate conversion (development of blue product) was followed continuously 

by spectrophotometry at 650 nm (25°C; intermittent shaking; on a Synergy HT plate 

reader, Biotek, Winooski, VT, USA). Each ELISA plate contained a set of 15 Cry1Ab 

concentration standards (from 0.1 to 7.6 ng Cry1Ab mL-1) and a blank. The final 

measurement at 650 nm was taken after 15 min of reaction. Subsequently, 50 µL of 

3M H2SO4 were added to stop the oxidation reaction, resulting in a shift of the 

absorbance maximum of the oxidation product to 450 nm (yellow), at which 

absorbance was again measured.  

 

S2.7. Reproducibility of Cry1Ab aqueous stock preparation and ELISA 

quantification. Figure S4 shows two representative calibration curves (‘calcurve 1’ 

and ‘calcurve 2’) that were prepared from two separate aqueous Cry1Ab stocks (see 

S2.1). The absorbance of the oxidation product of the substrate 3,3´,5,5´-tetramethyl-

benzidine (TMB) at a wavelength #= 650 nm after 15 min of reaction (circles in 

Figure S4) is plotted versus the log of the nominal Cry1Ab concentration. The overlap 

of both calibration curves demonstrates the high reproducibility of the ELISA method. 

Addition of acid results in a shift of the absorbance wavelength of the oxidation 

product from #= 650 nm (blue) to #= 450 nm (yellow) (triangles in Figure S4). 

Acidification also shifted the calibration curves towards higher total absorbance, due 

to higher molar extinction coefficients at #= 450 than #= 650 nm. However, at the 

high end of the calibration curves (concentration> 5 ng Cry1Ab mL-1), the absorbance 

decreased with increasing concentration. This decrease became more pronounced with 

time (data not shown) and precipitates (black to green color) became visible. The 

decrease was therefore likely due to limited solubility of the oxidation product at low 

pH. To rule out errors, Cry1Ab quantification was always based on the #= 650 nm 

absorbance data.  

The calibration curves ‘calcurve 1’ and ‘calcurve 2’ at #= 650 nm were fitted by a 

four parameter logistic model:  

  

A = A0 + a ! 1+
CCry1Ab
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where A is the absorbance at #= 650 nm, CCry1Ab (ng Cry1Ab mL-1) is the 

concentration of Cry1Ab, and A0, C0 (ng Cry1Ab mL-1) a, and b are fitting 

parameters. 

The data fit (solid black line in Figure S4) yielded A0= 0.069; C0= 3.057 ng Cry1Ab 

mL-1; a= 3.791, b= -1.1546 (R2= 0.998). The uncertainty of the fit was low, reflected 

by the narrow ±95 % confidence intervals (dashed grey line) and the ±95% prediction 

intervals (solid grey lines). 

The absorbance of each sample containing Cry1Ab (i.e., from the QCM-D inlet) was 

determined on the same ELISA plate as the calibration curves. The absorbance A was 

entered in Equation S1, which was then solved for CCry1Ab. All samples with CCry1Ab> 

7 ng Cry1Ab mL-1 were diluted and re-measured to assure accurate quantification.  

The overlap of ‘calcurve 1’ and ‘calcurve 2’ in Figure S4, which were independently 

prepared and measured, demonstrated high reproducibility of the standard preparation 

and the ELISA quantification. The solid black line represents the fit of a four 

parameter logistic model to the data of ‘calcurves 1 and 2’, and the dashed and solid 

grey lines represent the ±95% confidence and prediction intervals, respectively. 

 

Figure 2.8. Quantification of Cry1Ab losses from aqueous solutions during buffer 

preparation. Figure S4 shows an additional calibration curve ‘calcurve 3’, which was 

prepared from a Cry1Ab stock containing Tween® 20 (see S2.2) and measured on the 

same ELISA plate as calibration curve 1. The use of Tween® 20 prevents unspecific 

protein adsorption to test tubes. The data points of ‘calcurve 1’ (prepared from 

aqueous Cry1Ab stock, see S2.1) and ‘calcurve 3’ (prepared from Cry1Ab stock 

containing Tween® 20, see S2.2) were indistinguishable at the low and high 

concentration ends of the calibration curves. From 1-5 ng mL-1, slightly higher 

absorbances at #= 650 nm were determined for ‘calcurve 1’.  

The good agreement between the two calibration curves has two implications:  

(i) Lyophilized Cry1Ab dissolved to the same extents (and most likely 

quantitatively) in H2O (pH 10.5; preparation of aqueous stock; see S2.1) and 

in buffer containing Tween® 20 (BBST; see S2.2). 

(ii) There were no detectable losses of Cry1Ab during the preparation and 

handling of the aqueous stocks (see S2.1). 
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Figure S4. Enzyme-linked immunosorbent assay (ELISA) calibration curves 
‘calcurve 1’ and ‘calcurve 2’ prepared from separate aliquots of Cry1Ab aqueous 
stocks (‘H2O stocks’; see section S2.1) and calibration curve ‘calcurve 3’ prepared 
from an aliquot of the Cry1Ab stock containing Tween® 20 (‘BBST stock’; see 
section S2.2) Absorbance of the oxidation product was measured at #= 650 nm (blue) 
after 15 min of reaction or at #= 450 nm (yellow) after addition of 3M H2SO4.  
 

Section S3. Cleaning of QCM-D sensors, OWLS waveguides, tubing, and flow cells.  

S3.1. QCM-D setup. After use, the entire QCM-D system was rinsed with 2% sodium 

dodecylsulfate (SDS; from Fluka) solution for >30 min at a flow rate of 200 µL min-1. 

The measurement sensors were subsequently removed from the flow cells, and 

replaced by old ‘rinsing’ sensors. The flow cells were subsequently rinsed with 30 mL 

of a 2% sodium dodecylsulfate solution followed by 50mL deionized water, after 

which the rinsing sensors were removed and the system was dried in an N2 stream.  

The measurement sensors removed from the flow cells (see above) were sonicated in 

2% SDS solutions for 10 minutes in a water bath at 25°C, rinsed with de-ionized 

water, dried in a N2 stream, and placed in a UV/O3 chamber (BioForce Nanosciences, 

Inc., Ames, IA, USA) for 20 minutes. This procedure was repeated one more time. 

The sensors were then rinsed with de-ionized water, and dried in an N2 stream before 

being mounted into the flow cell for the next measurement. 
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S3.2. OWLS setup. After use, the entire OWLS system was rinsed with detergent 

solution (Cleaner Cobas Integra, Roche Diagnostics GmbH, Manheim, Germany). 

The solution was delivered in approximately 3 mL aliquots through the system with a 

time gap of about 5 min between each delivery step. The system was subsequently 

rinsed with 30 mL of deionized water, followed by 20 mL isopropanol (Fluka). The 

measurement sensors were subsequently removed from the flow cells. The flow cell 

and the o-ring that is pressed against the sensor were immersed in isopropanol and 

sonicated for 15 min at roomm temperature. The cell and the o-ring were 

subsequently rinsed in DI water, dried in an N2 stream, and reassembled.  

The OWLS sensor was sonicated in Cleaner (see above), isopropanol, and DI water, 

each for 10 min in the above order, at room temperature. The sensor was dried in a N2 

stream, and placed in a UV/O3 chamber (BioForce Nanosciences, Inc., Ames, IA, 

USA) for 20 minutes. Finally, the sensors were rinsed with DI water after which the 

rinsing sensors were removed and the system was dried in an N2 stream. 
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Section S4. QCM-D and OWLS adsorption experiments 

S4.1. Schematic of the adsorption data generated by QCM-D and OWLS 

experiments  

 

 
Figure S5. Schematic of protein adsorption as measured by quartz-crystal 
microbalance with dissipation monitoring (QCM-D) and optical waveguide lightmode 
spectroscopy (OWLS). An adsorption experiment comprised three consecutive steps: 
(i) Equilibration of the sensors to the background solution S (time t< 0 min) (a). The 
criteria for stable baselines in QCM-D and OWLS were 

  
!mQCM-D / !t < 35 ng cm-2 

and   !mOWLS / !t < 15 ng cm-2 h-1 for OWLS. (ii) Running protein-containing 

solutions (S+protein) over the sensors (time t= 0 min; proteins= red circles). 
Adsorption resulted in increasing adsorbed wet and dry masses, !m (b and c), 
calculated using equations Eq. 1 and Eq. 2 in the manuscript for QCM-D and OWLS, 
respectively. kads= !m/!t (ng cm-2 min-1) is the initial net adsorption rate and !mfinal 
(ng cm-2) is the maximum adsorbed mass at which adsorption leveled off. (iii) Rinsing 
with protein-free solutions S. Irreversible (d) and reversible (e) adsorption resulted in 
small and large decreases in adsorbed masses during rinsing, respectively. QCM-D 
sensed 'wet' masses are always larger than OWLS sensed 'dry' masses. 
 

S4.2. Coating of SiO2-sensors with poly-L-lysine (PLL). PLL was coated to SiO2 by 

means of electrostatic self-assembly. PLL-containing aqueous solutions (100 µg PLL 

mL-1; flow rate of 20 µL min-1) were run over SiO2-sensors in the flow chamber. 

Adsorption plateaued within t< 15 min of introducing the PLL solution. PLL was 

irreversibly sorbed as adsorption signals from QCM-D and OWLS remained constant 

upon rinsing for 15 min with PLL-free solution. The pH and ionic strength I= 50 mM 
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of the PLL-solution and of the PLL-free rinsing solutions were the same as used in the 

subsequent protein adsorption experiments. Effective coating of was established by 

HEWL adsorption experiments, which showed a pronounced decrease in sorption 

from uncoated SiO2 (attractive HEWL-SiO2 electrostatics) to positively charged PLL 

(repulsive electrostatics), as demonstrated in the manuscript. The adsorbed PLL layer 

was very thin, with adsorbed wet and dry masses of approximately $mQCM-D< 105 ng 

cm-2 and $mOWLS< 50 ng cm-2 (Table S1). 

 

S4.3. Calculation of transport-limited adsorption rates,   kads
max  

The dimensions of the OWLS laminar slit shear flow cells were l=0.8 cm length, h= 

0.1 cm height, and w= 0.2 cm width). The wall shear rate #   (s-1) of this cell is given as 

(18) 

  
! =

6 "Q
w " h2

         Eq. S3 

where Q (cm3 s-1) is the volumetric flow rate. 

The transport limited adsorption rate,   kads
max , is given by  

  
kads

max = k Lev !Cprotein         Eq. S4 

where Cprotein is the bulk protein concentration in solution, and   k Lev  (cm s-1) is the 

Léveque constant averaged over the full slit length l and given as (19): 

  
k Lev = 0.808 !

D2 ! "
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.        Eq. S5 

The wall shear rate for the above flow cell geometry and flow conditions (Q= 50 µL 

min-1= 0.833 cm3 s-1) was # = 2.5 s-1. With calculated and reported diffusion 

coefficients for Cry1Ab, BSA, and HEWL of 5.35 10-7 cm2 s-1, 6.09 10-7 cm2 s-1, and 

1.23 10-6 cm2 s-1, respectively (Table 1 in the manuscript), and Cprotein= 10 µg mL-1, 

the transport-limited adsorption rates were: 

  kads
max = 46.7 ng cm-2 min-1 for Cry1Ab,  

  kads
max = 50.9 ng cm-2 min-1 for BSA, and  

  kads
max = 81.4 ng cm-2 min-1 for HEWL.  
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We identified protein-sorbent-pH systems with transport-limited adsorption rates by 

comparing kads measured by OWLS with the above calculated   kads
max  (see manuscript).  

 

S4.4. Protein adsorption measured by QCM-D and OWLS  

Figure S6 and S7 shows representative adsorption measurements from QCM-D and 

OWLS experiments. The results of all replicate QCM-D and OWLS measurements 

are given in Table S1 and S2. All experiments listed in Tables S1 and S2 were 

conducted at a volumetric flow rate Q= 20 µL min-1 on QCM-D and Q= 50 µL min-1 

on OWLS and protein concentrations of Cprotein= 10 µg mL-1. 
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Figure S6. Representative QCM-D plots for the adsorption of Cry1Ab and the 
reference proteins bovine serum albumin (BSA), and hen egg white lysozyme 
(HEWL) to negatively charged quartz (SiO2), positively charged poly-L-lysine films 
(PLL) at pH 5-8. Protein concentrations were 10 µg mL-1 in buffers of constant ionic 
strength of I= 50 mM (adjusted by NaCl). a,b: Cry1Ab adsorption to SiO2 and PLL, 
respectively. c,d: BSA adsorption to SiO2 and PLL, respectively. e,f. HEWL 
adsorption to SiO2 and PLL ,respectively. The results of replicate measurements are 
provided in Table S1 of the Supporting Information (SI). For all panels: Dashed 
vertical lines represent time points at which solutions were changed from protein-free 
solutions (S) to protein-containing solutions (S+protein; first vertical dashed line at t= 
0 min), back to protein-free solutions (S) (second vertical dashed line). Experiments 
were run at volumetric flow rates of 20 µL min-1. 
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Figure S7. Representative OWLS plots for the adsorption of Cry1Ab and the 
reference proteins bovine serum albumin (BSA), and hen egg white lysozyme 
(HEWL) to negatively charged quartz (SiO2), positively charged poly-L-lysine films 
(PLL) at pH 5-8. Protein concentrations were 10 µg mL-1 in buffers of constant ionic 
strength of I= 50 mM, except for BSA (10 mM) (adjusted by NaCl). a,b: Cry1Ab 
adsorption to SiO2 and PLL, respectively. c,d: BSA adsorption to SiO2 and PLL, 
respectively. e. HEWL adsorption to SiO2. The results of replicate measurements are 
provided in Table S2 of the Supporting Information (SI). For all panels: Dashed 
vertical lines represent time points at which solutions were changed from protein-free 
solutions (S) to protein-containing solutions (S+protein; first vertical dashed line at t= 
0 min), back to protein-free solutions (S) (second vertical dashed line). Experiments 
were run at volumetric flow rates of 50 µL min-1. 



 

 

Table S1. Results from Quartz Crystal Microbalance with Dissipation monitoring measurements. Initial adsorption rates kads, adsorption efficiencies !, and maximum 

adsorbed masses 
  
!mQCM-D

final  and frequency shifts, -!f final of poly-L-lysine (PLL) to SiO2-coated QCM-D sensors of Cry1Ab, and reference proteins bovine serum albumin 

(BSA), and hen egg white lysozyme (HEWL), and to SiO2-coated and poly-L-lysine (PLL)–coated QCM-D sensors at pH 5 to 8 and I= 50mM ionic strength (adjusted by 
NaCl).  
Values are given as mean ± standard deviation. Italics were used for systems in which the initial adsorption rate was smaller than the limit of quantification (kads= 2 Hz h-1). 

Volumetric flow rate: 20 µL min-1; protein concentrations: 10 µg mL-1; number of replicates: a= 2, b= 3, c= 4, d= 5; * adsorption did not level off over adsorption period: 
BSA on SiO2 at pH 7 and 8: sorption period of 270 min; HEWL on PLL: sorption period of 71 min.; nd= not determined 
 

Adsorbate Sorbent 
surface 

Initial adsorption rates kads (ng cm-2 min-1)  
(Initial adsorption rates kads (Hz min-1)) 

Adsorption efficiencies !  

Final adsorbed 'wet' mass 
  
!mQCM-D

final  (ng cm-2)  

(Final frequency shifts -!f final (Hz)) 

  pH 5 pH 6 pH 7 pH 8 pH 5 pH 6 pH 7 pH 8 

PLL SiO2 nd nd nd nd 4.4 ± 0.5 4.6 ± 0.5 5.0 ± 0.6 5.5 ± 0.6 
          

Cry1Ab SiO2 37.8 ± 5.6 d 
(2.1 ± 0.32) 

1.000 ± 0.148 

14.5 ± 5.9 d 
(0.8 ± 0.33) 

0.384 ± 0.155 

1.7 ± 1.2 d 
(0.09 ± 0.07) 
0.044 ± 0.031 

0.5 ± 0.3 c 
(0.03 ± 0.02) 
0.014 ± 0.008 

620 ± 69 d 
(35.0 ± 3.9) 

216 ± 41 d 
(12.2 ± 2.3) 

51 ± 45 d 
(2.9 ± 2.5) 

15 ± 10 c  
(0.9 ± 0.6) 

 PLL 9.2 ± 2.0 b 

(0.5 ± 0.11) 
0.243 ± 0.052 

35.5 ± 0.9 b 

(2.0 ± 0.05) 
0.939 ± 0.024 

35.8 ± 1.8 b 

(2.0 ± 0.10) 
0.948 ± 0.048 

38.3 ± 2.8 a 

(2.2 ± 0.16) 
1.013± 0.074 

253 ± 25b  
(14.3 ± 1.4) 

599 ± 37c 

(33.9 ± 2.1) 
646 ± 20b  

(36.5 ± 1.1) 
735 ± 23a 

(41.5 ± 1.3) 

          

BSA SiO2 27.0 ± 11.2 c 
(1.5 ± 0.64) 

0.339 ± 0.141 

6.5 ± 1.2 c 
(0.4 ± 0.07) 

0.082 ± 0.014 

1.0 ± 0.2 c * 
(0.06 ± 0.01) 
0.013 ± 0.003 

0.3 ± 0.1 b * 
(0.02 ± 0.01) 
0.004 ± 0.001 

586 ± 65 c 
(33.1 ± 3.7) 

517 ± 28 c 
(29.2 ± 1.6) 

201 ± 16 b * 
(11.3 ± 0.9) 

58 ± 15 a * 
(3.3 ± 0.8) 

 PLL 45.8 ± 23.3 c 
(2.6 ± 1.3) 

0.574 ± 0.292 

69.8 ± 20.0 b 
(3.9 ± 1.1) 

0.874 ± 0.251 

79.8 ± 7.8 b 

(4.5 ± 0.44) 

1.000 ± 0.098 

70.3 ± 9.2 b 

(4.0 ± 0.52) 

0.881 ± 0.115 

539 ± 76 c 
(30.5 ± 4.3) 

681 ± 8 b 
(38.5 ± 0.4) 

725 ± 39 b 
(40.9 ± 2.2) 

742 ± 9 b 
(41.9 ± 0.5) 

          

HEWL SiO2 35.1 ± 5.6 b 
(2.0 ± 0.32) 

1.318 ± 0.209 

31.7 ± 6.9 b 
(1.8 ± 0.39) 

1.189 ± 0.257 

26.7 ± 5.6 b 
(1.5 ± 0.32) 

1.000 ± 0.210 

26.8 ± 0.5 c 
(1.5 ± 0.03) 

1.004 ± 0.017 

267 ± 19 b 

(15.1 ± 1.1) 
257 ± 6 b 

(14.5 ± 0.4) 
311 ± 18 b 

(17.6 ± 1.0) 
330 ± 17 c 

(18.7 ± 1.0) 

 PLL 0.47 ± 0.14 a * 

(0.03 ± 0.01) 

0.017 ± 0.005 

0.48 ± 0.02 a * 
(0.03 ± 0.00) 

0.018 ± 0.001 

0.65 ± 0.08 a * 

(0.04 ± 0.00) 

0.024 ± 0.003 

0.85 ± 0.17 a * 
(0.05 ± 0.01) 

0.032 ± 0.006 

28 ± 13 a * 

(1.6 ± 0.7) 
38 ± 9  a * 

(2.2 ± 0.5) 
51 ± 18  a * 

(2.9 ± 1.0) 
58 ± 6  a * 

(3.3 ± 0.4) 

          



 

 

Table S2. Results from Optical Waveguide Lightmode Spectroscopy measurements (OWLS). Initial adsorption rates kads, adsorption efficiencies !, and maximum adsorbed 
'dry' protein masses   !mOWLS

final  of Cry1Ab, and reference proteins bovine serum albumin (BSA), and hen egg white lysozyme (HEWL) to SiO2-coated and poly-L-lysine 
(PLL)–coated OWLS sensors at pH 5 to 8 and I= 50mM ionic strength (adjusted by NaCl). 

 
Values are given as mean ± standard deviation. Volumetric flow rate: 50 µL min-1; protein concentrations: 10 µg mL-1; number of replicates: a= 2, b= 3; #: I = 10 mM.; * 

adsorption did not level off over adsorption period: BSA on SiO2 at pH 7 (duration of the adsorption periods: t= 26 and 28 min at pH 7 and t= 41 und 80 min at pH 5).�	���

	
���������	��� 

Adsorbate Sorbent 
surface 

Initial adsorption rates kads (ng cm-2 min-1)  
Adsorption efficiencies !  

Final adsorbed 'dry' mass 
  !mOWLS

final  (ng cm-2)  

  pH 5 pH 6 pH 7 pH 8 pH 5 pH 6 pH 7 pH 8 

PLL SiO2 nd nd nd nd 52 ± 14 nd 76 ± 1 nd 
          
Cry1Ab SiO2 39.3 ± 7.8 b 

1.000 ± 0.202 
4.0 ± 2.7 a 

0.102 ± 0.068 
0.2 ± 0.2 b 

0.004 ± 0.004 
0.1 ± 0.1 c 

0.001 ± 0.003 
245 ± 15 b 

 
24 ± 1 a 

 
4 ± 4 b 

 
1 ± 3 b 

 
 PLL 17.5 ± 1.8 b 

0.446 ± 0.046 
nd 38.1 ± 4.0 a 

0.968 ± 0.101 
nd 141 ± 14b  

 
nd 

 
298 ± 1a  

 
nd 

 
          

BSA SiO2 26.2 ± 3.3 a 
0.546 ± 0.068 

nd 0.8 ± 0.2 a,* 
0.017 ± 0.005 

nd 210 ± 15 a 
 

nd 
 

18 ± 4 a 
 

nd 
 

 PLL nd nd 48.0 ± 1.2 a 

1.000 ± 0.025 
nd nd 

 
nd 

 
260 ± 26 a, � 

 
nd 

 
          

HEWL SiO2 64.4 ± 11.1 a 
0.775 ± 0.134 

nd 83.2 ± 20.3 a 
1.000 ± 0.244 

nd 133 ± 28 b 

 
nd 

 
195 ± 11 b 

 
nd 
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S4.5. Concentration-dependent sorption of HEWL, BSA, and Cry1Ab to gold and 

poly-L-lysine 
 

 
 

Figure S8. Concentration-dependent adsorption of a. Cry1Ab, b. bovine serum 
albumin (BSA), and c. hen egg white lysozyme (HEWL) to gold (Au) sensors at pH 6, 
ionic strength I= 50 mM, and volumetric flow rates Q= 100 µg mL-1  (a, b) and 50 µg 
mL-1 (c). The mass-normalized adsorption data and the initial adsorption rates kads are 
shown in the manuscript.  
 

In Figure 2 of the manuscript, the QCM-D data from Figure S8 is re-plotted by 

converting the time axis to the product of concentration cprotein and time t. From a 

theoretical standpoint, these two terms should additionally be multiplied by the third 

power of the shear rate, ! 1/3 (see Eq. S5), a procedure that would accurately account 

for effects of changes in the volumetric flow rate on the diffusive layer thickness on 

the sorbent and hence transport-limited mass transfer rates at the water-sorbent 

interface. However, the volumetric flow rates in the above experiments were not 

varied such that !  were constant in each set of experiments. Furthermore, !  cannot be 

readily calculated given the complex flow pattern in the QCM-D flow cell.  
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Figure S9. Concentration-dependent adsorption of Cry1Ab (a, b) and bovine serum 
albumin (BSA) (c, d) to poly-L-lysine (PLL) coated sensors at pH 7, ionic strength I= 
50 mM, and flow rates of 50 µg mL-1. Adsorption is plotted versus time (a, c) and 
mass-normalized, versus the product of protein concentration c and time t. This 
normalization is valid as the flow rates (and hence the shear rate at the sorbent 
surface) were constant within each set of experiments. 
 

Section S5. Monolayer adsorbed masses of Cry1Ab, BSA, and HEWL  

S5.1. Calculation of monolayer adsorbed masses from protein geometry. Cry1Ab is 

elongated, HEWL is ellipsoidal, and BSA is heart-shaped. Molecular dimensions are 

provided in Figure S1. In principle, Cry1Ab and HEWL may adsorb in side-on or 

end-on orientations. BSA may adsorb in side-on or a flat on orientations.  

 

The footprints on planar sorbent surfaces are: 

         Eq. S6 

  ACry1Ab
side on ac = ! " a "c         

Eq. S7
 

  
ACry1Ab

side on ab = ! " a "b
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  ACry1Ab
end on bc = ! "b "c         Eq. S8

 

for Cry1Ab, where a=7.6 nm, b= 5.0 nm, and c= 6.2 nm are the principal radii of 

Cry1Ab; 

        Eq. S9 

  AHEWL
end on bc = ! "b "c         Eq. S10 

for HEWL where a= 4.2 nm, and b=c= 3.0 nm are the principal radii of HEWL;  

    

           Eq. S11 

 

 

       

          Eq. S12 

 

for BSA where s1=s2=s3= 7.5 nm are the side lengths, and h= 5 nm is the  ‘thickness’ 

of the heart-shaped BSA.  

 

The adsorbed protein mass per footprint,  !, is given as 

               Eq. S13 

, where Mprotein (g mol-1) is the molar mass of the protein, and na is Avogadro’s 

number (=6.022!1023 mol-1).   

 

The theoretical densest packing of ellipses, and hence Cry1Ab and HEWL, on a 

planar sorbent surface (2-D), is given as . 

The densest packing of ellipsoids in side-on and end-on orientations during random 

sequential adsorption (RSA) is given as , depending 

on the aspect ratio of the ellipsoid (20).  

  AHEWL
side on ab = ! " a "b

  
! =

Mprotein

na " Aprotein

 
!Cry1Ab

max = !HEWL
max " 0.9

 
!Cry1Ab

RSA = !HEWL
RSA " 0.53# 0.58

  
ABSA

flat on =
1
2
! s1 ! s2( )2 " s1

2

#

$%
&

'(

2

  ABSA
side on = s1 ! h = s2 ! h = s3 ! h
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In principle, the densest packing of heart-shaped BSA in flat-on orientation (i.e., 

projected area is triangular) is and for RSA  
(21).  

In side on orientation, the footprint of BSA on the surface is approximately 

rectangular. The densest packing then is given as  !BSA
max, side on ! 1.0 and for RSA (22) 

 !BSA
RSA, flat on  ! 0.55. 

The RSA model assumes (i) adsorption of monomeric protein molecules (note that 

proteins in the experiments were monomeric, as discussed in the manuscript), (ii) 

monolayer adsorption, (iii) irreversible adsorption, (iv) no lateral mobility of proteins 

on the sorbent surface, (v) no clustering of proteins on the sorbent surface, and (vi) no 

unfolding of the protein on the surface (note that this has been demonstrated for 

Cry1Ab and HEWL in the manuscript). Violation of any of the assumptions (i) to (v) 

will result in experimental packing density that are higher than "RSA (while (vi) 

would result in a decrease in the monolayer adsorbed mass).  

 

The total sorbed protein concentration # (g m-2) in a monolayer may then be estimated 

with an upper limit of  

         Eq. S14 

and a lower limit of  

.        Eq. S15 

 

Table S3 summarizes the expected #max and #RSA for the different orientations of 

adsorbed Cry1Ab, BSA, and HEWL. 

The calculated monolayer adsorbed masses could be directly compared to the 

adsorbed protein masses measured by OWLS. Conversely, to compare the calculated 

monolayer adsorbed masses to the QCM-D data, we converted the calculated masses 

to frequency shifts -$f, allowing for different contributions of water in the total 

protein film mass fwater (= mwater / (mwater + mprotein))= 0.4 to 0.6. This was required as 

QCM-D determines the ‘wet’ mass of the adsorbed protein film (i.e., protein mass 

plus the mass of water hydrodynamically coupled to the protein adlayer) (23-25). The 

relative contribution of water to the frequency shift decreases approximately linearly 

 !BSA
max , flat on " 1.00  !BSA

RSA, flat on " 0.79

 !max = "max # !

 !RSA = "RSA # !
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with increasing surface coverage towards monolayer (23). The relative contribution of 

water to measured frequency shift of human serum albumin (HSA) sorption to 

titanium oxide (pH 7.4, 10 mM HEPES), was found to be 50% to 60% at surface 

loadings of 75 to 90 ng HSA cm-2 (24) and 45% at 188 ng cm-2, which corresponded 

to a HSA monolayer (25). Similarly, approximately 50% and 57% of the sensed 

masses of streptavidin (MW= 60 kDa) and avidine (MW= 66 kDa) monolayers on 

lipid-supported bilayers were due to hydrodynamically coupled water.  

Given the similar molecular weights of HSA, streptavidin, and avidin to Cry1Ab and 

BSA, it is reasonable to assume a similar contribution of water to detected frequency 

shifts of 45 to 55 % for Cry1Ab and BSA monolayers on SiO2. In fact, the calculated 

frequency shifts of monolayers of Cry1Ab and BSA with water contents between 40 

to 60% corresponded well with the experimentally measured wet adsorbed masses. 

Also, water contents of 40 - 50 % in a full monolayer are supported by fprot values in 

Figure 1 in the manuscript. Given the uncertainties associated with the water content, 

it is impossible to specify the orientation of the protein molecules on the surface. 

Previous studies suggested a flat-on orientation of BSA and a side-on orientation for 

HEWL on SiO2 (26-29). 
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Table S3. Estimated monolayer adsorbed masses of proteins Cry1Ab, bovine serum albumin (BSA) and hen egg white lysozyme (HEWL), calculated from 
protein molecular dimensions and aspect ratios and for different adsorption models. The calculated monolayer adsorbed masses were used to estimate 
frequency shifts -!f for monolayer adsorption of Cry1Ab, BSA, and HEWL, assuming that 40 to 60 % of the monolayer adsorbed mass is due to water that 
couples to the oscillation of the QCM-D sensor.  

 

monolayer coverage  
" (ng cm-2) 

Expected frequency shift for a monolayer 
-!f (Hz) 

Protein  
molecular 
weight 

Form of protein 
Size of protein 
Aspect ratio (e) 

footprint 
(nm2) 

maximum - random sequential adsorption maximum  -  random sequential adsorption 
coupling water (mass % of total QCM sensed mass) 

40 50 60 
Cry1Ab 
66.6 kDa 

elongated 
7.6 # 5.0 # 6.2 nm 
(a # b # c) 
e1= a/c= 1.22 side on 
e2= a/b= 1.52 side on 
e3= c/b= 1.24 end on 

 
 
 

37 
30 
24 

 
 

 
269  -  164 
334  -  204 
409  -  250 

25  -  16 
31  -  19 
39  -  24 

30  -  19 
38  -  23 
46  -  28 

38  -  23 
47  -  29 
58  -  35 

       
BSA  
(Bovine  
serum albumin) 
66.4 kDa 

Heart shaped  
7.5 # 7.5 # 7.5 nm 
thickness 5 nm 
 
flat on 
side on  

 
 
 
 

22 
30 

 
 
 
 

496  -  392 
305  -  186 

 
 
 
 

47  -  37 
32  - 19 

 
 
 
 

56  -  44 
38  -  23 

 
 
 
 

70  -  55 
48  -  29 

       
HEWL  
(Hen egg white 
lysozyme) 
14.3 kDa 

Ellipsoid 
4.2 # 3.0 # 3.0 nm 
(a # b # c) 
e1= a/b= 1.4 side on 
e3= b/c= 1.0 end on 

 
 
 
 

10 
7 

 
 
 

216  -  132 
302  -  185 

 
 
 

20  -  12 
29  -  17 

 
 
 

24  -  15 
34  -  21 

 
 
 

31  -  19 
43  -  26 
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S5.2 Thicknesses of protein adlayers. The QCM-D adsorption data was used to 

estimate the thicknesses of the Cry1Ab, BSA, and HEWL films. Two approaches 

were chosen. In the first, the measured "wet" mass, !mQCM-D, calculated from the 

Sauerbrey relation (Eq. 1 in the manuscript) was directly converted into a layer 

thickness, assuming two different densities for the protein adlayer films, !film (= 1.1 

and 1.18 g cm-3). In the second, the frequency shift and the dissipation data of several 

osciallation overtones were fitted by the Voigt model, which accounts for the 

viscoelastic properties of the adlayer film. The film densities !film were used as 

constant input parameters (set to either !film= 1.1 or 1.18 g cm-3), and the layer 

thickness was an output parameter. Data fitting was conducted with the QTools 

software (Version 3.1.10.28; Biolin Scientific AB).  

The film density !film is the volume-weighted average of the densities of adsorbed 

protein, !protein (g cm-3) and hydrodynamically coupling water, !water (g cm-3), 

according to 

 

  
!film =

!protein "Vprotein + !water "Vwater

Vprotein +Vwater

      Eq. S16 

 

where !protein and !water are the densities of the protein and water (g cm-3) and Vprotein 

and Vwater are the volumes of protein and water in the film (cm3). 

 

The total QCM-D sensed mass, !mQCM-D, has mass contributions from adsorbed 

protein and from coupling water: 

 

  
!mQCM-D = x "mprotein + y "mwater = x " #protein "Vprotein + y " #water "Vwater    Eq. S17 

 

where x and y are the relative mass contributions of protein and water (i.e., x+y =1).  

 

With Vwater=1-Vprotein, Eq. S17 can be rearranged to 
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Vprotein =

y ! "water

x ! "protein + y ! "water

       Eq. S18 

 

We assume that the densities of the adsorbed proteins were !protein= 1.35 g cm-3 (30). 

Furthermore, given that the mass contribution of protein to the total sensed wet mass 

was found to be 40 to 50%, we set (i) x= y= 0.5 and (ii) x= 0.4; y= 0.6.  

Eq. S18 then results in (i) Vprotein= 0.43 and Vwater= 0.57 and (ii) Vprotein= 0.33 and 

Vwater= 0.67. Using these volumes in Eq. S16, results in film densities of (i) !film= 1.15 

g cm-3 and (ii) !film= 1.12 g cm-3.  

For the calculation and modeling, we used slightly lower and higher film densities, 

!film= 1.18 g cm-3 and !film= 1.11 g cm-3, that cover a wider range than the above 

calculated densities to account for uncertainties in the calculation.  

Figures S10 and S11 show the estimated protein adlayer thicknesses, based on 

estimated film densities of !film= 1.11 g cm-3 and !film= 1.18 g cm-3. Several 

conclusions can be drawn based on the thickness data.  

First, in systems with strong protein-sorbent electrostatic attraction (Cry1Ab-SiO2 at 

pH 5 and Cry1Ab-PLL at pH 6 to pH 8, BSA-PLL at pH 6 to pH 8, and HEWL-SiO2 

at pH 5 to pH 8), thicknesses were comparable to the molecular dimensions of the 

respective proteins. This supports that adsorption leveled off in a full protein 

monolayer on the sorbent surface. Furthermore, the modeled thicknesses imply that 

Cry1Ab adsorbed as a monomer and not as large oligomers (of more than ten 

monomers), as described for Cry1Aa, a protein closely related to Cry1Ab, by others 

(31, 32).  

Second, thicknesses calculated based on the Sauerbrey relation (assumption: all 

adsorbed mass coupled to the oscillation of the sensor) were only slightly smaller than 

the thicknesses calculated using the Voigt model that accounts for viscoelasticity of 

the adsorbed protein layer. The good agreement means that the films were relatively 

rigid (i.e., most to all adsorbed mass coupled to the oscillation of the sensor). The 

relatively high rigidities of the adsorbed films were also apparent from relatively low 

dissipation values measured by QCM-D (data not shown).  

Third, increasing the film density by the factor 1.07 from !film= 1.1 to 1.18 g cm-3 

decreased the modeled (and calculated) film thicknesses by approximately the factor 



Chapter 1: Forces driving adsorption 

 62 

1/1.07. This finding combined with the good agreement between the Sauerbrey 

calculated and the Voigt modeled thicknesses strongly suggest that the fits of the 

frequency and dissipation shifts in the Voigt model converged to the global minimum.  
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Figure S10. Modeled protein film thicknesses from quartz crystal microbalance 
(QCM-D) measurements for the adsorption of Cry1Ab (a, b), bovine serum albumin 
(BSA) (c, d), and hen egg white lysozyme (HEWL) to quartz (SiO2) and poly-L-
lysine (PLL) assuming a protein adlayer density of !film= 1.1 g cm-3. Thicknesses 
were determined using two different approaches: (i) The thicknesses were directly 
calculated by using the Sauerbrey relation to convert frequency shifts -!f into 
adsorbed masses !mQCM-D (assumption: the entire film mass coupled to the oscillation 
of the sensor). (ii) The thicknesses were estimated by fitting the Voigt model, which 
accounts for dissipation and hence incomplete sensed mass, to the frequency and 
dissipation data of several oscillation overtones. The fitting was carried out with the 
software QTools software (Version 3.1.10.28; Biolin Scientific AB). The error bars 
represent standard deviations of calculated and modeled thicknesses from replicate 
QCM-D measurements.  



Chapter 1: Forces driving adsorption 

 64 

 
Figure S11. Modeled protein film thicknesses from quartz crystal microbalance 
(QCM-D) measurements for the adsorption of Cry1Ab (a, b), bovine serum albumin 
(BSA) (c, d), and hen egg white lysozyme (HEWL) to quartz (SiO2) and poly-L-
lysine (PLL) assuming a protein adlayer density of !film= 1.18 g cm-3. Thicknesses 
were determined using two different approaches: (i) The thicknesses were directly 
calculated by using the Sauerbrey relation to convert frequency shifts -!f into 
adsorbed masses !mQCM-D (assumption: the entire film mass coupled to the oscillation 
of the sensor). (ii) The thicknesses were estimated by fitting the Voigt model, which 
accounts for dissipation and hence incomplete sensed mass, to the frequency and 
dissipation data of several oscillation overtones. The fitting was carried out with the 
software QTools software (Version 3.1.10.28; Biolin Scientific AB). The error bars 
represent standard deviations of calculated and modeled thicknesses from replicate 
QCM-D measurements. 
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Abstract 

Adsorption governs the fate of Cry proteins from genetically modified Bt crops in 

soils. The effect of ionic strength (I) on the adsorption of Cry1Ab (isoelectric point 

IEPCry1Ab! 6) to negatively charged quartz (SiO2) and positively charged poly-L-

lysine (PLL) was investigated at pH 5 to 8, using quartz crystal microbalance with 

dissipation monitoring and optical waveguide lightmode spectroscopy. Cry1Ab 

adsorbed via positively and negatively charged surface patches to SiO2 and PLL, 

respectively. This patch controlled electrostatic attraction (PCEA) explains the 

observed increase in Cry1Ab adsorption to sorbents that carried the same net charge 

as the protein (SiO2 at pH> IEPCry1Ab and PLL at pH< IEPCry1Ab) with decreasing I. In 

contrast, the adsorption of two reference proteins, BSA and HEWL, with different 

adsorption mechanism, were little affected by similar changes of I. Consistent with 

PCEA, Cry1Ab desorption from SiO2 at pH> IEPCry1Ab increased with increasing I 

and pH. Weak Cry1Ab-SiO2 PCEA above pH 7 resulted in reversible, concentration 

dependent adsorption. Solution depletion experiments showed that PCEA also 

governed Cry1Ab adsorption to SiO2 particles at environmentally relevant 

concentrations (a few ng mL-1). These results imply that models describing Cry1Ab 

adsorption to charged surfaces in soils need to account for the non-uniform surface 

charge distribution of the protein.  
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2.1 Introduction 

Genetically modified Bt crops express gene sequences from the bacterium Bacillus 

thuringiensis (Bt) that code for insecticidal Cry proteins (Bt toxins), conferring the 

trait of insect resistance to the crops. The use of Bt crops results in the release of Cry 

proteins to agricultural soils via various pathways (1, 2). Adsorption of Cry proteins 

to the soil matrix remains poorly understood, despite the fact that this process is key 

to assessing the persistence and the transport of Cry proteins in soils and the exposure 

of soil-dwelling organisms. The overall objective of our work is to develop a 

molecular-level understanding of Cry protein interactions with soil particle surfaces.  

In a companion paper (3), we showed that electrostatic interactions govern adsorption 

of Cry1Ab, a model Cry protein expressed by commercially important Bt maize crops, 

to negatively charged SiO2 at an ionic strength of I= 50 mM. Because Cry1Ab 

adsorbed to like charged SiO2 at pH> IEPCry1Ab and to like charged PLL at pH< 

IEPCry1Ab (3), electrostatic interactions could not be explained by the Cry1Ab surface 

net charge. Instead, we hypothesized that Cry1Ab, independent of its net charge, 

adsorbed in orientations that allowed for electrostatic attraction via Cry1Ab surface 

patches that were opposite in charge to the sorbent surface charge. This adsorption 

mechanism is referred to as patch controlled electrostatic attraction (PCEA) (4, 5). 

While patches of only two to three charged amino acids on the surface of a protein 

suffice to dominate its interaction with charged sorbents (4, 5), the importance of 

PCEA increases with increasing non-uniformity of the charge distribution on the 

protein surface. Cry1Ab has a non-uniform surface charge distribution; domain I has a 

calculated IEP of 4.7 and is negatively charged at pH> 5, while domains II and III 

have calculated IEPs of 9.4 and 9.6, and hence are net positively charged at pH< 9 (3).  

PCEA results in increasing protein affinities to sorbents of like net charges with 

decreasing I due to decreasing screening of electrostatic attraction. Conversely, the 

affinity of a uniformly charged protein to like charged sorbents decreases with 

decreasing I due to increasing electrostatic repulsion. Several studies have shown the 

importance of PCEA in protein adsorption. Lesins and Ruckstein (6) showed 

increasing adsorption with decreasing I for four net positively charged proteins (pH< 

IEP), including ribonuclease A, to a positively charged adsorbent. Asthagiri and 

Lenhoff (7) showed that only a model that accounted for the exact geometry and 
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discrete surface charge distribution of ribonuclease A was able to describe the pH and 

I dependencies of adsorption from ref (6). PCEA was also proposed as a possible 

explanation for the adsorption of net negatively charged pathogenic prion protein 

aggregates to quartz sand (8).  

In the companion paper (3) we further showed that adsorption of Cry1Ab to SiO2 

levelled off at well-defined adsorbed protein masses and that adsorption was 

reversible. Therefore, Cry1Ab-SiO2 interactions were weak, and adsorbed and 

solution phase Cry1Ab molecules were in dynamic equilibrium. These results suggest 

that Cry1Ab adsorption to SiO2 is also concentration dependent, which will be 

evaluated in this work. 

PCEA and concentration-dependent, reversible adsorption would have important 

implications for the fate of Cry1Ab proteins in soil. First, Cry1Ab-sorbent 

electrostatic interactions would be attractive even under solution conditions in which 

the protein and the sorbent carry like net charges. Adsorption of Cry1Ab would, 

therefore, have different pH and I dependencies than predicted by standard models, 

including Derjaguin, Landau, Verwey, Overbeek (DLVO) theory, that calculate 

electrostatic protein-sorbent interaction energies based on the protein net charge. 

Second, preferential orientations of Cry proteins on charged sorbents may affect the 

susceptibility of the adsorbed molecules to proteolysis and, upon changes in the 

solution chemistry, the extent of Cry protein desorption. Third, concentration-

dependent, reversible adsorption would result in desorption of adsorbed Cry1Ab 

molecules when solution concentrations decrease, resulting in potential transport and 

bioavailability of the protein. Clearly, experimental validation of the PCEA 

mechanism, the concentration dependence of Cry1Ab adsorption to SiO2, and of the 

extent of Cry1Ab desorption from SiO2 at different I and pH is warranted to better 

understand and to predict temporal and spatial adsorption/desorption dynamics of Cry 

proteins to and from charged hydrophilic sorbents in soils.  

The goals of this study, which carries on from the work presented in the companion 

paper (3), were (i) to confirm the mechanism of PCEA for Cry1Ab adsorption to 

charged sorbents, (ii) to study the effects of changes in pH and I on Cry1Ab 

desorption from SiO2, and (iii) to determine the concentration dependence of Cry1Ab 

adsorption to SiO2. To this end, we investigated the kinetics, extent, and reversibility 

of adsorption of Cry1Ab and two reference proteins, bovine serum albumin (BSA) 
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and hen egg white lysozyme (HEWL), at pH 5 to 8 to SiO2 at I= 10 mM and 250 mM 

and to PLL at I= 10 mM, using a combination of quartz crystal microbalance with 

dissipation monitoring (QCM-D), optical waveguide lightmode spectroscopy 

(OWLS), as well as solution depletion experiments. Experiments were conducted at 

Cry1Ab solution concentrations that covered more than three orders of magnitude 

(from 10 ng mL-1 to 20 µg mL-1) and extended into the environmentally relevant, low 

concentration range. We compared the results to adsorption of Cry1Ab at I= 50 mM 

to both sorbents (3). 

2.2 Materials and Methods 

Proteins and chemicals. High purity Cry1Ab protein (lyophilized) (IEPCry1Ab! 6.0; 

molecular weight (MWCry1Ab)= 66.6 kDa) was from M. Pusztai-Carey (Case Western 

Reserve University, Cleveland, OH, USA). High purity HEWL (IEPHEWL= 11.1; 

MWHEWL= 14.3) and BSA (IEPBSA= 4.7–5.3; MWBSA= 66.4) (> 99%, lyophilized) 

were from Fluka and Sigma Aldrich, respectively, and used as received. Details on the 

physicochemical properties of the proteins, the isolation of Cry1Ab, and on the 

preparation of protein solutions for adsorption experiments are provided in (3). All 

chemicals used were analytical grade (section S1, SI). 

QCM-D (E4 system, Q-Sense AB, Västra Frölunda, Sweden) monitors shifts in the 

fundamental frequency (f1= 5 MHz) and the overtones n of an oscillating piezoelectric 

quartz crystal sensor upon adsorption/desorption of proteins to the sensor surface (9). 

Solutions were pumped through the flow-through cells containing SiO2-coated 

(QXS303) sensors. The sensors were additionally coated with PLL, if needed (details 

in ref (3)). For thin and rigid adsorbed protein films, the total sensed mass !mQCM-D, 

including the mass of adsorbed proteins, !mprotein, and coupling water in the adsorbed 

protein film, !mwater, is proportional to -!fn according to the Sauerbrey relation (9): 

!mQCM-D = !mprotein + !mwater = C "
#!fn
n

    Eq. 1 

, where C (17.7 ng cm-2) is the mass sensitivity constant. Except for two of a total of 

24 investigated protein-sorbent systems, adsorbed protein films were rigid, such that 

Eq. 1 was applicable (data shown for n= 5). Films were non-rigid for Cry1Ab 

adsorption to SiO2 at pH 5 and to PLL at pH 8. Viscoelastic modeling approaches 
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(Voigt-based model in QTools software (Version 3.1.10.28, Biolin Scientific AB, 

Västra Frölunda, Sweden) and the procedure of ref (10)) indicated that for these two 

systems, the true adsorbed masses were 30-40% smaller than estimated by Eq. 1.  

OWLS experiments were conducted on an OWLS 110 instrument containing SiO2-

coated OW2400 waveguides in a flow-through chamber (Microvacuum Ltd, 

Budapest, Hungary). The waveguides were additionally coated with PLL if needed; 

details are provided in (3). An optical grating on the waveguide at the liquid-water 

interface couples a laser into the waveguide at two well-defined angles, resulting in an 

evanescent field above the waveguide. The incoupling angles change upon adsorption 

of protein due to the change of the refractive index above the sensor surface. OWLS 

senses the absolute ("dry") mass of adsorbed protein, !mOWLS (ng cm-2), which can be 

calculated using de Feijter's formula (11): 

!mOWLS = dadlayer "
nadlayer # nsolution
dnprotein / dCprotein

          Eq. 2 

where nadlayer and dadlayer are the refractive index and the thickness of the adlayer, and 

dnprotein/dCprotein is the refractive index increment for proteins (0.182 mL g-1; (12)). 

The solution refractive index, nsolution, was 1.3332 for all buffers at I= 10 mM 

(T= 20 °C) as measured using a refractometer (J357 refractometer, Rudolph Research 

Analytical, NJ, USA).  

Solutions (pH 5±0.05 [3mM acetate]), pH 6±0.05 [3mM 2-(N-morpholino)-ethane-

sulfonic acid], pH 7±0.05 and pH 8±0.05 [both 3mM 4-(2-hydroxyethyl)-1-

piperazine-ethanesulfonic acid]; I= 10 mM and 250 mM, adjusted by NaCl) were 

delivered to the QCM-D and OWLS flow cells by a peristaltic pump at volumetric 

flow rates of Q= 20 and 50 µL min-1, respectively, and at T= 20±0.1°C. Adsorption 

experiments comprised three consecutive steps: (i) System equilibration with protein-

free solutions of defined pH and I until a stable baseline was obtained. (ii) Protein 

adsorption by switching to protein-containing solutions, while maintaining solution 

pH and I. Adsorption was analyzed for initial adsorption kinetics by fitting the initial 

linear slope of the adsorption curve (kads= d!m/dt) and for final protein mass at which 

adsorption plateaued (!mfinal) or, if adsorption continued throughout the adsorption 

step, when rinsing was initiated. (iii) Rinsing by switching to protein-free solutions. 

The desorption kinetics, kdes, were determined analogous to kads. PLL-coated sensors 
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were obtained by running PLL solutions (100 mgPLL mL-1) over the SiO2 sensors 

followed by extensive rinsing. PLL-SiO2 electrostatic attraction resulted in a thin, 

irreversibly adsorbed PLL film on the SiO2 surface (3). 

The effects of pH, I, and sorbent net charge on initial adsorption rates were compared 

by normalizing kads to the transport-limited adsorption rate, kads
max , of each protein 

according to: 

! =
kads
kads
max            Eq. 3 

where the adsorption efficiency, !, is the fraction of  protein-sorbent encounters that 

result in adsorption relative to the transport-limited case (!= 1; no energy barrier to 

adsorption) (13). As demonstrated in (3), adsorption was transport-limited in the 

systems Cry1Ab-SiO2 at pH 5, BSA-PLL at pH 7, and HEWL-SiO2 at pH 7 (all I= 50 

mM), since the initial adsorption rates measured by OWLS were 94% (Cry1Ab and 

BSA) and 102 % (HEWL) of the theoretical   kads
max  for the respective protein in its 

monomeric form. Initial QCM-D and OWLS measured adsorption rates in these three 

systems were used as   kads
max  to convert QCM-D and OWLS-measured kads from all 

other systems into the corresponding !.  

Solution depletion experiments were run in 2-mL tubes (Protein LoBind, Eppendorf 

AG, Hamburg, Germany) containing SiO2 particles (1.5 mg SiO2 mL-1; 3.4 "m 

median diameter, specific surface area 3.6 m2 g-1). Details on the preparation and 

characterization of the SiO2 particles are provided in section S2.1 (SI). Cry1Ab 

adsorption was studied at pH 5.5 to pH 7.8, at I= 10 mM and 50 mM (adjusted by 

NaCl) and at an initial Cry1Ab concentration of 10 ng mL-1. Following agitation for 

one hour, the tubes were centrifuged, and the solution phase concentration was 

quantified by an enzyme-linked immunosorbent assay (ELISA) (Agdia, Elkhart, IN, 

USA). The adsorbed fraction of added Cry1Ab was quantified indirectly via mass 

balance of the initial and final Cry1Ab masses in solution.  

2.3 Results and Discussion 

Representative adsorption experiments for Cry1Ab, and the reference proteins BSA 

and HEWL, to SiO2 and PLL (concentration: 10 µg protein mL-1) at pH 5 to 8 and I= 
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10 mM are shown in Figures S2 (QCM-D) and S3 (OWLS), the numeric results of all 

replicate measurements are provided in Tables S1 and S2 (SI). 

2.3.1 Initial kinetics and extents of Cry1Ab adsorption. 

Figure 1a and 1b show the effect of pH on the attachment efficiencies (!) and the 

final "wet" (!mQCM-D
final ) and "dry" (!mOWLS

final ) adsorbed masses of Cry1Ab to SiO2 and 

PLL at I= 10 mM, respectively. ! measured by QCM-D and OWLS were in good 

agreement and between 0.3 and unity on both sorbents and all tested pH. For Cry1Ab 

to SiO2, ! decreased with increasing pH from != 1 (transport-limited) to != 0.3 to 

0.5 at pH 8. That is, relative to pH 5, only two to three times more Cry1Ab-SiO2 

encounters were required at pH 8 to result in adsorption. This finding demonstrates 

that the pH had a relatively small effect on adsorption efficiencies, which can 

decrease by orders of magnitude if electrostatic attraction changes to electrostatic 

repulsion. For Cry1Ab adsorption to PLL, ! were > 0.5 at pH 5 to 7, and the initial 

adsorption rate was transport limited at pH 8 (!= 1). As expected, !mQCM-D
final  were 

larger than !mOWLS
final  on both surfaces and at all pH, because OWLS sensed the 

absolute ("dry") mass of adsorbed Cry1Ab, whereas QCM-D additionally sensed the 

mass of water molecules associated with the adsorbed protein molecules. More 

importantly, however, the same effects of pH on the final adsorbed Cry1Ab masses 

were measured by the two techniques. Both !mQCM-D
final  and !mOWLS

final  to SiO2 decreased 

with increasing pH, but they increased with pH to PLL. The adsorbed masses on SiO2 

at pH< 8 and on PLL at pH> 5 corresponded to Cry1Ab mono- and multilayers, as 

subsequently discussed.   

The finding of !! 1 at pH 5 to SiO2 and at pH 8 to PLL implies that, under these 

conditions, Cry1Ab adsorbed in its monomeric form at I= 10 mM, consistent with 

monomer adsorption at I= 50 mM shown in (3). Overall fast (! > 0.3) and extensive 

adsorption of Cry1Ab to SiO2 at pH> IEPCry1Ab and to PLL at pH< IEPCry1Ab strongly 

suggest that Cry1Ab experienced no electrostatic repulsion from the sorbent surface, 

despite like protein and sorbent net charges. These findings support patch controlled 

electrostatic attraction (PCEA) of Cry1Ab to like charged sorbents, as the 

contributions from vdW interactions, interfacial conformational changes of Cry1Ab, 
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and the hydrophobic effect to adsorption were shown to be small compared to 

electrostatic interactions (3).  

2.3.2 Ionic strength dependence of Cry1Ab adsorption. 

Figure 1c,d shows the ratios of ! (!I= 50 mM to !I= 10 mM, panel c) and !mfinal 

(!mI=50 mM
final to !mI=10 mM

final , panel d) of Cry1Ab adsorption to SiO2 at the two ionic 

strengths I= 50 mM (data from (3)) and I= 10 mM (this work), measured by both 

QCM-D and OWLS. At pH 5, adsorption of net positively charged Cry1Ab to 

negatively charged SiO2 was diffusion-limited at both I= 10 mM and 50 mM, 

resulting in !I= 50 mM / !I= 10 mM ! 1. With increasing pH to pH> IEPCry1Ab, the ! -ratio 

decreased, to approximately ! 10-2 at pH 8. Initial adsorption rates of Cry1Ab to SiO2 

at pH 8, therefore, were approximately 100-fold faster at I= 10 mM than at I= 50 mM. 

This finding implies that Cry1Ab interactions with SiO2 became increasingly 

attractive with decreasing I, despite negative net charges on both Cry1Ab and SiO2. 

Consistently, the extent of Cry1Ab adsorption to SiO2 increased with decreasing I. 

From I= 50 mM to I= 10 mM, !mfinal increased 10- to 20-fold at pH 6 and 20- to 50-

fold at pH 7 and 8 (Figure 1d). No adsorption of Cry1Ab to SiO2 was detected at I= 

250 mM, (Figure S4, SI). The lack of adsorption at I= 250 mM implies shielding of 

Cry1Ab-SiO2 electrostatic attraction and that adsorption was not driven to a 

significant extent by other interaction forces.  

The pronounced increase in the kinetics and extent of adsorption of Cry1Ab to like 

charged SiO2 at pH> IEPCry1Ab confirms PCEA. Adsorbed Cry1Ab molecules, 

therefore, were oriented with positively charged patches towards SiO2. PCEA also 

provides an explanation for faster kinetics and for larger extents of Cry1Ab adsorption 

on like charged PLL at pH 5 at I=10 mM than at I= 50 mM (3) (Figures S5, S6, 

Tables S1 and S2, SI). Cry1Ab molecules were oriented with negative patches 

towards the PLL surface.  

PCEA for Cry1Ab is further substantiated when comparing the effects of ionic 

strength amongst Cry1Ab, BSA, and HEWL adsorption. BSA undergoes extensive 

conformational changes in adsorbed states, a process that was shown to drive BSA 

adsorption to like-charged SiO2 at pH> IEPBSA (14, 15). In contrast to Cry1Ab, 

adsorption rates and extents of BSA adsorption to like-charged SiO2 were similar at 
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I= 10 mM (this work) and at I= 50 mM (3) (Figures S5, S6; Table S1, SI). The finding 

of weak I dependence of BSA adsorption supports that Cry1Ab adsorption, with a 

strong I dependence, was not driven by conformational changes. HEWL carried a net 

positive charge at all tested pH and, more importantly with regard to evaluation of 

PCEA of Cry1Ab, HEWL has a uniform surface charge distribution. These 

differences between Cry1Ab and HEWL are evident from calculated isopotential 

surface maps of both proteins, shown in Figure S12 (SI). The uniform surface charge 

distribution results in strong HEWL-SiO2 electrostatic attraction, which varies only 

slightly with the orientation of HEWL to the surface (16). Consistently, a decrease in 

ionic strength from I= 50 mM (3) to I= 10 mM (this work) had little effect on (i) the 

HEWL initial adsorption rates to SiO2, which remained transport-limited (! ! 1), (ii) 

the final extents of HEWL adsorption to SiO2 at pH 5 to 8 (Figure S6, Table S1, SI), 

which corresponded to a monolayer, and (iii) the initial adsorption rates to like-

charged PLL, which remained small (! " 0.04; Figure S5; Table S1, SI), reflecting 

strong HEWL-PLL electrostatic repulsion. While adsorption of HEWL and Cry1Ab 

to charged surfaces were both governed by electrostatics, the increase in Cry1Ab 

adsorption to surfaces of like net charges with decreasing I was inconsistent with the I 

dependence of a uniformly charged protein. While the previous discussion focused on 

PCEA of Cry1Ab to charged sorbents, the subsequent discussion will show that the 

non-uniform surface charge distribution of Cry1Ab also affected Cry1Ab-Cry1Ab 

intermolecular interactions in adsorbed states.  

2.3.3 Effect of non-uniform surface charge distribution on Cry1Ab-Cry1Ab 

interactions 

At I= 10 mM, Cry1Ab adsorbed up to monolayer coverage to SiO2 at pH 7 and 8 and 

to PLL at pH 5 and 6. Conversely, the following findings strongly suggest that 

adsorption to SiO2 at pH 5 and 6 and to PLL at pH 7 and 8 resulted in Cry1Ab 

multilayers on the adsorbent surfaces. (i) !mQCM-D
final  and !mOWLS

final  (Figure 1a,b; Tables 

S1, S2) were larger than the "wet" and "dry" masses of a Cry1Ab monolayer (600-700 

ng cm-2 and ~300 ng cm-2, respectively), as identified in (3). (ii) A monolayer with the 

highest possible Cry1Ab packing density of 0.9 (densest ellipsoid packing) with an 

end-on Cry1Ab orientation of the surface (3) has a calculated adsorbed mass 410 ng 

Cry1Ab cm-2. This mass was significantly smaller than !mOWLS
final  and than the mass of 
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Cry1Ab extracted from QCM-D crystals at !mQCM-D> 800 ng cm-2 (Figure S7, SI). 

(iii) Viscoelastic modeling of the QCM-D data for the Cry1Ab-SiO2 system at pH 5 

and pH 6 yielded thicknesses of 26±5 nm and 12±1 nm for the adsorbed protein films 

(Figure S8, SI), respectively, much thicker than the largest dimension of the Cry1Ab 

molecule of ~7.6 nm (3). 

Multilayer adsorption provides a plausible explanation for the finding that Cry1Ab 

adsorption to SiO2 at pH 5 and 6 and to PLL at pH 7 and 8 exhibited two kinetic 

regimes in the QCM-D measurements (e.g., Figures 1e,f; marked by arrows). The 

initial high adsorption rates steadily decreased with increasing adsorption up to 

!mQCM-D! 550 ng cm-2. Beyond this mass, the adsorption rates increased again. The 

transition from the first to the second kinetic regime is particularly evident when 

plotting the adsorption rate versus !mQCM-D (Figure S9). Therefore, the transition 

occurred close to the "wet" mass of a Cry1Ab monolayer, suggesting that the start of 

the second kinetic regime reflected the onset of Cry1Ab adsorption into a bilayer. 

This explanation is consistent with previous work that demonstrated that the relative 

contribution of water to the total QCM-D sensed mass continuously decreases during 

adsorption from about 90% at low sorbent surface coverage to about 50% in a 

complete protein monolayer (17). The minimum in the QCM-D measured adsorption 

rate reflected a minimum in the mass of water that "co-adsorbed" with each Cry1Ab 

molecule as the surface coverage approached a complete monolayer. The mass of co-

adsorbing water subsequently increased again for Cry1Ab molecules that adsorbed 

into the bilayer. Transition from mono- to bilayer adsorption did not result in two 

distinct kinetic regimes in the OWLS measurements, as this technique is insensitive to 

protein-associated water. This comparison of the two techniques highlights how 

QCM-D, by sensing film-associated water, provides important additional information 

on protein adsorption dynamics.  

Cry1Ab multilayers formed only at I= 10 mM but not at I= 50 mM (3). Furthermore, 

cycling the pH between pH 6 and pH 7 at a constant Cry1Ab concentration (10 µg 

mL-1) resulted in reversible interchange of multi- (pH 6) and monolayers (pH 7) 

(Figure S10, SI). Both findings strongly suggest that electrostatic attraction governed 

Cry1Ab-Cry1Ab interactions and, hence, that Cry1Ab molecules in the second 

adsorbed layer were oriented towards Cry1Ab molecules in the first adsorbed layer 
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such that oppositely charged surface patches on the two molecules interacted. PCEA 

therefore governed Cry1Ab-sorbent as well as Cry1Ab-Cry1Ab intermolecular 

interactions. PCEA also provides a plausible explanation for increasing Cry1Aa and 

Cry1Ac protein oligomerization with decreasing I, observed in dynamic light 

scattering (DLS) experiments (18-21). Oligomerization, however, was likely 

facilitated by the high protein concentrations (~ 1 mg mL-1) used in these DLS 

experiments. We used lower Cry1Ab concentrations (10 µg mL-1), at which Cry1Ab 

adsorbed in its monomeric form at I= 10 mM (this work) and I= 50 mM (3). 

However, bi- to multilayer adsorption implies that the high Cry1Ab concentrations at 

the SiO2-water interface, as compared to the bulk solution, facilitated Cry1Ab-

Cry1Ab interactions. 

2.3.4 Cry1Ab adsorption reversibility on SiO2. 

Following adsorption to SiO2 at pH 6 to 8, rinsing with Cry1Ab-free solution while 

maintaining constant pH and I resulted in decreasing !mQCM-D and !mOWLS, and 

therefore Cry1Ab desorption (Figures 1e,f, S2, and S3, SI). At pH 7 and 8, adsorption 

of Cry1Ab to SiO2 was largely reversible, as shown by the large decreases in !mQCM-D 

and !mOWLS relative to the respective !mfinal. Reversibility implies dynamic 

equilibrium between adsorbed and solution phase Cry1Ab molecules, such that PCEA 

between Cry1Ab and SiO2 had to be relatively weak at these pH. At pH 6, only 

Cry1Ab molecules in excess of a complete monolayer desorbed, while Cry1Ab 

molecules in the monolayer were irreversibly adsorbed to SiO2 (Figures 1e (black 

trace); and Figure S2). Therefore, Cry1Ab-SiO2 interactions at pH 6 were much 

stronger than at pH 7 and 8, and also stronger than Cry1Ab-Cry1Ab interactions at pH 

6. Cry1Ab adsorption at pH 5 was irreversible, both in QCM-D and OWLS (Figures 

S2a, S3a), reflecting strong Cry1Ab-SiO2 and Cry1Ab-Cry1Ab intermolecular 

interactions. Irreversible adsorption at I= 10 mM, reversible adsorption at I= 50 mM 

(3), and no adsorption at I= 250 mM in the Cry1Ab-SiO2 system at pH 5 clearly 

demonstrated increasing charge screening of Cry1Ab-SiO2 electrostatic attraction 

with increasing I.  
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2.3.5 Effect of pH and ionic strength on Cry1Ab desorption from SiO2. 

Cry1Ab adsorption reversibility, previously discussed, was studied by rinsing 

adsorbed Cry1Ab with protein-free solutions, while maintaining constant pH and I. In 

this section, we discuss the effect of changes in pH and I on Cry1Ab desorption. 

Figure 1g shows QCM-D measurements of Cry1Ab adsorption to SiO2 at pH 6 and I= 

10 mM, followed by desorption of Cry1Ab using protein-free solutions at different 

pH, while maintaining constant I= 10 mM. Desorption rates (kdes) increased by almost 

two orders of magnitude from pH 6 (kdes! -6 ng cm-2 min-1) to pH 9 (kdes! -425 ng cm-

2 min-1) (Table S3, SI). At pH 8 and 9, all Cry1Ab had desorbed by the end of the 

experiment. 

2.3.6 Concentration dependence of Cry1Ab adsorption to SiO2 

All experiments previously discussed were conducted at 10 µg mL-1. The aim of this 

section is to assess the concentration dependence of Cry1Ab adsorption to SiO2. 

Strong Cry1Ab-SiO2 interactions at pH 6, inferred from an irreversible adsorbed 

monolayer, resulted in complete surface coverage of SiO2 even at 1 "g mL-1 (Figure 

1g), and, in multilayer adsorption at concentrations >2 "g mL-1. Reversible Cry1Ab-

SiO2 adsorption at pH 7 and 8, and therefore weaker interactions than at pH 6 (Figures 

S2a, S3a, SI), resulted in concentration dependent adsorption with shallower 

increases of !mQCM-D
final  with increasing cCry1Ab than at pH 6. At both pH 7 and pH 8 and 

the highest tested concentration of 20 µg mL-1, adsorption resulted in a Cry1Ab bi-

layer (monolayer coverage depicted as grey bar in Figure 1g) and thus Cry1Ab-

Cry1Ab intermolecular interactions between adjacent layers. Cry1Ab-Cry1Ab 

interactions were concentration dependent, which supports the earlier line of 

reasoning that Cry1Aa and Cry1Ac oligomerization observed in DLS experiments 

was induced by very high concentrations used (18-21).  
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Figure 1. a,b. Effect of pH on the adsorption efficiencies (!) and on the final "wet" 
(!mQCM-D

final ) and "dry" (!mOWLS
final ) masses of Cry1Ab adsorbed to SiO2 (a) and poly-L-

lysine (PLL; panel b), determined at constant ionic strength I= 10 mM using quartz-
crystal microbalance with dissipation monitoring (QCM-D) and optical waveguide 
lightmode spectroscopy (OWLS). c,d. Ratio of adsorption efficiencies ! (!I= 50 mM to 

!I= 10 mM, panel c) and !mfinal (!mI=50 mM
final to !mI=10 mM

final , panel d) of Cry1Ab to SiO2 
determined at I= 50 mM (from (3)) and at I= 10 mM, using QCM-D and OWLS. 
Error bars represent the standard deviations of the ratios, quantified by error 
propagation. e, f. Cry1Ab adsorption to SiO2 at pH 6 (black line) and at pH 7 (green 
line), at I= 10 mM and 10 µg mL-1 (S+Cry1Ab), followed by desorption during 
rinsing with Cry1Ab-free solution (S) at two different ionic strength (I= 10 and 50 
mM), while maintaining constant pH (panel e) and at pH 6 to pH 9, while maintaining 
constant I= 10 mM (panel f). g. Concentration and pH dependence of Cry1Ab 
adsorption to SiO2 at I= 10 mM. The grey bar at !mQCM-D

final = 600-700 ng cm-2 

represents monolayer adsorbed mass of Cry1Ab. h. Effect of pH and ionic strength on 
Cry1Ab adsorption to SiO2-particles in solution depletion experiments. *= Adsorption 
did not level off during adsorption period. 

 

 

 

 

 

 

A set of solution depletion experiments were run to establish that PCEA also 

governed Cry1Ab interactions with non-planar SiO2 particles at much lower solution 

phase concentration and surface loadings (< 1 ‰ of the available sorbent surface area; 

section S2.2, SI). Figure 1h shows the effect of pH and I on the fraction of total added 

Cry1Ab that adsorbed to SiO2 particles (numbers in Table S3, SI). At pH 5.5 and I= 

10 mM and 50 mM, all added Cry1Ab adsorbed to SiO2 particles. With increasing pH, 

the adsorbed fraction decreased at both I, but to a much smaller extent at the lower 

ionic strength. At pH 7.5 to 8 (i.e., pH> IEPCyr1Ab), only about 10% adsorbed at 

I= 50 mM and 50% adsorbed at I= 10 mM. These findings were consistent with 

PCEA. A molecular level picture of this mechanism is proposed in the subsequent 

section. 
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2.3.7 Proposed picture of Cry1Ab adsorption to SiO2 and PLL. 

The non-uniform surface charge distribution of Cry1Ab is depicted in Figure 2, which 

shows the calculated positive (blue) and negative (red) 1 kBT/e isopotential surfaces of 

Cry1Ab at different pH and I. Details on the calculation and the isopotential surfaces 

for Cry1Ab, BSA, and HEWL at all pH and I are provided in section S10, SI. 

Increasing I from I= 10 mM to 250 mM resulted in increasing charge screening of 

electrostatic interactions, which, in Figure 2, is reflected by the decreasing distances 

between the isopotential surfaces and the Cry1Ab surfaces. Deprotonation of 

ionizable amino acids from pH 6 to 7 decreased the positive and increase the negative 

surface potentials. One side of domain I (IEP ~ 4.7 (3)) carries numerous acidic amino 

acids that result in a high negative potential and, therefore, a large distance between 

the isopotential surfaces and the Cry1Ab surfaces. Domains II and III (IEPs of ~ 9.4 

and ~ 9.6 (3)) contain more basic than acidic amino acids, resulting in positive surface 

potentials over the entire tested pH range.  

We propose that Cry1Ab was adsorbed oriented with the positively charged domains 

II and III towards SiO2, and with the negatively charged domain I towards PLL 

(Figure 2). While it is impossible to determine the orientation of adsorbed Cry1Ab by 

QCM-D and OWLS, the data in Figure 1 provides evidence for these orientations. 

First, only these orientations result in increasing Cry1Ab electrostatic attraction with 

decreasing I on both sorbents. The decrease in Cry1Ab-SiO2 electrostatic attraction 

from pH 6 to 7 likely resulted from the deprotonation of histidines in domains II and 

III (Cry1Ab amino acid sequence in (3)). Second, different orientations of Cry1Ab 

towards SiO2 and PLL are substantiated by the finding that, at 10 µg mL-1 and I= 10 

mM, Cry1Ab multilayers formed at pH 5 and 6 on SiO2 (but not on PLL) and at pH 7 

and 8 on PLL (but not on SiO2). At the same pH and I, monolayer adsorption on one 

surface and multilayer adsorption on the other surface implies different interaction 

energies between Cry1Ab molecules in solution and Cry1Ab molecules in the 

monolayers on the two surfaces. These differences in affinity are possible only if the 

orientations of Cry1Ab molecules in the monolayers differed between the surfaces. 

We further propose that Cry1Ab molecules in the second adsorbed layer were 

oriented at Cry1Ab molecules in the first adsorbed layer such that oppositely charged 

surface patches on the molecules interacted (Figure 2). Figure 2 also depicts the 

Cry1Ab molecular dimensions relative to the calculated Debye length, which is the 



Chapter 2: Patch-controlled electrostatic attraction 

  85 

distance from the sorbent surface at which its electrostatic potential has dropped to 

1/e. At all tested I, the Debye lengths were much smaller than the Cry1Ab molecular 

dimensions. This implies that only the charged amino acids on the surface of Cry1Ab 

in close proximity to the sorbent surface participated in electrostatic interactions, a 

requirement in the PCEA adsorption mechanism.  

 

Figure 2. Schematic of patch controlled mono- and bilayer adsorption of Cry1Ab at 
pH 6 and 7 to negatively charged SiO2 at ionic strengths I= 10 mM, 50 mM, and 250 
mM and to positively charged poly-L-lysine (PLL) at I= 10 mM. Cry1Ab adsorbed 
with positively charged domains II and III (D II and D III) oriented towards the SiO2 
surface, and with the negatively charged domain I (D I) towards PLL. The red and 
blue grids above the protein surfaces represent -1.0 kBT/e and +1.0 kBT/e isopotential 
surfaces, respectively, of Cry1Aa used as a model for Cry1Ab (Cry1Aa has a known 
crystallographic structure (22) which is highly similar to Cry1Ab (88% sequence 
homology)). The light colors above the sorbent surfaces correspond to the Debye 
lengths, which are the distances from the sorbent surfaces at which their electrostatic 
potentials drop to e-1. The Debye lengths were smaller than the Cry1Ab molecular 
dimensions (i.e., Debye lengths of 3.0 nm, 1.4 nm, and 0.6 nm for I= 10 mM, I= 50 
mM, and I= 250 mM, respectively (calculated for 1:1 electrolyte NaCl)). 

2.4 Implications 

The results presented in this and in the companion study (3) have several implications 

for the adsorption, transport, and activity of transgenic Cry proteins in agricultural 

soils: 



Chapter 2: Patch-controlled electrostatic attraction 

 86 

Electrostatic interactions govern Cry1Ab adsorption to SiO2 and, likely, other 

charged, hydrophilic mineral surfaces. The non-uniform distribution of surface charge 

on Cry1Ab gives rise to patch controlled electrostatic attraction (PCEA) with like-

charged sorbents. Increasing solution pH and/or I attenuate electrostatic attraction and 

will therefore decrease Cry1Ab adsorption to and increase desorption from negatively 

charged, polar mineral surfaces in agricultural soil, resulting in spatially and 

temporarily high concentrations of Cry1Ab in the solution. The opposite pH effect but 

the same I dependence is expected for adsorption to and desorption from positively 

charged, polar surfaces, including iron- and aluminium (hydr-)oxides.  

Adsorption-desorption cycles do not likely lead to loss of the active, insecticidal 

conformation of the protein, due to the high conformational stability of Cry1Ab 

demonstrated in (3). The high conformational stability and desorbability of Cry1Ab 

provide a mechanistic explanation for previous reports that soil-adsorbed Cry1A 

proteins remain insecticidal and that Cry1A protein susceptible Lepidoptera species 

have low detection limits for soil-adsorbed Cry1A proteins in diet incorporation 

assays (23, 24). These insects have alkaline (pH 10-11), high ionic strength midgut 

conditions that facilitate Cry1A protein desorption from ingested soil particles. 

Therefore, in vivo exposure to Cry1A proteins is expected to be high in geophageous 

organisms that have neutral to alkaline conditions in parts of their digestive systems.  

These results advance our capabilities to assess the adsorption and transport of other 

Cry proteins released to soils by genetically modified Bt crops. The adsorption of 

Cry1Ac (Bt cotton) and Cry1Aa is expected to be very similar to that of Cry1Ab (Bt 

maize), given that these three proteins have a very high sequence homology (88%). In 

contrast, Cry proteins with lower sequence homologies to Cry1Ab, such as Cry1F (Bt 

cotton and maize) and Cry3Bb1 (Bt maize), may, despite very similar tertiary 

structures, exhibit different adsorption behaviors that may need to be separately 

assessed.  
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2.6 Appendix 2 

Materials and Methods 

Section S1. Preparation of protein solutions  

S1.1. Cry1Ab aqueous stock solution. Cry1Ab aqueous stock solutions 

(concentration of 100 µg Cry1Ab mL-1) were prepared by dissolving lyophilized 

Cry1Ab in de-ionized water (>18 M! cm-1 resistivity) adjusted to pH 10.5 by 

addition of 1 M NaOH. Drop-wise addition of de-ionized water under extensive 

sonication in an ultrasound bath was required to solubilize Cry1Ab. Aliquots of 200 

µL were transferred from the stock into 2-mL tubes (Protein LoBind, Eppendorf AG, 

Hamburg, Germany), which were immediately frozen and stored at T= -20°C until 

use. All aliquots were used within two months of preparation. 

S1.2. Bovine serum albumin (BSA) and hen egg white lysozyme (HEWL) aqueous 

stock solutions. BSA and HEWL stock solutions (concentrations: 100 µg mL-1) were 

prepared by dissolving lyophilized protein in de-ionized water (>18 M! cm-1 

resistivity). Aliquots of 200 µL were transferred from the stock to 2-mL tubes 

(Protein LoBind). These tubes were frozen and stored at -20°C until use. All stocks 

were used within two months of preparation. 

S1.3. Protein solutions for QCM-D experiments. Protein solutions were prepared by 

thawing 200 µL aliquots of the aqueous protein stocks at room temperature for 10 

min. The aliquots were then amended with required volumes of pH- and I-adjusted 

buffer solutions. The volume and the ionic strength of the added solution were 

adjusted such that the protein-containing solution after dilution had the desired protein 

concentration, pH, and ionic strength. Immediately following dilution, the protein-

containing solutions were sonicated in an ultrasound bath for 1 minute to ensure 

complete mixing. The solutions were subsequently degassed (by interval sonication) 

in the same ultrasound bath for 2 minutes and then used immediately. Control 

experiments showed that addition of pH-adjusted buffer solutions resulted in desired 

experimental pH values (error ± 0.05 pH units). 

S1.4. Adsorption of Cry1Ab to plastic devices and surfaces. Preliminary experiments 

showed that Cry1Ab strongly adsorbed to polypropylene plastic material. Several 
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measures were taken to minimize these losses, as described in the companion paper 

(1). The concentrations were at most 10% smaller (but typically <5%) than targeted 

concentrations in QCM-D and OWLS experiments. 

Section S2. Solution depletion experiment to SiO2 particles 

S2.1. SiO2-particle preparation and characterization. SiO2 particles (SiO2 99.6% 

pure, mesh 325, Sigma-Aldrich, St. Louis, MO) were size fractionated by wet 

sedimentation in de-ionized water (>18 M! cm-1 resistivity) to isolate the size 

fraction with hydrodynamic radii larger than 1 !m. This fraction was treated for > 8h 

with 35% H2O2 at >80°C to remove organic materials and to completely hydroxylate 

the silica surfaces. The particles were subsequently washed with 10 M HCl at 25°C 

for >8h to remove metals and metal (hydr-)oxide impurities. The H2O2 and HCl steps 

were repeated twice. Then particles were washed repeatedly with de-ionized water, 

followed by freeze-drying, and storage in a desiccator until use. 

The particle size distribution was determined using laser diffraction (Hydro 2000s 

Mastersizer; Malvern Instruments Ltd., Worcestershire, United Kingdom). Figure S1 

shows, that >80% v/v of the particles had diameters between 1 and 10 !m. 

 

 
Figure S1. Volumetric relative (a) and cumulative (b) size distributions of SiO2 
particles as determined by laser diffraction. 
 

The SiO2 particles had a specific surface area of 3.6 m2 g-1, as determined by a N2 

multipoint BET analysis at 77K (DIN ISO 9277) on a Quantachrome Autosorb-3 

instrument (Quantachrome GmbH & Co, Odelzhausen, Germany).  
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S2.2. Cry1Ab-SiO2 adsorption by solution depletion experiment  

The total added masses of Cry1Ab and SiO2 were mCry1Ab= 18 ng and mSiO2
 (= 2.7 

mg), respectively. The highest possible surface coverage of Cry1Ab " was:  

! =
mCry1Ab

mSiO2
" ASiO2 "mmonolayer

# 0.6‰
 Eq. S1 

, where, ASiO2  (= 3.6 m2 g-1) is the specific surface area of the SiO2 particles 

(determined by N2 BET, section S2.1), and mmonolayer (" 300 ngCry1Ab cm-2) is the 

estimated adsorbed mass of Cry1Ab in a complete monolayer (1). Therefore, there 

was a large excess of SiO2 surface area during the adsorption experiment. 

 

Experimental buffer solutions. pH- and I-adjusted solutions of pH 5.5 (3 mM acetate), 

6.0, 6.5, 7.0 7.4, 7.8 (all 3mM phosphate) and ionic strengths of I= 10 mM and I= 50 

mM (adjusted by NaCl) were prepared. All chemicals were analytical grade from 

Sigma-Aldrich, MO. 

Preparation of particle suspensions. To equilibrate the particles to the experimental 

buffers, 24±0.3 mg of SiO2 particles were transferred into 15-mL polypropylene 

centrifuge tubes (TPP, Trasadingen, Switzerland) with 8 mL of pH- and I-adjusted 

buffers, and shaken overnight. The tubes were centrifuged at 5000 RPM, 

corresponding to > 2500#g, for 10 minutes (Eppendorf Centrifuge 5804 R with an 

Eppendorf A-4-44 rotor; Eppendorf AG, Hamburg, Germany). 5 mL of the particle-

free supernatant solution were withdrawn and discarded and replaced by 5 mL of 

freshly prepared pH- and I-adjusted solution. The particles were then re-suspended via 

vortexing. Following re-suspension, 900 !L of the particle suspension was pipetted 

into the 2-mL tube used for the solution depletion experiment (Protein LoBind). The 

preparation and addition of Cry1Ab to these SiO2 particle suspensions are 

subsequently described.  

Preparation of Cry1Ab solutions. pH- and I-adjusted Cry1Ab solutions of 20 ngCry1Ab 

mL-1 were prepared from aliquots of the 100 !g mL-1 aqueous Cry1Ab stock solution 

(see section S1.1, SI). A stock was thawed for 3 min via sonication at 25-30°C. A 

volume of 10 !L was pipetted from the stock into 50 mL of a pH- and I-adjusted 
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solution in a polypropylene centrifuge tube (TPP, Trasadingen, Switzerland), 

followed by vigorous vortexing for 10 seconds.  

The exact Cry1Ab concentration of the aqueous solution, and hence the exact mass of 

Cry1Ab transferred to the solution depletion experiment, was quantified by ELISA. 

To this end, 900 !L of the pH- and I-adjusted Cry1Ab solution was pipetted into 900 

!L of two-fold concentrated phosphate buffered saline containing Tween® 20 (PBST, 

preparation see section S3.1, SI) in a 2-mL polypropylene tube (Eppendorf AG, 

Hamburg, Germany). Five replicate tubes were prepared for each buffered Cry1Ab 

solution. Details on the ELISA are provided in section S3.2. 

Experimental procedure. 900 !L of the pH- and I-adjusted Cry1Ab solution were 

pipetted into the 900 !L of SiO2 particle suspension in the 2-mL Protein LoBind tube, 

followed immediately by vortexing for 10 seconds to ensure rapid and complete 

mixing of the protein and the sorbent. The initial Cry1Ab solution concentration was 

10 ngCry1Ab mL-1 Cry1Ab and the concentration of SiO2 particles was 1.5 mgparticles 

mL-1. The tubes were then placed on an overhead shaker and agitated for 1h. Five 

replicate tubes were prepared for each pH and I combination. 

After 1 h of agitation, the final solution phase concentration of Cry1Ab was 

quantified by ELISA. To this end, 150 !L of the SiO2 suspension were pipetted into a 

0.5-mL Protein LoBind tube (Eppendorf AG, Hamburg, Germany) and were 

centrifuged for 4 min at >7000#g. Subsequently, 90 !L  of the supernatant solution 

were transferred to the test wells of a 96 well ELISA plate (PathoScreen® Cry1Ab-

Cry1Ac kit; Agdia Incorporated; Elkhart, IN), previously loaded with 10 !L of 10-

fold concentrated PBST (preparation see section S3.1). In addition to the samples of 

the solution depletion experiments, the ELISA plate was also loaded with 15 Cry1Ab 

concentration standards (100 !L each; 0.1 to 18 ngCry1Ab mL-1, prepared in PBST) and 

a blank (100 !L). The amount of Cry1Ab in each well was quantified as described in 

detail in section S3.2. The adsorbed fraction of the total added Cry1Ab was calculated 

indirectly via mass balance. 

The remaining suspension in the 2-mL Protein LoBind tube was centrifuged for 4 min 

at >7000#g and the pH was measured in the supernatant. 

Control experiments (data not shown) were run to estimate the loss of Cry1Ab to the 

tube walls. To this end, the decrease in Cry1Ab concentrations over time was 
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followed in the presence and in the absence of SiO2 particles in Protein LoBind tubes. 

The results showed that losses to tube walls were small from pH 5 to pH 6 at I= 50 

mM and from pH 5 to pH 7 at I=10 mM. The results also indicate that a significant 

fraction of the total added Cry1Ab adsorbed to the tubes at pH> 7 at I= 50 mM and at 

pH 8 and I= 10 mM. This implies that we overestimated the fractions of adsorbed 

Cry1Ab to the total added Cry1Ab at pH> 7 and I= 50 mM and at pH 7.8 at I= 10 mM 

in Figure 1h of the manuscript. That is, the effect of pH- and I on Cry1Ab adsorption 

to SiO2 was even more pronounced as depicted in Figure 1h. 

Section S3. Cry1Ab quantification by enzyme linked immunosorbent assay (ELISA)  

S3.1. Phosphate buffered saline with Tween 20 (PBST). ELISA quantification 

required phosphate buffered saline (PBST), which contained 8.00 g/L NaCl, 1.15 g/L 

HNa2PO4, 0.20 g/L KCl, 0.50 g/L Tween® 20 (all Sigma-Aldrich, MO), 0.20 g/L 

KH2PO4 (Merck, Darmstadt, Germany). All chemicals were analytical grade. All salts 

were dissolved in de-ionized water (DI; >18 M! cm-1 resistivity). Tween® 20 was 

dissolved separately and then added to the salt solution. All PBST solutions were used 

within 3 days of preparation. For two-fold and ten-fold concentrated PBST, the 

above-specified masses were dissolved in 500 mL and 100 mL of DI, respectively.  

S3.2. Enzyme-linked immunosorbent assay (ELISA). Cry1Ab/Ac specific antibody 

coated ELISA plates (PathoScreen® Cry1Ab-1Ac kit; Agdia Incorporated; Elkhart, 

IN) were loaded with 100 µL of Cry1Ab samples in PBST and subsequently 

incubated at 23±2°C on an orbital shaker for 1.5 h (300 rpm with 1.5 mm shaking 

orbital). The wells were then emptied, re-filled with PBST, and the plates were 

allowed to sit for one minute. This washing procedure was repeated four times to 

remove all Cry1Ab that was not antibody-bound. To form the antigen-antibody-

antigen sandwich complex, 100 !L of peroxidase enzyme conjugated sandwich 

antibody solution was added to each well and incubated for 1.5 h on the orbital shaker 

(see above). Plates were then again washed as described above. Finally, 100 !L of a 

tetramethylbenzidine substrate solution were added to each well. Substrate conversion 

(development of a blue-colored product) was monitored over time immediately after 

addition of the substrate, and after an additional 4, 8, and 12 min of reaction by 

spectrophotometry at 650 nm (25°C; intermittent shaking; on a Synergy HT plate 

reader, Biotek, Winooski, VT). Each ELISA plate contained a set of 15 Cry1Ab 
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concentration standards (0.1 to 18 ng Cry1Ab mL-1) and a blank. After 15 min of 

reaction, 50 µL of 3M H2SO4 were added to stop the reaction. Acid addition resulted 

in the protonation of the conversion product which increased the absorbance and 

shifted the absorbance maximum to a wavelength of 450 nm (yellow), at which 

absorbance was again measured. 

A calibration curve of absorbance versus Cry1Ab concentration was obtained by 

fitting a logistic function to the 15 Cry1Ab concentration standards and the blank: 

A(cCry1Ab ) = A0 +
b

1+
cCry1Ab
c

!
"#

$
%&

d  Eq. S2 

, where A is the absorbance, cCry1Ab is the Cry1Ab concentration (ng mL-1), A0 is the 

measured absorbance of the blank, and b, c (ng mL-1), and d are fitting parameters. 

This calibration curve was solved for cCry1Ab to calculate the Cry1Ab concentrations 

of the samples from their respective absorbances. 

Results and Discussion 

Section S4. Effect of pH and I on protein adsorption 

Figure S2 shows representative QCM-D plots of Cry1Ab, BSA, and HEWL 

adsorption to SiO2 and to PLL at pH 5 to pH 8 at I= 10 mM. Figure S3 shows 

representative OWLS plots of Cry1Ab and BSA adsorption to SiO2 and to PLL at pH 

5 and pH 7 at I= 10 mM. pH- dependent adsorption of Cry1Ab to SiO2 at I= 250 mM, 

which was studied only by QCM-D, is shown in Figure S4. 

Tables S1 (QCM-D) and S2 (OWLS) summarize the numeric results for adsorption of 

Cry1Ab and the reference proteins BSA and HEWL to SiO2 and PLL at ionic 

strengths I= 10 mM (this work) and at I= 50 mM (companion paper (1)). 

Part of the data is plotted in Figures S5 and S6, which show the effect of pH and I on 

the adsorption efficiencies, !, and the final adsorbed masses, !mQCM-D
final  and !mOWLS

final , 

of Cry1Ab, and of the reference proteins to both SiO2 and PLL. 
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Figure S2. Representative QCM-D experiments of the adsorption of Cry1Ab and of 
the reference proteins bovine serum albumin (BSA) and hen egg white lysozyme 
(HEWL) to SiO2 and poly-L-lysine (PLL) at an ionic strength I= 10 mM at pH 5 to 
pH 8. !mQCM-D is the "wet" mass of adsorbed protein. Dashed vertical lines represent 
changes from solution containing no protein (S) to solution containing protein 
(S+protein), back to solution without protein (S) (i.e., rinsing). The protein 
concentrations were 10 µg mL-1 and the volumetric flow rates were 20 µL min-1. a,b. 
Adsorption of Cry1Ab to SiO2 and PLL, respectively. c,d. Adsorption of BSA to SiO2 
and PLL, respectively. e,f. Adsorption of HEWL to SiO2 and PLL, respectively. The 
wet masses, !mQCM-D, were calculated by the Sauerbrey relation, which was 
applicable in all cases except for Cry1Ab adsorption to SiO2 at pH 5 and to PLL at 
pH 8.  
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Figure S3: Representative OWLS adsorption experiments at I= 10 mM of Cry1Ab to 
SiO2 at pH 5 to pH 8 (a) and to PLL at pH 5 and pH 7 (b) and of the reference protein 
bovine serum albumin (BSA) to PLL at pH 7 (c). !mOWLS is the absolute ("dry") mass 
of adsorbed protein. Dashed vertical lines represent changes from solution containing 
no protein (S) to solution containing protein (S+protein), back to solution without 
protein (S) (i.e., rinsing). The protein concentrations were 10 µg mL-1 and the flow 
rates were 50 µL min-1 (wall shear rate of 2.5 s-1 (1)). 
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Figure S4. QCM-D experiment for the interaction of Cry1Ab and SiO2 at an ionic 
strength I= 250 mM at pH 5 to pH 8. !mQCM-D is the "wet" mass of adsorbed protein. 
Dashed vertical lines represent changes in from solution containing no Cry1Ab (S) to 
solution containing Cry1Ab (S+Cry1Ab), back to solution without Cry1Ab (S). The 
Cry1Ab concentrations were 10 µg mL-1 and the flow rates were 20 µL min-1. The 
absence of an increases in !mQCM-D showed that Cry1Ab did not adsorb to SiO2 at I= 
250 mM, irrespective of the pH. 



   

 

Table S1. Compilation of QCM-D data. Initial adsorption rates kads (in ng cm-2 min-1 and in Hz min-1), adsorption efficiencies !, and final adsorbed amounts, !mQCM-D
final , and final frequency shifts, -!f final. The 

volumetric flow rates were 20 µL min-1 and the protein concentration were 10 µg mL-1. kads that were smaller than the limit of quantification of 0.6 ng cm-2 min-1 (0.03 Hz min-1) are in italic font. Number of 
replicates: a= 2, b= 3, c= 4, d= 5; * = Sauerbrey relation not applicable as film were highly dissipative; † = Adsorption did not level off during the experiment; underlined kads values corresponded to the 
transport-limited initial adsorption rates, kads

max , used to calculate ! = kads " (kads
max )#1 . I= 10 mM data are from this work, I= 50 mM data are from the companion paper (1). 

Protein Surface Ionic strength (mM) 
Initial net adsorption rate kads (ng cm-2 min-1) 

(Initial net adsorption rate kads (Hz min-1)) 
Adsorption efficiency !  

Final adsorbed mass !mQCM-D
final  (ng cm-2) 

(Final frequency shift -!ffinal (Hz)) 

   pH 5 pH 6 pH 7 pH 8 pH 5 pH 6 pH 7 pH 8 
Cry1Ab 

 
 

SiO2 
 

50 
 
 

37.8 ± 5.6 
(2.14 ± 0.32) 

1.000 ± 0.148d 

14.5 ± 5.9 
(0.82 ± 0.33) 

0.384 ± 0.155d 

1.7 ± 1.2 
(0.09 ± 0.07) 

0.044 ± 0.031d 

0.54 ± 0.30 
(0.03 ± 0.02) 

0.014 ± 0.008c 

620 ± 69d 
(35.0 ± 3.9) 

216 ± 41d 
(12.2 ± 2.3) 

51 ± 45d 
(2.9 ± 2.5) 

15 ± 10c 
(0.9 ± 0.6) 

 
SiO2 

 
 

10 
 
 

60.7 ± 1.5 
(3.43 ± 0.09) 

1.607 ± 0.041b 

34.7 ± 4.6 
(1.96 ± 0.26) 

0.917 ± 0.123b 

36.6 ± 6.5 
(2.07 ± 0.37) 

0.969 ± 0.172b 

29.7 ± 1.8 
(1.68 ± 0.10) 

0.785 ± 0.047b 

1897 ± 294b†* 
(107.2 ± 16.6) 

1300 ± 71b 
(73.5 ± 4.0) 

763 ± 13b 
(43.1 ± 0.7) 

363 ± 51b 
(20.5 ± 2.9) 

 
PLL 

 
 

50 
 
 

9.2 ± 2.0 
(0.52 ± 0.11) 

0.243 ± 0.052b 

35.5 ± 0.9 
(2.00 ± 0.05) 

0.939 ± 0.024b 

35.8 ± 1.8 
(2.02 ± 0.10) 

0.948 ± 0.048b 

38.3 ± 2.8 
(2.16 ± 0.16) 

1.013 ± 0.074a 

253 ± 25b 
(14.3 ± 1.4) 

599 ± 37c 
(33.9 ± 2.1) 

646 ± 20b 
(36.5 ± 1.1) 

735 ± 23a 
(41.5 ± 1.3) 

 
PLL 

 
 

10 
 
 

40.3 ± 3.0 
(2.28 ± 0.17) 

1.067 ± 0.081a 

30.9 ± 2.4 
(1.74 ± 0.13) 

0.817 ± 0.063b 

35.0 ± 0.2 
(1.98 ± 0.01) 

0.926 ± 0.006a 

56.7 ± 10.0 
(3.20 ± 0.56) 

1.500 ± 0.264a 

461 ± 49a 
(26.1 ± 2.8) 

693 ± 43b 
(39.1 ± 2.4) 

999 ± 56a 
(56.5 ± 3.2) 

2428 ± 269a*† 
(137.2 ± 15.2) 

BSA 
 
 

SiO2 

 
 

50 
 
 

27.0 ± 11.2 
(1.53 ± 0.64) 

0.339 ± 0.141c 

6.5 ± 1.2 
(0.37 ± 0.07) 

0.082 ± 0.014c 

1.0 ± 0.2 
(0.06 ± 0.01) 

0.013 ± 0.003c 

0.33 ± 0.09 
(0.02 ± 0.01) 

0.004 ± 0.001b 

586 ± 65c 
(33.1 ± 3.7) 

517 ± 28c 
(29.2 ± 1.6) 

201 ± 16b† 
(11.3 ± 0.9) 

58 ± 15a† 
(3.3 ± 0.8) 

 
SiO2 

 
 

10 
 

48.1 ± 3.6 
(2.72 ± 0.20) 

0.603 ± 0.045c 

6.1 ± 1.4 
(0.34 ± 0.08) 

0.076 ± 0.017c 

1.3 ± 0.2 
(0.07 ± 0.01) 

0.016 ± 0.003c 

0.09 ± 0.04 
(0.01 ± 0.00) 

0.001 ± 0.001c 

690 ± 33c 
(39.0 ± 1.9) 

509 ± 20c 
(28.8 ± 1.1) 

229 ± 4c† 
(12.9 ± 0.2) 

18 ± 10c† 
(1.0 ± 0.6) 

 
PLL 

 
 

50 
 
 

45.8 ± 23.3 
(2.58 ± 1.31) 

0.574 ± 0.292c 

69.8 ± 20.0 
(3.94 ± 1.13) 

0.874 ± 0.251b 

79.8 ± 7.8 
(4.51 ± 0.44) 

1.000 ± 0.098b 

70.3 ± 9.2 
(3.97 ± 0.52) 

0.881 ± 0.115b 

539 ± 76c 
(30.5 ± 4.3) 

681 ± 8b 
(38.5 ± 0.4) 

725 ± 39b 
(40.9 ± 2.2) 

742 ± 9b 
(41.9 ± 0.5) 

 
PLL 

 
 

10 
 
 

71.7 ± 11.3 
(4.05 ± 0.64) 

0.899 ± 0.141b 

77.4 ± 11.4 
(4.37 ± 0.64) 

0.970 ± 0.143b 

74.9 ± 6.1 
(4.23 ± 0.35) 

0.939 ± 0.077b 

80.6 ± 15.0 
(4.56 ± 0.85) 

1.011 ± 0.188b 

676 ± 60b 
(38.2 ± 3.4) 

734 ± 76b 
(41.5 ± 4.3) 

679 ± 25b 
(38.4 ± 1.4) 

679 ± 11b 
(38.4 ± 0.6) 

HEWL 
 
 

SiO2 

 
 

50 
 
 

35.1 ± 5.6 
(1.98 ± 0.32) 

1.318 ± 0.209b 

31.7 ± 6.9 
(1.79 ± 0.39) 

1.189 ± 0.257b 

26.7 ± 5.6 
(1.51 ± 0.32) 

1.000 ± 0.210b 

26.8 ± 0.5 
(1.51 ± 0.03) 

1.004 ± 0.017c 

267 ± 19b 
(15.1 ± 1.1) 

257 ± 6b 
(14.5 ± 0.4) 

311 ± 18b 
(17.6 ± 1.0) 

330 ± 17c 
(18.7 ± 1.0) 

 
SiO2 

 
 

10 
 
 

33.9 ± 5.4 
(1.92 ± 0.31) 

1.272 ± 0.204b 

27.6 ± 2.8 
(1.56 ± 0.16) 

1.036 ± 0.105b 

24.8 ± 1.6 
(1.40 ± 0.09) 

0.932 ± 0.060b 

26.4 ± 2.2 
(1.49 ± 0.13) 

0.991 ± 0.084b 

278 ± 10 b 
(15.7 ± 0.6) 

320 ± 6b 
(18.1 ± 0.4) 

353 ± 1b 
(20.0 ± 0.1) 

369 ± 11b 
(20.8 ± 0.6) 

 
PLL 

 
 

50 
 
 

0.47 ± 0.14 
(0.03 ± 0.01) 

0.017 ± 0.005a 

0.48 ± 0.02 
(0.03 ± 0.00) 

0.018 ± 0.001a 

0.65 ± 0.08 
(0.04 ± 0.00) 

0.024 ± 0.003a 

0.85 ± 0.17 
(0.05 ± 0.01) 

0.032 ± 0.006a 

28 ± 13a† 
(1.6 ± 0.7) 

38 ± 9a† 
(2.2 ± 0.5) 

51 ± 18a† 
(2.9 ± 1.0) 

58 ± 6a† 
(3.3 ± 0.4) 

 
PLL 

 
 

10 
 
 

0.83 ± 0.39 
(0.05 ± 0.02) 

0.031 ± 0.015b 

0.92 ± 0.06 
(0.05 ± 0.00) 

0.035 ± 0.002b 

1.12 ± 0.22 
(0.06 ± 0.01) 

0.042 ± 0.008b 

1.32 ± 0.29 
(0.07 ± 0.02) 

0.050 ± 0.011b 

54 ± 19b† 
(3.0 ± 1.1) 

74 ± 12b† 
(4.2 ± 0.7) 

82 ± 3b† 
(4.6 ± 0.2) 

92 ± 25b† 
(5.2 ± 1.4) 



 

 

 

 

 

Table S2. Compilation of OWLS data. Initial net adsorption rates kads (ng cm-2 min-1), adsorption efficiencies !, and final adsorbed masses !mOWLS
final . The volumetric flow 

rates were 50 µL min-1 and the protein concentrations were 10 µg mL-1. Number of replicates: a= 2, b= 3, c= 4. Underlined kads values corresponded to the transport-
limited initial adsorption rates, kads

max , used to calculate ! = kads " (kads
max )#1 . The I= 10 mM data are from this work, the I= 50 mM data are from the companion paper (1). 

Protein Surface Ionic strength (mM) 
Initial net adsorption rates kads (ng cm-2 min-1) 

Adsorption efficiency !  
 

Final adsorbed mass, !mOWLS
final  (ng cm-2) 

   pH 5 pH 6 pH 7 pH 8 pH 5 pH 6 pH 7 pH 8 

Cry1Ab 
 
 

SiO2 

 
 

50 
 
 

43.8 ± 1.7a 
1.000 ± 0.039 

4.0 ± 2.7a 
0.091 ± 0.061 

0.2 ± 0.2b 
0.004 ± 0.003 

0.1 ± 0.1c 
0.001 ± 0.002 245 ± 15b 24 ± 1a 4 ± 4b 1 ± 3b 

 
SiO2 

 
 

10 
 
 

38.2 ± 1.9a 
0.872 ± 0.043 

19.9 ± 1.4a 
0.455 ± 0.033 

19.2 ± 0.4c 
0.438 ± 0.010 

13.4 ± 4.6c 
0.305 ± 0.105 

411 ± 27a† 405 ± 15b 216 ± 8a 69 ± 40d 

 
PLL 

 
 

50 
 
 

17.5 ± 1.8b 
0.400 ± 0.042  38.1 ± 4.0a 

0.868 ± 0.091  141 ± 14b  298 ± 1a  

 
PLL 

 
 

10 
 
 

33.1 ± 2.4c 
0.754 ± 0.055  34.4 ± 2.0a 

0.784 ± 0.046  216 ± 62d  346 ± 5a  

BSA 
 
 

SiO2 

 
 

50 
 
 

26.2 ± 3.3a 

0.546 ± 0.068 
 0.8 ± 0.2a 

0.017 ± 0.005 
 210 ± 15a  18 ± 4a†  

 
PLL 

 
 

10 
 
 

  48.0 ± 1.2a 

1.000 ± 0.025    260 ± 26a  

HEWL 
 
 

SiO2 
 
 

50 
 
 

64.4 ± 11.1a 

0.775 ± 0.134  83.2 ± 20.3a 

1.000 ± 0.244  133 ± 28b  195 ± 11b  
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Figure S5. Adsorption efficiencies, !, of Cry1Ab (a, d) and the reference proteins 
bovine serum albumin (BSA) (b, e) and hen egg white lysozyme (HEWL) (c, f) to 
SiO2 (upper panels, a, b, c) and to PLL (lower panels, d, e, f) at I= 10 mM (open 
symbols, this work) and I= 50 mM (full symbols, ref (1)), as determined by QCM-D 
(circles) and by OWLS (triangles).  
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Figure S6. Final adsorbed amounts !mQCM-D
final  and !mOWLS

final  of Cry1Ab (a, d) and the 

reference proteins bovine serum albumin (BSA) (b, e) and hen egg white lysozyme 
(HEWL) (c, f) as determined by QCM-D (circles) and OWLS (triangles) at I= 10 mM 
(open symbols, this work) and I= 50 mM (full symbols, companion paper (1)) to SiO2 
(upper panels, a, b, c) and PLL (lower panels, d, e, f). Additional symbols: * = The 
Sauerbrey equation did not apply due to high film dissipation. + = Rinsing with 
protein-free solutions was initiated before adsorption plateaued.  

 

Section S5. Quantification of dry mass of SiO2-adsorbed Cry1Ab on QCM-D 

QCM-D experiments at various Cry1Ab solution concentrations and at I= 10 mM, and 

pH 6, pH 7, and pH 8 were run to adsorb Cry1Ab to SiO2 to various final adsorbed 

masses, !mQCM-D
final . The systems were subsequently rinsed with Cry1Ab-free solutions 

of the same pH and I for a short time (< 2 min) to remove non-adsorbed Cry1Ab. 

When !mQCM-D started to decrease, the flow was stopped, and the sensors with 

adsorbed Cry1Ab were dismounted from the flow cells. The adsorbed Cry1Ab was 
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extracted in 5 mL of extraction buffer under sonication for 10 min. The extraction 

buffer was designed to yield quantitative extraction and consisted of phosphate 

buffered saline containing Tween® 20 (PBST) adjusted to pH 8.5 (by addition of 1 M 

NaOH); PBST composition see section S3.1, SI. The high pH and I of the extraction 

buffer, and the detergent Tween® 20 were chosen to facilitate Cry1Ab desorption 

from SiO2. The extracted amounts of Cry1Ab were quantified by enzyme-linked 

immunosorbent assay (ELISA) (PathoScreen® Cry1Ab/1Ac kit, Agdia Incorporated, 

Elkhart, IN), as described in section S3.2. 

Figure S7 shows the extracted “dry" masses of Cry1Ab (mextracted) as a function of the 

total QCM-D sensed “wet" masses (!mQCM-D) when the sensors were dismounted. 

Figure S7 shows that !mQCM-D > 750 ng cm-2 corresponded to mextracted > 410 ng cm-2, 

which is the calculated mass of an adsorbed Cry1Ab monolayer with the highest 

possible packing density of 0.9 (densest ellipsoid packing) with an end-on Cry1Ab 

orientation of the surface (1). Therefore, !mQCM-D > 750 ng cm-2 corresponded to 

more than a monolayer of Cry1Ab. The fraction of mextracted to !mQCM-D was ~0.5 at 

monolayer coverage of Cry1Ab (indicated by the grey bar at !mQCM-D= 600 to 700 ng 

cm-2), which was in agreement with the literature (2).  

 

 

Figure S7. Extracted absolute mass of Cry1Ab, mextracted (ng cm-2), as function of the 
total “wet” mass sensed by QCM-D, !mQCM-D. The error bars indicate standard 
deviations from at least triplicate samples. The grey bar at !mQCM-D= 600-700 ng cm-2 
represents the adsorbed "wet" mass that corresponds to a Cry1Ab monolayer. 
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Section S6. Cry1Ab film thicknesses on QCM-D sensors  

We estimated the thicknesses of the Cry1Ab films on SiO2 and PLL by modeling the 

resonant frequency shifts and dissipation data of the fundamental frequency and 

several overtones of the oscillation using a Voigt-based viscoelastic model (3). In a 

second approach, we treated the adsorbed films as thin and rigid such that the 

thicknesses could be calculated directly by dividing !mQCM-D by the density of the 

adsorbed film, which we assumed to be "film= 1.18 g cm-3. This density corresponds to 

the higher of two "film used in the companion paper (1) and corresponds to a water 

content of 41% by mass (protein density "protein= 1.35 g cm-3 (4). The modeled film 

thickness is not very sensitive to "film (1). The input parameters for the viscoelastic 

model were the densities of water ("water= 1.00 g cm-3) and of the adsorbed film ("film= 

1.18 g cm-3), and the dynamic viscosity of water (= 0.001 kg m-1 s-1 at 20°C). 

Data fitting was conducted with QTools software (Version 3.1.10.28, Biolin Scientific 

AB, Västra Frölunda, Sweden).  

Figure S8 shows the thicknesses of Cry1Ab films on SiO2 and PLL estimated by the 

viscoelastic model and calculated when treating the film as rigid and thin. Both 

approaches yielded comparable thicknesses at pH 6 to pH 8 on SiO2 and at pH 5 to 

pH 7 on PLL, indicating that the adsorbed films were indeed relatively rigid and that 

the Sauerbrey relation applied. With increasing pH the film thicknesses decreased on 

SiO2 and increased on PLL, consistent with the trend in !mQCM-D
final  and !mOWLS

final .  

At pH 5 on SiO2 and at pH 8 on PLL the calculated thicknesses based on the rigid-

film assumption of the highly dissipative films were 38% and 29% smaller than the 

film thicknesses estimated by viscoelastic modeling, respectively (Figure S8). 

Therefore, the films were not rigid, such that not the entire mass of the film coupled to 

the oscillation of the sensor (i.e., the Sauerbrey relation underestimated the true 

adsorbed protein mass). The fact that the films were highly dissipative and non-rigid 

indicates that the films had a high water content (5, 6), further supported by the 

finding that on SiO2, the adsorbed “wet mass” (!mQCM-D
final ) was much larger than the 

adsorbed “dry mass” (!mOWLS
final ). 
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The films on SiO2 at pH 5 and pH 6 and on PLL at pH 7 and pH 8 were thicker than 

the largest dimension of Cry1Ab of 7.6 nm (1), indicating bi- or multilayer 

adsorption.  

 

Figure S8. Estimated thicknesses of adsorbed Cry1Ab films on SiO2 (a) and poly-L-
lysine (PLL) (b), determined by viscoelastic modeling (full circles) or calculated by 
assuming a thin and rigid protein film. Error bars indicate ± one standard deviations 
of 3 and 2 replicate experiments on SiO2 and PLL, respectively. 

 

Section S7. Detailed analysis of two kinetic Cry1Ab adsorption regimes.  

At I= 10 mM Cry1Ab adsorption to SiO2 at pH 5 and pH 6 and to PLL at pH 7 and 

pH 8 exhibited two distinct kinetic regimes in QCM-D experiments (Figure S2a,b). 

For better visualization of the two kinetic regimes, the data in these figures are re-

plotted as moving averages of net adsorption rates k (ng cm-2 min-1) at a given 

adsorbed mass !m (Figures S9a,b). The moving average time interval was ±1 minute. 

The (non-averaged) net adsorption rate k is given by: 

k = d(!m)
dt  

Eq. S3
 

, where d(!m) , and dt, are the differences in the adsorbed mass and in the time, 

respectively, of two subsequent data points in the adsorption experiment. Moving 

averages were used to reduce scatter. 

For QCM-D experiments, k of Cry1Ab to SiO2 and PLL, increased to a first 

maximum and subsequently decreased and reached a first minimum at !mQCM-D= 470 

to 650 ng cm-2 (see arrows in Figures S9a,b). This adsorbed "wet" mass corresponded 
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to about the mass of a complete Cry1Ab monolayer. From the first minimum, k 

increased again at the onset of the second kinetic adsorption regime. k reached a 

second maximum at !mQCM-D= 700 to 1000 ng cm-2 and subsequently decreased 

monotonously to zero as !mQCM-D plateaued. 

 

 

Figure S9. Representative plots of adsorption rates, k, versus adsorbed "wet" masses, 
!mQCM-D, and "dry" masses, !mOWLS, of Cry1Ab to SiO2 (a, c) and poly-L-lysine 
(PLL) (b, d) at pH 5 (red), pH 6 (black), pH 7 (green), and pH 8 (blue). The arrows in 
panels a and b point at the !mQCM-D that corresponded to the local minimum of k. The 
scatter in k was reduced by a moving average over a time interval of ±1 min for 
QCM-D data and ±30 s for OWLS data. 

 

The decrease of k as !mQCM-D approached the mass of a complete Cyr1Ab monolayer 

likely reflected a minimum in the mass of water that "co-adsorbed" with each Cry1Ab 

molecule. This explanation is in agreement with the literature, which shows that the 

relative contribution of water mass to the total QCM-D sensed film mass decreases 
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from low to monolayer surface coverage (2, 5). OWLS, which does not sense protein 

associated water, did not show biphasic adsorption kinetics (Figure S9c,d re-plotted 

from Figure S3a,b). 

The finding that the transition from the first to the second kinetic regime occurred at 

around monolayer adsorption further supports that Cry1Ab molecules adsorbed as 

monomers.  

Section S8. Effect of pH cycling on Cry1Ab adsorption to SiO2 

Figure S10 shows the changes in Cry1Ab adsorbed wet mass, !mQCM-D, induced by 

cycling the solution pH between pH 6 and pH 7, while maintaining constant Cry1Ab 

concentrations (= 10 µg mL-1) and ionic strength of I= 10 mM. At pH 6, adsorption 

plateaued at !mQCM-D
final ! 1300 ng cm-2, which corresponded to a Cry1Ab multilayer. At 

pH 7, adsorption plateaued at !mQCM-D
final ! 700 ng cm-2, which corresponded to 

approximately a complete monolayer of Cry1Ab. Inter-conversion of the two systems 

by pH cycling indicates that Cry1Ab-Cry1Ab interactions were reversible to a large 

extent.  

 

Figure S10. Alternating adsorption of Cry1Ab to SiO2 at pH 6 (black) and pH 7 
(green) while maintaining a constant Cry1Ab concentration (10 µg mL-1) and an ionic 
strength I= 10 mM. In cell 1, the solution pH was changed from pH 6 (black), to pH 7 
(green), back to pH 6 (black). In cell 2, the order was reversed. The volumetric flow 
rate was 20 µL min-1. 
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Section S9. Concentration-dependence and reversibility of Cry1Ab adsorption to 

SiO2 at pH 7 and ionic strength I= 10 mM. 

Figure S11 shows the concentration dependent adsorption and desorption of Cry1Ab 

to SiO2 at pH 7 and I= 10 mM. Initial adsorption rates, kads, and final adsorbed mass at 

which adsorption plateaued, !mQCM-D
final , increased with increasing Cry1Ab solution 

concentration. Rinsing the sensors with protein-free solutions while maintaining 

constant pH 7 and I= 10 mM resulted in a pronounced decrease in !mQCM-D, 

demonstrating that adsorption was highly reversible. It is important to note that the 

relative differences in the absolute mass of adsorbed Cry1Ab were larger than the 

reative differences in !mQCM-D
final , as the contribution of protein mass to the total QCM-

D sensed mass increases from about 10% at low surface coverage (only a few 

adsorbed protein molecules) to about 50% in a complete Cry1Ab monolayer.  

 

 

Figure S11. Concentration-dependent adsorption of Cry1Ab to SiO2 at pH 7 and ionic 
strength I= 10 mM. The numbers close to the plot lines represent Cry1Ab solution 
concentrations in µg mL-1. Adsorption was highly reversible as rinsing the sensors 
with Cry1Ab-free solutions of same pH and I as during adsorption (initiated at the 
second vertical dashed line) resulted in a prononced decrease in the adsorbed mass, 
!mQCM-D. 
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Section S10. Protein surface electrostatic potentials  

Protein electrostatic isopotential surfaces of ±1 kBT/e were calculated from the 

following crystallographic data files: 1CIY (7) for Cry1Ab, 1AO6 (8) for BSA, and 

1HEL (9) for HEWL (PDB code files, accessed via http://www.pdb.org, October 

2009). 1CIY is the PDB code for Cry1Aa, which has 88% sequence identity to 

Cry1Ab, and 1AO6 is the PDB code for human serum albumin, which has 76% 

sequence homology to BSA. For details, refer to the supporting information of (1). 

The graphical representations of the isopotential surfaces are shown in Figure S12. 

Calculation of surface charges with the PDB2PQR program. All unnecessary 

information was removed from the PBD files including header, remarks, 

heteromolecules, and water molecules. The PDB code 1AO6 is for a HSA dimer. 

Only chain A was taken for potential calculations, while all data for chain B was 

deleted. Following these modifications, the PDB files were converted to PQR files 

using PDB2PQR (10, 11) version 1.5 on http://pdb2pqr-2.wustl.edu/pdb2pqr/ 

(accessed October, 2009), using force field AMBER99 (12) with the internal naming 

scheme, and PROPKA (13) to assign the pH-dependent protonation states. The other 

parameters were left to the default settings. 

Calculation and visualization of isopotential surfaces. The electrostatic potentials 

were calculated using the adaptive Poisson-Boltzmann solver (APBS) (14) by loading 

the PQR file into the visualization program Visual Molecular Dynamics (VMD; 

Version 1.8.7, on MacOS X OpenGL, Intel x86) (15) 

(http://www.ks.uiuc.edu/Research/vmd/) and using the APBS plugin (version 1.1). 

The relative dielectric constants of protein and water were set to 4 and 80, 

respectively. The system temperature was set to 293.15 K, and the mesh lengths for 

both coarse and fine grid were 170, 145, 195 Å in x, y, and z direction, respectively. 

All other parameters were kept at the default settings.  



  

 

 

Figure S12. The surface potentials of Cry1Aa (PDB: 1CIY (7), used as model for Cry1Ab), human serum albumin (HSA) (PDB: 1AO6 (8) used 
as model for bovine serum albumin (BSA)) and hen egg white lysozyme (HEWL) (PDB: 1HEL (9)) at pH 5 to pH 8 and at ionic strengths of  I= 
10 to 50 mM (all) and 250 mM for Cry1Aa. The potentials are depicted as isopotential surfaces of -1 kBT/e (= -101 mV) in red, and +1 kBT/e (= 
+101 mV) 
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Section S11. Effect of pH and I on the desorption rates of Cry1Ab from SiO2  

Figures 1e and 1f in the manuscript show the effect of pH and I on the desorption 

rates of Cry1Ab from SiO2, that was adsorbed at pH 6 and pH 7. The corresponding 

desorption rates are given in Tables S3 and S4. The desorption rates were obtained by 

fitting the initial decrease in !mQCM-D versus time following buffer rinsing, according 

to: 

 Eq. S4 

where !t is the time interval during buffer rinsing over which the decrease in !mQCM-D 

was linear, and !(!mQCM-D) is the difference in the QCM-D sensed mass in the time 

interval !t. 

 

Table S3. Effect of solution pH on the desorption rates kdes of Cry1Ab that was 
adsorbed to SiO2 at pH 6 and I= 10 mM. With increasing pH from pH 6 to pH 9 
during buffer rinsing, kdes increased by almost two orders of magnitude. 
 

pH during rinsing  kdes (ng cm-2 min-1) 

6 -6 

7 -42 

8 -173 

9 -425 

 

kdes =
! !mQCM-D( )

!t
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Table S4. Effect of changes in the ionic strength on the desorption rates, kdes, of 
Cry1Ab that was adsorbed to SiO2 at pH 6 and pH 7. At both pH, kdes was more than 
20-fold higher when rinsing with a 50 mM than a 10 mM buffer. 
 

pH kdes (ng cm-2 min-1)  

I= 10 mM 

kdes (ng cm-2 min-1) 

I= 50 mM 

6 -8 -195 

7 -16 -200 
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Abstract 

Bt crops are genetically modified to be resistant against insect pests by expressing 

insecticidal Cry proteins. The processes governing the fate and bioavailability of the 

expressed transgenic Cry proteins in soils are poorly understood. We studied 

adsorption of Cry1Ab to negatively charged silica (SiO2) particles, a major soil 

constituent and a model for negatively charged mineral surfaces, at pH 5 to 10 and 

ionic strengths I= 10 mM to 250 mM, both in solution depletion and saturated column 

transport experiments. Cry1Ab-SiO2 interactions were dominated by patch-controlled 

electrostatic attraction (PCEA), as evident from increasing Cry1Ab attraction to SiO2 

with decreasing I at pH at which both Cry1Ab and SiO2 were net negatively charged. 

Experimental and modeling evidence is provided that the surface heterogeneity of 

SiO2 particles modulated PCEA, leading to a fraction of adsorption sites with slow 

Cry1Ab desorption kinetics. Desorption rates from these sites increased upon 

increasing the solution pH. In toxicity bioassays, we demonstrated that Cry1Ab 

retained insecticidal activity when adsorbed to SiO2, suggesting high protein 

conformational stability during adsorption-desorption cycles. Models predicting 

Cry1A protein adsorption in soils therefore need to account for combined effects of 

the non-uniform protein surface charge distribution and of sorbent surface 

heterogeneity. 
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3.1 Introduction 

Transgenic Bt crops carry one or more gene sequences from the bacterium Bacillus 

thuringiensis that code for insecticidal Cry proteins (Bt toxins), which confer 

resistance to specific insect pests. While the global use of Bt crops is rapidly growing 

(1), the benefits and potential risks of Bt crop technology are still debated. Part of the 

discussion centers on the environmental fate of the insecticidal Cry proteins released 

by Bt crops to soils. Adsorption to soil particles, a key process that governs the 

dissipation, transport, and activity of Cry proteins in soils (2-5), remains only poorly 

understood at the molecular level.  

In earlier studies (6, 7) we demonstrated that patch-controlled electrostatic attraction 

(PCEA) governs the adsorption of Cry1Ab, a Cry protein expressed by commercially 

important Bt crops, to silica (SiO2) surfaces and poly-L-lysine films that served as 

models for charged polar sorbents. PCEA arises from the non-uniform charge 

distribution on the Cry1Ab surface. Domains I, II, and III have isoelectric points 

(IEP) of 4.7, 9.4 and 9.6, respectively, such that domain I carries a net negative 

charge, and domains II and III carry net positive charges at circumneutral pH (6). The 

‘patchy’ surface charge distribution leads to orientations of adsorbed Cry1Ab 

molecules on charged sorbents that result in Cry1Ab-sorbent electrostatic attraction 

(7). PCEA of Cry1Ab via its positively charged domains II and III toward SiO2 

resulted in strong adsorption at pH above the global protein IEPCry1Ab at which both 

protein and SiO2 were net negatively charged (7). PCEA has been shown to govern 

the adsorption behavior of other proteins with non-uniform surface charge 

distributions (e.g., (8, 9)). Furthermore, we provided evidence that Cry1Ab has a high 

conformational stability in adsorbed states such that conformational changes and the 

associated gain in protein conformational entropy contributed little (if at all) to 

Cry1Ab adsorption (6). 

The PCEA mechanism was derived based on the effects of pH, ionic strength, and 

sorbent properties on the kinetics and extents of Cry1Ab adsorption, as measured by 

two in situ adsorption techniques, quartz crystal microbalance with dissipation 

monitoring (QCM-D) and optical waveguide lightmode spectroscopy (OWLS) (6, 7). 

Adsorption conditions in these systems, however, differed from those in natural soils 

in several aspects. (i) Adsorption was studied to homogeneous, smooth, and planar 



Chapter 3: Effects on transport and activity 

 116 

sensor surfaces, while soil particles are heterogeneous in surface roughness, size, 

aspect ratio, and curvature. Effects of surface roughness and particle curvature on 

protein adsorption are well established (10, 11). (ii) Protein adsorption was studied in 

laminar slit flow cells under well-controlled mass transfer conditions for Cry1Ab to 

the adsorbent surface. Flow conditions in subsurface environments are more complex, 

involving microscopic gradients in flow velocity and flow path tortuosity at the grain 

scale. (iii) High volumetric flow rates of Cry protein solutions over the sensing 

surfaces in QCM-D and OWLS limited the possibility of repeated adsorption-

desorption cycles of Cry1Ab molecules. In soils, Cry proteins may reside in adsorbed 

states for extended time periods and proteins may undergo successive adsorption-

desorption cycles. Both processes have been shown to alter the conformations of 

certain other proteins, typically resulting in increasing protein adsorption and 

decreasing reversibility (12-14). (iv) The in situ adsorption techniques required 

relatively high Cry1Ab solution concentrations (a few !g mL-1), whereas Cry1Ab 

concentrations in soils are much lower (ng g-1 of soil) (2, 15). While we hypothesized 

that PCEA also holds true for Cry1Ab adsorption to polar and charged particle 

surfaces, as found in soils, experimental verification of the hypothesis is warranted 

based on the above-listed different conditions in the systems. Furthermore, while we 

speculated that Cry1Ab, due to its high conformational stability, remains bioactive 

when adsorbed to SiO2 surfaces, supportive experimental evidence was not provided.  

The goals of this study were, first, to identify the mechanism of Cry1Ab adsorption to 

different SiO2 particles under various mass transfer conditions and, second, to assess 

the insecticidal activity of SiO2-particle adsorbed Cry1Ab. To this end, we determined 

the effects of pH and I on the kinetics and extents of Cry1Ab adsorption to SiO2 

particles that differed in size, aspect ratios, and surface roughness, both in solution 

depletion experiments at environmentally relevant Cry1Ab solution concentrations 

and in column breakthrough studies under hydrodynamic flow. Columns were water 

saturated to exclude Cry1Ab adsorption to air-water interfaces. Finally, we conducted 

diet incorporation bioassays to compare the insecticidal activity of SiO2-particle 

adsorbed to non-adsorbed Cry1Ab. 
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3.2 Materials and Methods 

Cry1Ab protein and chemicals. Purified and lyophilized Cry1Ab protein (IEPCry1Ab " 

6.0; 66.6 kDa molecular weight) was obtained from M. Pusztai-Carey (Case Western 

Reserve University, Cleveland, OH). Details on the isolation, purification, the 

physicochemical properties of Cry1Ab, and on the preparation of Cry1Ab stock 

solutions are provided in ref (6). All chemicals were analytical grade (section S1, SI). 

Experiments were conducted using differently sized and shaped SiO2 particles with 

median hydrodynamic diameters d50= 3.4 !m and 0.82 !m (heterogeneous shape) 

(from Sigma Aldrich, St. Louis, MO, USA), d50= 0.097 !m (spherical) (Snowtex, 

Nissan Chemical Company, Houston, TX, USA), and using SiO2 glass beads 

(spherical) with d50= 73 !m and d> 212 !m (Sigma Aldrich, St. Louis, MO, USA). 

Different particles served to assess the effect of SiO2 surface variability on Cry1Ab 

adsorption. Details on the cleaning and characterization of the SiO2 particles and on 

the preparation of Cry1Ab solutions are provided in sections S2 and S3, SI, 

respectively.  

Solution depletion experiments were run with 3.4, 0.82, and 0.097 !m SiO2 particles 

(concentrations = 1.5 mg SiO2 mL-1) at ionic strengths I= 10 and 50 mM 

(adjusted with NaCl) in 2-mL tubes (Protein LoBind, Eppendorf AG, Hamburg, 

Germany). Cry1Ab solution concentrations, Caq, were quantified in the supernatant 

after centrifugation of tubes using enzyme-linked immunosorbent assay (ELISA) 

(Agdia; Elkhart, IN, USA) as described in (6).  

Adsorption kinetics. Cry1Ab solution was added to a suspension of 3.4 !m SiO2 

particles resulting in an initial Cry1Ab solution concentration = 5 ng mL-1. The 

decrease in Caq was followed over time. The data was fitted by a first order kinetic 

model with reversible Cry1Ab adsorption to both SiO2 (6, 7) and the tube walls 

according to: 

 Eq. 1 

where and  (both min-1) are the adsorption rate constants to SiO2 and tube 

surfaces,  and  (both min-1) are the desorption rate constants from SiO2 

and the tube,  and  (both ng cm-2) are the simulated concentrations of 

CSiO2

Caq
0

!Caq

!t
= " kaq-SiO2 + kaq-T( ) #Caq + kSiO2 -aq #SSiO2 #CSiO2 # ASiO2 + kT-aq #ST #

AT
Vaq

kaq-SiO2

kSiO2 -aq kT-aq

SSiO2 ST
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Cry1Ab adsorbed to the particle and the tube surfaces,  (mg mL-1) is the SiO2 

particle concentration, ASiO2 (cm2 mg-1) is the specific surface area of the particles, AT 

(cm2) is the inner surface area of a tube, and Vaq (mL) is the volume of solution per 

tube. Rate constants  and  were estimated in control experiments without 

SiO2 particles (details in section S4, SI). 

Apparent adsorption equilibrium. Cry1Ab was adsorbed to 3.4 !m particles at pH 4.5 

to 9.9 and I= 10 mM and 50 mM.  and the equilibration time were varied between 

5 to 50 ng mL-1 and 1 to 2 hours. The extent of adsorption was expressed as the 

adsorbed fraction (fads) of total added Cry1Ab, quantified via mass balance on  

and Caq after equilibration. Further details on the experimental setup are provided in 

section S4, SI.  

Cry1Ab elution experiments. Cry1Ab was adsorbed to >212 !m SiO2 beads in an 

excess volume of pH 5 and I= 50 mM solution in sealed borosilicate chromatography 

columns (Diba Industries, Danbury, CT, 50 mm length, 10 mm diameter). Care was 

taken during filling to avoid entrapment of air bubbles. The columns were gently 

agitated on a reciprocal shaker for 30 min. The adsorbed Cry1Ab concentration, 

determined by mass balance calculation on the initial and final Cry1Ab solution 

concentration, was between 15 and 22 ng cm-2. This adsorbed concentration was less 

than 10% of the calculated Cry1Ab monolayer concentration (6). Cry1Ab adsorption 

to the inner surface of the column was considered negligible, given that it was also 

made of SiO2 (i.e., similar adsorption characteristics as the beads) and that the surface 

area of the column was much smaller (~1%) than that of the beads in the column. 

Following agitation, the top and bottom seals were pushed toward each other in order 

to remove excess solution and to obtain a tight packing of the SiO2 beads. Teflon® 

tubing was used to connect the column inflow to a syringe filled with 10 mL protein-

free rinsing solutions and the column outflow to a fraction collector. A syringe pump 

(Codan Medical, Rødby, Denmark) was used to deliver solutions of pH 5 to 8 and I= 

50 mM through the columns at constant volumetric flow rates of 400 ± 5 !L min-1. 

The column effluent was collected in fractions of 605 !L, each of which was analyzed 

for Cry1Ab concentration. Further details on the experimental procedure are provided 

in section S5, SI.  

CSiO2

kaq-T kT-aq

Caq
0

Caq
0
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Column breakthrough experiments. 73 !m SiO2 beads were packed into borosilicate 

chromatography columns (Diba Industries, Danbury, CT, 50 mm length, 6.6 mm 

diameters) filled with de-ionized water to avoid entrapment of air bubbles during 

packing. The columns were sealed and connected as described above. Accurate 

column packing was verified by the symmetrical breakthrough of the tracer nitrate. 

Further detail on the column packing is given in section S6, SI. Subsequently, protein-

free solution (pH 5 to 8 at I= 50 mM, and for pH 7 additionally at I= 10 mM and 250 

mM) were run through the columns for > 10 pore volumes (PV). Cry1Ab adsorption 

was initiated by switching to solutions containing Cry1Ab at 7 to 10 !g mL-1, while 

maintaining constant pH and I. When the solution volumes in the syringe had 

decreased to < 2mL, syringes were replaced with syringes containing new Cry1Ab 

solutions. For each syringe, the initial and final Cry1Ab solution concentrations were 

quantified. Following adsorption, the columns were rinsed with protein-free solutions, 

while maintaining constant pH and I. Columns run at pH 5 to 7 were additionally 

rinsed with solutions of pH 8 and I= 50 mM. The volumetric flow rate was constant 

throughout each experiment at 400 ± 5 !L min-1. The column effluent was collected 

in fractions of 100 to 700 !L, each of which was analyzed for Cry1Ab concentration. 

Further details on the experimental procedure are provided in section S6, SI. 

Cry1Ab breakthrough was fitted by the advection-dispersion equation (see section S7, 

SI) coupled to 1- (1SM) or 2-sites (2SM) adsorption models of the form:  

 Eq. 2
 

where n = 1 and 2 are the types of adsorption sites. For n= 1 (1SM), only one type of 

adsorption site was assumed to be present on the SiO2 surface. For n= 2 (2SM), the 

two types of sites differed in the Cry1Ab adsorption and desorption rates. Caq 

(ng mL-1) is the Cry1Ab solution concentration, kads n, and kdes n (min-1) are the 

adsorption and desorption rates to and from site n, A (cm2 mL-1) is the surface area of 

SiO2 per volume of column, ! is the column porosity, and Sn and Smax n (ng cm-2) are 

the adsorbed and maximum adsorbed Cry1Ab concentrations in site n. The total 

maximum adsorbed concentration, , was fixed to 300 ng Cry1Ab cm-2, 

corresponding to a complete monolayer of adsorbed Cry1Ab (6). We additionally 

tested adsorption models that assume either (i) two separate populations of Cry1Ab 
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(e.g., molecules in the native and in an altered conformation) that compete for the 

same adsorption sites on SiO2 (two-states model; 2stM) and (ii) a transition of 

adsorbed Cry1Ab into a state with higher Cry1Ab-SiO2 affinity (transition model, 

transM) (details in section S7, SI). All models were fitted to the breakthrough data 

using aquasim 2.1b software (16). The quality of model fits were compared using the 

Bayesian information criterion (BIC) (17). More information is provided in section 

S7, SI.  

Insecticidal activity of adsorbed Cry1Ab was determined by diet incorporation 

bioassays using neonates of the susceptible test organism Ostrinia nubilalis (European 

Cornborer) (from INRA, Surgères, France). Cry1Ab was adsorbed to 0.82 !m SiO2 

particles at pH 6 and I= 10 mM and subsequently mixed into the insect diet. In a 

control, dissolved Cry1Ab was directly added to the diet. The final concentrations in 

both experiments ranged from 1 to 65 ng Cry1Ab g-1 diet. Two additional Cry1Ab-

free controls were run, with and without SiO2 particles. Larvae were placed in a 

climatic chamber (25 ± 1°C; 70 ± 2% relative humidity; 16h/8h light/dark cycle) for 

seven days, after which growth inhibition (GI) was determined as the toxicity end 

point, according to 

 Eq. 3 

where wt=0 (mg) are the initial weights of the neonates, and (mg) and  

(mg) are the weights of larvae after seven days feeding on Cry1Ab-free diet and on 

diet containing particle-adsorbed or directly added Cry1Ab. Regression analysis of 

dose-response curves using a 3-parameter sigmoidal model yielded EC50 values, the 

median effect concentrations relative to the Cry1Ab-free control group. The effect of 

adsorption on Cry1Ab activity was assessed by comparison of the EC50 values of 

particle-adsorbed and non-adsorbed Cry1Ab. Further experimental details are 

provided in section S8, SI. 

GI = 100% !
wt=7d
0 " wt=7d

Cry1Ab

wt=7d
0 " wt=0
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0 wt=7d
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3.3 Results and Discussion 

3.3.1 Solution depletion experiments 

Adsorption kinetics of Cry1Ab to 3.4 !m SiO2 particles at pH 5 to 8 and I= 50 mM 

and 10 mM are shown in Figure 1a and b, respectively. Initial adsorption rates were 

high in all systems, reflected by the rapid decrease in Caq. At pH 5 and both I and at 

pH 6 and I= 10 mM, >95% of added Cry1Ab was adsorbed to SiO2 within less than 

20 minutes. In all other systems, Caq leveled off at a non-zero value for > 1h, 

indicating attainment of apparent adsorption equilibrium. The final Caq increased and, 

therefore, Cry1Ab-SiO2 adsorption affinities decreased with increasing pH and I. 

Figure 1c shows the adsorption rate constants, , obtained by fitting Eq. 1 to the 

experimental data. At both I,  decreased with increasing pH. At pH 5, 

estimated  were similar at I= 10 mM and 50 mM, suggesting transport-limited 

adsorption as previously demonstrated for Cry1Ab adsorption to SiO2 QCM-D 

sensors and OWLS waveguides at this pH (6). At pH" 7, at which both protein and 

SiO2 carried net negative charges,  was larger at I= 10 mM than at 50 mM. 

Between pH 5 and 8,  decreased approximately 50-fold at I= 50 mM but only 

three fold at I= 10 mM. Note that Cry1Ab adsorption to the tubes was accounted for 

in the fitting of . At pH 7 and 8 and I= 50 mM the relatively large uncertainties 

in  reflected comparable adsorption rates to SiO2 and the tubes (Table S3, SI). 

At all other conditions, kaq-T were much smaller than . The non-negligible 

Cry1Ab adsorption to tubes at high pH and I highlights that care must be taken when 

interpreting the results from solution depletion experiments not complemented by 

controls to quantify adsorption to tube walls. Control experiments showed that losses 

to standard polypropylene test tubes and to glass vials were even higher than to the 

tubes used herein (data not shown). 

Apparent adsorption equilibrium. Figure 1d shows the adsorbed fraction of total 

added Cry1Ab, fads, to 3.4 !m SiO2 particles at I= 10 and 50 mM after 1 and 2 hours, 

respectively. The initial Cry1Ab concentration did not affect fads considerably, as the 

total added amounts of Cry1Ab were much smaller than the monolayer adsorption 

capacities of the particles. At pH< 5 and both I, all added Cry1Ab adsorbed to SiO2 

kaq-SiO2

kaq-SiO2

kaq-SiO2

kaq-SiO2

kaq-SiO2

kaq-SiO2

kaq-SiO2

kaq-SiO2
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(fads~ 1), consistent with fast and complete Cry1Ab adsorption in the kinetic 

experiments (Figure 1a,b). While fads decreased with increasing pH at both I, fads were 

larger at I= 10 mM than at 50 mM, including pH> IEPCry1Ab at which SiO2 and the 

protein carried net negative charges. Very similar pH- and I-dependences were 

observed for adsorption of Cry1Ab to SiO2 particles with different geometries and 

sources (section S9, SI), suggesting the same governing adsorption mechanism. 

The observed strong effects of pH and I on adsorption to SiO2 particles confirm our 

earlier results (6, 7) that electrostatic interactions dominate Cry1Ab adsorption to 

SiO2. The increase in the rates and the extents of Cry1Ab adsorption with decreasing I 

at pH> IEPCry1Ab, at which both Cry1Ab and SiO2 carried net negative charges, point 

clearly towards patch-controlled electrostatic attraction (PCEA) as major driving 

force: net negatively charged Cry1Ab adsorbed via positively charged domains II and 

III to SiO2 (Figure 1c). In contrast, a uniformly, net negatively charged protein is 

expected to exhibit a decrease in adsorption to SiO2 with decreasing I, due to 

increasing protein-SiO2 electrostatic repulsion. 

3.3.2 Cry1Ab elution experiments 

Increasing pH and I weaken PCEA and hence are expected to increase desorption 

rates and extents of Cry1Ab adsorbed to SiO2 particles. Consistently, Figure 1e shows 

that the fraction, fads, of the initially adsorbed Cry1Ab mass that remained adsorbed to 

the SiO2 particles during rinsing with protein-free solution decreased with increasing 

pH. While no Cry1Ab desorption was detectable at pH 5, fads decreased more rapidly 

with increasing pH of the rinsing solution at pH" 6. At pH 7 and 8, after an initial 

rapid decrease in fads, desorption slowed. Similar pH and I effects were found for 

Cry1Ab desorption from other SiO2 particles (section S9, SI).  

While the observed overall pH-trend is consistent with PCEA, desorption kinetics 

during rinsing were clearly biphasic and desorption at pH" 7 leveled off at fads> 0. 

Increasing the pH of the rinsing solution to pH 8 or 10 (arrows in Figure 1e) caused a 

further increase in the desorption rates. Yet, the rates were still biphasic, and 

desorption remained incomplete. The slow and incomplete desorption strongly 

suggests that a fraction of adsorbed Cry1Ab had a high affinity to the SiO2 particle 

surface. Furthermore, the data indicate increasing affinity of adsorbed Cry1Ab over 

time, as the decrease in fads during rinsing at pH 8 was more pronounced in the 
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column rinsed at pH 8 from the beginning as compared to the column initially rinsed 

at pH 5 for 27 PV (=54 min). These findings contrast with the completely reversible 

adsorption of Cry1Ab to smooth and planar SiO2 sensors in the in-situ adsorption 

experiments at pH" 6 and I= 50 mM (6). The observed differences in adsorption 

reversibility to particulate and to smooth, planar SiO2 surfaces were likely linked to 

differences in the sorbent surface properties. Physicochemical heterogeneity of the 

SiO2 particles surfaces likely modulated the strength of PCEA and may have resulted 

in a population of sites with high Cry1Ab affinity, leading to incomplete or slow 

protein desorption. Heterogeneity in the curvature and roughness of the SiO2 particles 

was apparent from their scanning electron microscopy images (Figure S2, SI). In 

addition, Cry1Ab molecules on the SiO2 particle surface may have slowly (time scale 

of hours) re-oriented or slightly altered their conformation to adapt to the surface 

roughness, resulting in strengthening of protein-sorbent interactions (12, 13). This 

process was probably absent on the planar, homogeneous QCM-D and OWLS sensors 

with low nanometer surface roughness. 
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Figure 1. a, b. Adsorption kinetics of Cry1Ab to 3.4 !m SiO2 particles at pH 5 to 8 
and ionic strengths I= 50 mM and 10 mM, respectively. Dotted lines serve to guide 
the eye. c. Cry1Ab adsorption rate constants to 3.4 !m SiO2 particles, , at I= 

10 mM (open symbols) and I= 50 mM (full symbols). Error bars represent standard 
errors of the fitted . The dashed vertical line at pH 6 represents the global 

isoelectric point of Cry1Ab (IEPCry1Ab). Insert: Cry1Ab oriented to SiO2 with 
positively charged domains II and III (DII and DIII). d. Fraction of total added 
Cry1Ab adsorbed to 3.4 !m SiO2 particles, fads, at pH 5 to 9 and I= 10 mM (open 
symbols) and I= 50 mM (full symbols). The initial Cry1Ab solution concentrations, 

, ranged from 10 to 50 ng mL-1. The adsorption times were 2 hours ( = 50 ng 

mL-1 (triangles), 25 ng mL-1 (circles), 10 ng mL-1 (squares)) and 1 h ( = 10 ng 

mL-1 (diamonds, data from (7)). The dashed vertical line at pH 6 represents the global 
isoelectric point of Cry1Ab (IEPCry1Ab). e. Fraction of initially adsorbed Cry1Ab 
(pH 5, I= 50 mM) that was retained on SiO2 beads (>212 !m diameter) in a column 
during rinsing with protein-free solutions of pH 5 to 8 (I= 50 mM). After 27 to 32 
pore volumes the pH of the rinsing solutions were increased to pH 8 or pH 10 (I= 50 
mM) (indicated by arrows). f. Growth inhibition, GI, of Ostrinia nubilalis larvae fed 
on artificial diet containing different concentrations of Cry1Ab, either adsorbed to 
SiO2 particles (circles, black lines) or non-adsorbed (i.e., directly added to the diet) 
(diamonds, gray lines). Error bars represent standard deviations in GI of 16 replicates. 
EC50 values (i.e., Cry1Ab concentration resulting in 50% GI) were determined by 
regression analysis (solid lines for fits and dashed lines for 95% confidence bands). 

 

 

 

3.3.3 Insecticidal activity of adsorbed Cry1Ab 

Irreversible adsorption, as observed for a fraction of Cry1Ab molecules adsorbed to 

SiO2 particles, may lower the bioavailability and activity of Cry1Ab in soils. Diet 

incorporation bioassays were conducted using neonates of Ostrinia nubilalis to 

estimate the availability and activity of Cry1Ab adsorbed to SiO2 particles. This 

approach yields conservative estimates because O. nubilalis not only has alkaline 

(pH" 10), high ionic strength (I> 200 mM) midgut conditions (18), which facilitate 

desorption of Cry1Ab from ingested SiO2 particles, but also is, as the target pest, 

highly susceptible to Cry1Ab. Figure 1f shows that SiO2-adsorbed and non-adsorbed 

Cry1Ab (control) resulted in comparable EC50 values ( = 13.7 ng  and 
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= 10.3 ng ). Adsorption of Cry1Ab to SiO2 therefore did not resulted in 

discernible loss of activity relative to non-adsorbed protein, in agreement with earlier 

reports of retained insecticidal activity of Cry proteins adsorbed to sorbents other than 

SiO2 (5). The finding of retained activity on SiO2 has two implications. First, 

adsorbed Cry1Ab, including molecules in the desorption recalcitrant fraction, 

desorbed from the SiO2 surface, likely due to the high pH and I insect midgut 

environment. Second, the desorbed Cry1Ab was in its native conformation, a 

requirement for its toxicity, ruling out extensive and irreversible conformational 

changes of adsorbed Cry1Ab, in agreement with the postulated high conformational 

stability of Cry1Ab in adsorbed states (6). 

3.3.4 Column breakthrough experiments 

Column studies were conducted to assess Cry1Ab adsorption to SiO2 particles under 

saturated hydrodynamic flow conditions. Figures 2a-f show the Cry1Ab solution 

concentrations in the column inflow, , and outflow, , versus time (min) and 

exchanged pore volumes (PV) at pH 5 to 8 and I= 50 mM and pH 7 and I= 10 and 

250 mM. Adsorptive losses of Cry1Ab in the syringes led to decreasing  over 

time, and the step increases in  result from switching to syringes with freshly 

prepared Cry1Ab solutions.  

pH-dependence of Cry1Ab breakthrough at I= 50 mM. Cry1Ab retention in the 

columns, and therefore the affinity of Cry1Ab to SiO2, decreased with increasing pH 

(Figures 2a-d). The retention factor R (i.e., the PV at which , where 

 was the average inflow concentration over all ) decreased from 29 PV at 

pH 5 to 6.5 PV at pH 8. Breakthrough was complete at all pH ( ), indicating 

that systems reached apparent adsorption equilibrium before rinsing was initiated. The 

adsorbed concentration of Cry1Ab on SiO2 before rinsing, calculated by mass balance 

on  and , decreased from S= 239 ng cm-2 at pH 5 to S= 38 ng cm-2 at pH 8 

(Table S5, SI). For pH 5, S was in good agreement with the adsorbed mass of 245 ± 

15 ng cm-2 Cry1Ab on SiO2 determined by OWLS at the same pH and I (Figure S8, 

SI), which was slightly lower than the mass of an irreversibly adsorbed monolayer to 
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positively charged poly-L-lysine films of ~300 ng cm-2 (6). Cry1Ab adsorption at 

pH 5 therefore approached monolayer coverage on the SiO2 particle surface.  

At all pH, rinsing with protein-free solutions while maintaining constant pH and I 

resulted in a rapid initial decrease in , followed by a much slower decrease 

(tailing). The centers of mass of the desorption curves —i.e. the PV at which S 

decreased to 0.5 of its initial value at the beginning of rinsing— decreased from 40 

PV at pH 5 to 3 PV at pH 8 (Table S5, SI). Increasing the pH of the rinsing buffer 

from pH 5, 6 and 7 to pH 8 (arrows in Figure 2a-c) resulted in peaks in , 

reflecting enhanced desorption and hence decreasing Cry1Ab-SiO2 interaction 

strength with increasing pH.  

Mass balance calculations reveal that 97 to 100 % of the total Cry1Ab mass entering 

the column was detected in the column effluent at the end of the rinsing steps. 

Complete recovery implies that losses, including microbial degradation of Cry1Ab, 

were negligible and that molecules eluting from the columns were in (near) native 

conformation, a requirement for immunological detection.  
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Figure 2. pH- and ionic strength I-dependent breakthrough of Cry1Ab through 
columns packed with 73 !m SiO2 beads. Panels a-d: I= 50 mM, pH 5 (a), 6 (b), 7 (c) 
and 8 (d). Panels e and f: pH 7, I= 250 mM (e) and 10 mM (f). Circles (!) represent 
the outflow concentrations, , the gray solid line represents the inflow 

concentrations, . The retention factor R corresponds to the pore volume (PV) at 

which , where  was the average inflow concentration over all 

. Dashed vertical lines represent the time (or PV) at which the pH values of the 

rinsing solutions were increased. The green and the red lines are the fits (solid line) 
and the corresponding error bands (dashed lines, calculated via error propagation of 
standard errors of estimated parameters) of the one-site model (1SM) and the two-
sites model (2SM) to the experimental data, respectively. 

 

Ionic strength dependence of Cry1Ab transport at pH 7. Figures 2 c, e, f also show the 

effect of I on Cry1Ab retention at pH 7 at which both Cry1Ab and the SiO2 surfaces 

were negatively charged. The retention factor R decreased significantly with 

increasing I from 114 PV at I= 10 mM (Figure 2f) to 12 PV at 50 mM (Figure 2c). At 

I= 250 mM, little if any Cry1Ab adsorbed to SiO2, reflected by R= 1.1 PV and the fast 

decrease in  to < 2% of  within < 3 PV during rinsing (Figure 2e). The 

symmetrical breakthrough curves at I= 250 mM with R" 1 rule out diffusive non-

equilibrium of Cry1Ab in the packed columns during transport, which would have 

resulted in tailing in the adsorption and desorption branches of the breakthrough 

curves. High retention of Cry1Ab at I= 10 mM resulted in incomplete breakthrough 

(i.e., ) at 122 PV when rinsing was initiated. Mass balance 

calculations showed that S was 550 ng cm-2, which is larger than the S for a Cry1Ab 

monolayer. Rinsing with protein-free solutions resulted in a slow decrease in  

and pronounced tailing of the elution curve. During 175 PV, S decreased to only 

"45% of its initial value. Rinsing with protein-free solution at pH 8 and I= 50 mM 

greatly increased  and hence Cry1Ab desorption from SiO2. 

Decreasing Cry1Ab retention with increasing pH and, at pH> IEPCry1Ab, with 

increasing I, is, again, consistent with PCEA as the dominant mechanism for Cry1Ab 

adsorption to SiO2 particles, in this case under hydrodynamic flow conditions. As 

previously shown (7), at I= 250 mM, Cry1Ab-SiO2 PCEA was fully shielded resulting 
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in no adsorption, which implies that interaction forces other than electrostatics were 

negligible. At I= 10 mM, PCEA was strong not only between Cry1Ab and SiO2, but 

also between Cry1Ab molecules, giving rise to multilayer adsorption as previously 

demonstrated by OWLS and QCM-D (7). Strong intermolecular electrostatic 

attraction may also have resulted in Cry1Ab oligomerization, which was reported for 

Cry1Aa and Cry1Ac at low I (19, 20). Size exclusion effects of Cry1Ab oligomers in 

the column may explain why  increased as early as 10 PV after adsorption was 

initiated. 

Modeling was performed on all systems except pH 7, I= 10 mM which showed 

incomplete Cry1Ab breakthrough. The one-site model (1SM; n= 1 in Eq. 2) did not 

adequately describe the data, particularly for the rinsing step in which the predicted 

decrease in  was much faster than the experimentally observed decrease (green 

lines in Figure 2). The slow experimental decrease in  (i.e., the tailing of the 

desorption curves) suggested that a fraction of adsorbed Cry1Ab molecules had slow 

desorption kinetics, consistent with the elution experiments (Fig 1c). The two-site 

model (2SM, n= 2 in Eq. 2) increased the quality of the data fit (compared to 1SM 

based on the BIC; section S12, SI) and adequately described the tailing during rinsing 

(red lines in Figure 2). Based on the BIC, the 2SM also performed better than the 

2stM (i.e., two populations of Cry1Ab molecules) and the transM (i.e., slow protein 

conformational changes on the sorbent surface) (details in section S7, SI).  

The ratio of fitted adsorption and desorption rate constants for the fast sites, kads 1 

(kdes 1)-1, decreased and kdes 1 increased with increasing pH, accurately reflecting the 

decrease in Cry1Ab affinity to SiO2 (Table S6, SI). At all pH, kdes 2 were at least 

tenfold smaller than kdes 1 and the fraction of sites 2 to the total number of sites, 

S2/Smax, decreased with increasing pH, consistent with the decreasing relative 

importance of the slowly desorbing fraction of adsorbed Cry1Ab with increasing pH.  

Based on the modeling results it can be speculated that slow desorption was linked to 

the physicochemical heterogeneity of SiO2 particle surfaces rather than to Cry1Ab 

molecules with different conformations and adsorption properties. The SiO2 particle 

surface roughness and/or curvature may give rise to a subpopulation of adsorption 

sites which provide a larger contact area to adsorbed Cry1Ab molecules. It is also 

possible that surface heterogeneity gave rise to Cry1Ab clusters on the surface (21), 
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from which desorption may have been kinetically constrained. Given the extensive 

cleaning of SiO2 particles prior to the experiments, it seems unlikely that metal or 

organic impurities on the SiO2 surface caused slow desorption kinetics. The 

pronounced increase in desorption rates upon increasing the pH of the rinsing solution 

shows that electrostatics also governed the interactions of Cry1Ab molecules with 

SiO2 in the desorption recalcitrant fraction.  

3.4 Implications  

The results of this work have three main implications. First, patch-controlled 

electrostatic attraction (PCEA) is the dominant adsorption mechanism of Cry1Ab to 

SiO2 particles at environmentally relevant Cry1Ab concentrations, pH, and I. We 

demonstrated that the use of different experimental approaches —solution depletion 

and column transport studies (this work) and two in situ adsorption techniques in 

(6, 7)— yielded consistent results on the adsorption mechanism. Because experiments 

were conducted over a wide Cry1Ab concentration range, under different mass 

transfer conditions of protein to the sorbent surfaces, and with different SiO2 surfaces, 

PCEA likely governs adsorption of Cry1Ab, and likely other Cry1A proteins that 

have non-uniform surface charge distributions, not only to SiO2, but also to other 

polar, charged mineral surfaces in soils, including basal planes of 2:1 clay minerals 

and Fe and Al (hydr-) oxides. 

Second, evidence is provided that physicochemical heterogeneity of SiO2 particles 

surfaces modulates the strength of PCEA, resulting in a pH- and I-dependent number 

of surface adsorption sites with high Cry1Ab affinity and with slow desorption 

kinetics. Such high-affinity sites are expected to be present also in soils resulting in 

delayed responses in the adsorbed Cry1Ab mass upon changes in the solution protein 

concentrations and pH and I. Models describing transport of Cry1A proteins in soils 

need to account for PCEA, which itself is modulated by sorbent surface heterogeneity. 

Models built on classical DLVO adsorption theory, which assumes uniform surface 

charge distributions of the interacting bodies, are inadequate. 

Third, Cry1Ab adsorption to and desorption from SiO2 particles does not inactivate 

Cry1Ab, in agreement with the high conformational stability of Cry1Ab in adsorbed 

states postulated in (6). In the context of assessing potential adverse effects of Cry 
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proteins in agricultural systems, retained activity of Cry1Ab on SiO2 surfaces suggests 

that adsorption to polar, charged surfaces in soils does not inactivate the protein.  
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3.6 Appendix 3 

Materials and Methods 

Section S1. Chemicals  

All chemicals were analytical grade and used as received. Acetic acid, 2-

morpholinoethanesulfonic acid monohydrate (MES), N-(2-Hydroxyethylpiperazine)-

N’-2-(ethanesulfonic acid) (HEPES), 3-(N-morpholino)propanesulfonic acid (MOPS), 

N-cyclohexyl-3-aminopropanesulfonic acid (CAPS), boric acid (B(OH)3), sodium 

chloride (NaCl), sodium phosphate dibasic (HNa2O4P), potassium chloride (KCl), 

potassium dihydrogen phosphate (KH2PO4), polyoxyethylen(20)-sorbitan-monolaurat 

(Tween-20®), hydrogen peroxide (H2O2, !  35.0 %), sodium hydroxide (NaOH, 

! 32.0 %), hydrochloric acid (HCl, !  32.0 %), and sodium dodecyl sulphate (SDS) 

were from Sigma-Aldrich (St. Louis, MO) and sulphuric acid (H2SO4) and sodium 

nitrate (NaNO3) were from Merck (Darmstadt, Germany).  

Section S2. Silica (SiO2) particles 

S2.1. Preparation of particles 

Particles with median hydrodynamic diameters of 3.4 !m and 0.82 !m  

Size fractionation. SiO2 particles (> 99.6% purity and approx. 80% of particles had 

diameters between 1-5 µm; product number S5631) were from Sigma Aldrich (St. 

Louis, MO, USA). Particles were first size fractionated by wet sedimentation in de-

ionized water (>18 M! cm-1 resistivity) into two fractions with hydrodynamic 

diameters larger and smaller than 1 "m, respectively. 

Cleaning. The size fractions were subsequently treated for > 8h with 35% H2O2 at 

>80°C to remove organic contaminants and coatings and to ensure complete 

hydroxylation of the silica surfaces. The particles were subsequently washed with 10 

M HCl at 25°C for > 8h to remove metals and metal (hydr-)oxide impurities, followed 

by extensive washing in de-ionized water. The H2O2 and HCl cleaning steps were 

repeated twice. Particles were then washed repeatedly with de-ionized water, 

lyophilized, and stored in a desiccator until use. 
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Particles with median hydrodynamic diameters of 97 nm 

Cleaning. Snowtex ST-ZL particle suspensions were provided by Nissan Chemical 

Company (Houston, TX, USA). The suspensions had 40-41 w% SiO2 with particle 

sizes between 70-100 nm in pH 9-10 media. The particle suspensions were transferred 

into regenerated cellulose dialysis tubes (Visking dialysis tube; product number 

5358.1; 14 kDa molecular weight cut-off; from Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany) and dialyzed against de-ionized water for 48 h. Following 

dialysis, the suspension contained 23 w% SiO2 particles. Dialysis was stopped when 

suspension diluted with de-ionized water to 5.61 mg particles mL-1 had a conductivity 

of 2.8 "S cm-1, corresponding to an ionic strengths of approximately I" 0.03 mM.  

SiO2 beads with hydrodynamic diameters of 212 - 300 !m and d50= 73 !m  

Cleaning. SiO2 glass beads were purchased from Sigma Aldrich (St. Louis, MO) and 

were cleaned with H2O2 and HCl as previously described.  

S2.2. Particle characterization  

Size distributions of 0.82 !m and 3.4 !m particles, and of 73 !m beads. The particle 

size distributions were determined by laser diffraction on a Hydro 2000s Mastersizer 

(Malvern Instruments, Worcestershire, United Kingdom). Figure S1 shows that wet 

sedimentation of 0.82 "m and 3.4 "m particles resulted in the desired particle size 

separation: > 99 w% of the 0.82 "m particles had hydrodynamic diameters < 1.1 "m 

and > 90w% of the 3.4 "m particles had hydrodynamics diameters > 1 "m. The 

median hydrodynamic diameters were d50= 0.82 "m and 3.4 "m, respectively. The 

median hydrodynamic diameter of 73 "m SiO2 beads was d50 = 73.3 ± 1.4 "m with > 

99 w% between 39 "m and 200 "m.  
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Figure S1. Size distributions of amorphous SiO2 particles with median hydrodynamic 
diameters d50 of 0.82 "m (circles), 3.4 "m (diamonds) and 73 "m (squares), as 
determined by laser diffraction. Data represents averages of three independent 
measurements. a. Cumulative frequency and b. relative frequency versus particle 
diameter. 

 

Specific surface areas of 0.82 !m and 3.4 !m particles, and of 73 !m beads. The 

specific surface area of the 3.4 "m particles was 3.6 m2 g-1, as determined by N2 

multipoint BET analysis at 77K (DIN ISO 9277) on a Quantachrome Autosorb-3 

instrument (Quantachrome GmbH & Co, Odelzhausen, Germany). The specific 

surface area of 0.82 "m particles was 7.8 m2 g-1, calculated from the diameters and 

their frequencies assuming spherical particle shapes (Table S1). The specific surface 

area of 73 "m SiO2 beads was 0.032 ± 0.001 m2 g-1, as calculated from the particle 

size distribution (assuming spherical shape) and specific density. The specific density 

was 2466 kg m-3 as determined by combined gravimetric and volumetric analysis. 
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Table S1. Median particle hydrodynamic diameters, d50, and specific surface areas of SiO2 
particles used in solution depletion experiments. 

SiO2 particle batch Median particle diameter d50 ("m) Specific surface area (m2 g-1) 

97 nm 0.097 a 34 b 

0.82 "m 0.82 c 7.8 d 

3.4 "m 3.36 c 3.6 e (2.6 d) 

73 "m 73.3 ± 1.4 c 0.032 ± 0.001 d 
a Monodisperse particle distribution according to manufacturer; b Data from (1). c Determined by laser 
diffraction (Hydro 2000S; Malvern Instrument, Worcestershire, UK); d Calculated from the diameter 
distribution of particles determined by laser diffraction and assuming spherical particle shapes. 
e Determined by multipoint N2-BET-isotherm at 70 K (Quantachrome Autosorb 3; Quantachrome 
Instruments, Boynton Beach, Florida, USA);  

 

Scanning electron microscopy (SEM) images of 3.4 !m and 0.82 !m particles. The 

images were taken on a Philips XL-30 SEM equipped with a Lab6 Filament and an 

EDAX EDS (Electron Dispersive Spectroscopy) for elemental analysis. EDS 

confirmed that surfaces were SiO2 with less than 5 ppm metal impurities (data not 

shown). Selected images are shown in Figure S2. SEM images show that "m-sized 

particles had multiple shapes, aspect ratios, and degrees of surface roughness. The 

particle dimensions estimated from SEM images were consistent with size 

distributions determined by laser diffraction.  
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Figure S2. Scanning electron microscopy images of micrometer sized amorphous 
silicon dioxide (SiO2) particles. a, b. Images of 0.82 "m SiO2 particles 
(hydrodynamic diameter < 1 "m); c, d. Images of 3.4 "m SiO2 particles 
(hydrodynamic diameter > 1 "m). 

 

Zeta (!) potentials of 0.82 !m and 97 nm particles were measured in disposable 

capillary cells (DTS1060) on a Nano ZS Instrument (Malvern Instrument, 

Worcestershire, UK) calibrated against zeta potential transfer standards (DTS1230). 

The ! potentials of 0.82 "m and 97 nm particles at pH 5, 6, 7 and 8 and at ionic 

strength I = 10 mM and 50 mM (NaCl) are shown in Figure S3. The particles had 

negative ! potentials at all pH and I, and therefore carried negative surface charges at 

all investigated solution chemistries. The decrease in ! potential with increasing ionic 

strength reflects charge screening by ions in solution.  
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Figure S3. Zeta (#) potentials of 0.82 "m and 97 nm SiO2 particles at pH 5 to 8 and at 
ionic strengths I = 10 mM and 50 mM (both adjusted with NaCl). The error bars 
represent standard deviations of at least six replicate measurements.  

 

S2.3. Preparation of particle suspensions for solution depletion experiments 

SiO2 particles (particle concentration: 3 mg mL-1) were equilibrated to pH- and I-

adjusted solutions overnight in polypropylene centrifuge tubes (TPP, Trasadingen, 

Switzerland). The particle suspensions were subsequently centrifuged, and the 

supernatant was replaced by new pH- and I-adjusted solutions, while maintaining 

constant solution volume. The particles were then re-suspended by vortexing. 

Following re-suspension, 900 "L of the particle suspension was pipette-transferred 

into the tube (Eppendorf Protein LoBind) used in solution depletion experiment.  

The SiO2 particle concentration in all solution depletion experiments was 1.5 mg SiO2 

mL-1 (i.e., 900 "L of 3mg L-1 SiO2 suspension + 900 "L Cry1Ab containing solution 

of same pH and I). This particle concentration was sufficiently high to ensure that < 

1% of the SiO2 surface was covered by Cry1Ab if all added Cry1Ab adsorbed to the 

particle surfaces. The SiO2 surface area for Cry1Ab adsorption was therefore always 

in large excess in the solution depletion experiments. The highest Cry1Ab 

concentration was C = 50 ng mL-1. For 3.4 "m particles, this initial concentration 

resulted in a maximum surface coverage of Cry1Ab of: 

  Eq. S1 
! =

mCry1Ab

mSiO2
" ASiO2 "mmonolayer

# 0.3%
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where  (= 36 cm2 mg-1) is the specific surface area of the particles, mCry1Ab (= 90 

ng)  and  (= 2.7 mg) are the added masses of Cry1Ab and SiO2, respectively, 

and mmonolayer (# 300 ng Cry1Ab cm-2) is the approximate mass of Cry1Ab in a 

complete monolayer (2).  

The same masses of 0.82 "m and 97 nm SiO2 particles were added. Because these 

particles had higher specific surface areas than the 3.4 "m particles (see Table S1), $ 

<< 0.3% at the highest Cry1Ab concentration.  

Section S3. Preparation of Cry1Ab solutions 

Cry1Ab aqueous stock solutions (CCry1Ab = 100 "g mL-1) were prepared as described 

in (2) and stored in 200 "L aliquots at -20°C. Experimental Cry1Ab solutions were 

prepared by transferring 10 to 50 "L volumes of thawed aliquots of the stock (3 min, 

ultrasonication bath; 25-30°C) into 50 mL of pH- and I-adjusted solution in 

polypropylene centrifuge tubes (TPP, Trasadingen, Switzerland), followed by 

vigorous vortexing for 10 sec. Exact Cry1Ab concentrations were quantified by an 

enzyme-linked immunosorbent assay (ELISA) as described in (2).  

Section S4. Solution depletion experiments 

Kinetics of Cry1Ab adsorption to 3.4 !m SiO2 particles (Figure 1a-c and S4). 

Experiments were conducted in pH 5 (3 mM acetate), pH 6 (3 mM MES), pH 7 and 

pH 8 (3mM HEPES) solutions, all adjusted to I = 10 mM and 50 mM by addition of 

NaCl. A volume of 450 "L of pH- and I-adjusted Cry1Ab solution (concentration: 20 

ng Cry1Ab mL-1) was pipette transferred to 1350 "L of SiO2 particle suspension 

(particle concentration= 2 mg mL-1) in a 2-mL Protein LoBind tube (Eppendorf). The 

solutions were immediately vortexed for 10 sec, resulting in an initial concentration 

CCry1Ab= 5 ng mL-1. The tubes were then placed on an overhead shaker and agitated 

for 30 sec to 122 min. The solutions were subsequently centrifuged (4 min at > 

7000%g), followed by Cry1Ab quantification by ELISA as described in (2). The 

fraction of the total added Cry1Ab that adsorbed to SiO2 was calculated via mass 

balance. At least triplicates were prepared for each time point. Tubes at each time 

point were sacrificed after sampling. Controls containing no SiO2 particles were run at 

the same pH and I. The decrease in Cry1Ab solution concentration in the controls was 

ascribed to Cry1Ab adsorption to the tubes. 

ASiO2

mSiO2
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In a first step, we fitted the decrease in the Cry1Ab solution concentration in the 

controls over time using a first order kinetic adsorption model with reversible 

adsorption to the tube (Eqs. S2.1, S2.2, data not shown). The data was fit using 

aquasim software (version 2.1b for Windows (3)).  

 Eq. S2.1 

 Eq. S2.2 

where Caq (ng mL-1) is the measured aqueous Cry1Ab concentration, kaq-T and kT-aq 

(both min-1) are the Cry1Ab adsorption and desorption rate constants to and from the 

tube, ST (ng cm-2) is the (simulated) adsorbed Cry1Ab concentration on the tube, Vaq 

(mL) is the volume of the solution, and AT (= 11.7 cm2) is the calculated inner surface 

area of the tube.  

In a second step, kaq-T, and kT-aq were used as constants when fitting the decrease in 

Cry1Ab aqueous concentrations in the presence of SiO2 particles (Eq. 1 manuscript). 

The adsorbed Cry1Ab concentration on the tube and SiO2 surfaces was modelled 

according to equations S2.2 and S3: 

 

 Eq. S3 

 

where  and  (min-1) are the (estimated) Cry1Ab adsorption and 

desorption rate constants to and from the SiO2 particles,  (ng cm-2) is the Cry1Ab 

surface concentration on the SiO2 particles,  (= 1.5 mg mL-1) is the SiO2 particle 

concentration, and (= 36 cm2 mg-1) is the specific surface area of the SiO2 

particles (determined by BET, see section S2). 

The aquasim algorithm (3) fits parameters by minimizing "2 as a function of the 

vector matrix of parameters p according to:  

!Caq

!t
= "kaq-T #Caq + kT-aq #ST #

AT
Vaq

!ST
!t

= "kT-aq #ST + kaq-T #Caq #
Vaq
AT

!SSiO2
!t

= "kSiO2 -aq #SSiO2 + kaq-SiO2 #Caq #
1

ASiO2 #CSiO2

kaq-SiO2 kSiO2 -aq

SSiO2
CSiO2

ASiO2
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 Eq. S4 

where , is the i-th measurement of the Cry1Ab solution concentration with a 

standard deviation,  (calculated from triplicates), and    
Caq,i

simul p( )  is the simulated 

value of the variable at the time of the i-th measurement as a function of the parameter 

matrix p (4). 

In order to compare the adsorption rates of Cry1Ab to SiO2 particles measured herein 

and to QCM-D and OWLS SiO2 sensors in earlier work (2, 5), we expressed  

as dimensionless adsorption efficiency, #, according to:  

 Eq. S5 

where (min-1) is the maximum possible, transport-limited adsorption rate of 

Cry1Ab to the SiO2 particles (i.e., no energy barrier to adsorption). We used  at 

pH 5 and I = 50 mM as an approximation for  , because (i)  at pH 5 was 

comparable at I = 10 mM and 50 mM, indicating electrostatic attraction, and (ii) 

because Cry1Ab adsorption in OWLS and QCM-D experiments was transport-limited 

under the same solution conditions. 

Cry1Ab adsorption to 3.4 !m SiO2 particles (Figure 1d in manuscript). Adsorption 

was studied at pH 4.5 to 5.5 (3 mM acetate), pH 6.0 to 7.8 (3 mM phosphate), pH 8.1 

to 8.9 (3 mM B(OH)3), all adjusted to a total ionic strength of I = 10 mM and 50 mM 

by addition of NaCl.  

A volume of 900 "L of pH- and I-adjusted Cry1Ab solutions containing between 20 

to 100 ng Cry1Ab mL-1 (see section S3) was pipette transferred into 900 "L of 3 mg 

SiO2 mL-1 suspensions in 2-mL Protein LoBind tubes. The solutions were 

immediately mixed for ten sec, resulting in a homogenous suspension of SiO2 

particles with an initial Cry1Ab concentration of 10 to 50 ng mL-1. The tubes were 

then placed on an overhead shaker and agitated for 36 to 158 min. The solutions were 

subsequently centrifuged (4 min at > 7000%g), followed by quantification of Cry1Ab 

in the supernatant using enzyme-linked immunosorbent assays (PathoScreen® 

! 2 (p) =
Caq, i

meas " Caq, i
simul p( )

# i
meas

$

%&
'

()i=1

n

*
2

Caq, i
meas
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kaq-SiO2
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kaq-SiO2
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Cry1Ab-Cry1Ac kit; Agdia Incorporated; Elkhart, IN) as described in (2). The SiO2-

adsorbed fraction of the total added Cry1Ab was calculated via mass balance. At least 

five replicate tubes were run for each combination of pH and I. 

Control experiments containing no SiO2 particles were run to determine Cry1Ab loss 

to the tube walls over time. Losses were minor from pH 5 to pH 6 at I = 50 mM and 

from pH 5 to pH 7 at I =10 mM. However, a significant fraction of the total added 

Cry1Ab adsorbed to the tubes at pH ! 7 at I = 50 mM and at pH 8 and I = 10 mM. 

This implies that we overestimated adsorption to SiO2 particles at pH! 7 and I = 50 

mM and at pH! 8 at I = 10 mM. The effect of pH on adsorption was therefore even 

more pronounced than depicted. 

Cry1Ab adsorption to and desorption from 0.82 !m SiO2 particles (Figures S6 and 

S7). Experiments were run in solutions with pH 6.02 ± 0.00 (3 mM MES), 6.96 ± 

0.01, 7.96 ± 0.00 (both 3 mM HEPES), 8.93 ± 0.01 (3 mM TAPS) and 9.87 ± 0.01 (3 

mM CAPS), all adjusted to a total ionic strength of I = 50 mM by addition of NaCl.  

Adsorption. A volume of 900 "L of pH- and I-adjusted Cry1Ab solution (40 ng 

Cry1Ab mL-1) was pipette transferred to 900 "L of a SiO2 particle suspension (3 mg 

mL-1) in a 2-mL Protein LoBind tube. The tubes were immediately vortexed for 20 

sec, followed by centrifugation (30 sec, 15,000%g). Aliquots of 200 "L of the 

supernatant were withdrawn and analyzed for Cry1Ab concentration using ELISA, as 

described in (2). 

Desorption. Following adsorption and centrifugation in Cry1Ab-SiO2 systems at pH 

6.02, 1650 "L of the supernatant were replaced by solutions with pH 6.96 ± 0.01, pH 

7.96 ± 0.00 (both 3 mM HEPES) and pH 8.93 ± 0.01 (3 mM TAPS). SiO2 particles 

were re-suspended by sonication for 5 sec followed by vortexing for 10 sec. 

Desorption times were short (15 sec) to minimize Cry1Ab adsorption to the tube walls 

under the alkaline conditions during desorption. The tubes were again centrifuged 

(15,000%g; 30 sec) and Cry1Ab concentrations in the supernatant were quantified as 

previously described. 

Cry1Ab adsorption to 97 nm SiO2 particles (Figure S6, Supporting Information) 

Cry1Ab adsorption to 97 nm SiO2 particles was studied at pH 4.96 (3 mM acetate), 

pH 5.96 (3 mM MES), pH 6.98, and pH 8.01 (both 3 mM HEPES), all at a total ionic 
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strength I= 10 mM (adjusted by NaCl) and at pH 4.98, pH 5.99, pH 6.98, and pH 8.03 

(using the same 3mM organic buffers) at I= 50 mM (adjusted by NaCl). The 

experiments were performed as described for adsorption to 0.82 "m SiO2 particles 

above, except that adsorption times were 10 sec. 

Section S5. Elution experiments  

Column packing and Cry1Ab adsorption to SiO2 beads. Elution experiments were 

performed in 50mm/10mm length/diameter borosilicate columns (Omnifit; Diba 

Industries). The columns were closed at one end with a sealed end piece and 

subsequently packed by adding Cry1Ab solutions (initial concentration of 5 "g mL-1) 

and 212-300 "m SiO2 beads. The columns were capped in a manner that the solution 

volume was sufficiently large for the SiO2 beads to move upon agitation on a shaker 

for 30 minutes. Subsequently, the SiO2 beads were compressed by pushing out 

solution and the column was tightly sealed.  

The pore volume (PV) of each packed column and the solution volume pushed out of 

the column upon column closure were gravimetrically quantified. The adsorbed mass 

of Cry1Ab on the SiO2 beads was calculated by mass balance on the initial Cry1Ab 

solution concentrations (between 15 and 5 "g mL-1) and the Cry1Ab solution 

concentration after agitation. The Cry1Ab concentrations were quantified by ELISA. 

Elution of Cry1Ab. The column inflow was connected to a syringe pump holding 50 

mL syringes (ONCE&, Codan Medical, Rødby, Denmark) and the column outflow to a 

fraction collector, using Teflon& tubing (0.25 mm internal diameter). The syringe 

pump delivered protein-free solutions of pH 5.0 (3 mM acetate), pH 6.0 (3 mM MES), 

and pH 7.0 and 8.0 (both 3 mM HEPES) and I = 50 mM (adjusted by NaCl) at a flow 

rate of 403 "L min-1. At t= 50 minutes for columns rinsed with pH 5 and at t= 

63 minutes for columns rinsed with pH 6 to 8, we increased the pH of the rinsing 

solutions to pH 8 for columns previously rinsed at pH 5 to pH 7, and to pH 10 (3 mM 

boric acid) for the column previously rinsed at pH 8, while maintaining I= 50 mM 

(NaCl), followed by rinsing for an additional 21 minutes. The column outflow was 

collected in fractions in 2-mL Safe-lock& tubes containing phosphate buffered saline 

with Tween 20' (PBST) (for composition of PBST, see (2)). The Cry1Ab 

concentrations in the fractions were quantified by ELISA as described in (2). 
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Section S6. Column breakthrough experiments 

Column setup. Breakthrough experiments were conducted in borosilicate columns 

with 50 mm length and 6.6 mm inner diameter (Omnifit columns; Diba Industries, 

Danbury, CT). The column effluent was capped and a small volume of de-ionized 

water was added to help prevent air-bubble entrapment during packing with 73 "m 

SiO2 beads. The volume of de-ionized water was successively increased such that it 

covered the added SiO2 beads throughout the column packing.  

The SiO2 beads were confined between two SiO2 frits with pore size from 16 to 40 

"m diameter (borosilicate glass, custom made). Prior to use, the frits were cleaned 

with H2O2 and HCl as previously described. Cry1Ab adsorption to the frits, as 

compared to the SiO2 beads, was negligible given the much lower surface area of the 

frit that the cumulative surface area of the beads (note that both frits and beads were 

made of SiO2 and therefore likely exhibited comparable Cry1Ab affinities). 

The column inflow was connected to a syringe pump holding 10 mL syringes 

(ONCE&, Codan Medical, Rødby, Denmark) and the column outflow was connected 

to a fraction collector, using Teflon& tubing (0.25 mm internal diameter). The 

volumetric flow rate was 402 ± 1 "L min-1 (determined gravimetrically). The column 

effluent was collected in fractions at constant time intervals (and hence eluted 

volumes).  

Column characterization. The pore volume (PV) of each column was calculated by 

subtracting the volume of SiO2 beads in the column (i.e., added mass of SiO2 beads 

(kg) divided by the specific density of SiO2 beads of 2466 kg m-3) from the total 

column volume calculated from the measured bed lengths and cross sectional areas 

(provided by manufacturer). To avoid air bubble entrapment in the columns during 

operation, all solutions run through the column were degassed in an ultrasonic bath 

for 3 min at 25°C prior to use. 

The packing of each column was assessed by the breakthrough of the tracer NO3
-. 

Each column was first rinsed with I = 50 mM NaCl for > 10 PV. Subsequently, the 

column inflow was switched to a 5 mM NaNO3 solution at total I = 50 mM (adjusted 

by NaCl). After 5 PV, the solution was switched back to the 50 mM NaCl solution for 

5 PV. The column effluent was collected in 100 "L fractions using a fraction 

collector. NO3
- concentrations in each fraction were quantified using UV 
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spectrometry ($ = 212 nm) and an externally prepared NO3
- calibration curve. In all 

columns, NO3
- breakthrough was sharp, symmetrical, and occurred at retardation 

factors R of approximately 1. In combination, these findings show that the columns 

were well packed. Three NO3
- breakthroughs were modelled by cxtfit 2.0 (6), 

resulting in an estimated dispersivity of 2.53 ± 0.19 % 10-7 m2 s-1. This value is 

approximately factor 100 larger than the diffusion coefficient of nitrate (= 1.95 % 10-9 

m2 s-1) (7). The contribution of diffusion to the dispersivity was therefore negligible. 

In addition, D was estimated from the Cry1Ab breakthrough at I = 250 mM, assuming 

no adsorption, using aquasim software. The estimated D of 3.9 ± 0.9 % 10-7 m2 s-1 was 

in good agreement with the dispersivity estimated from NO3
- breakthrough, 

demonstrating that the dispersivity in the column was dominated by hydrodynamic 

dispersion rather than adsorbate diffusion. 

The dead volume in the column inlet and outlet (i.e., the cumulative inner volumes of 

the in- and outflow tubing and the column caps) was separately determined by the 

"breakthrough" of NO3
- through tubing and caps that were directly connected (i.e., no 

column). 

Column breakthrough experiments were conducted under laminar flow conditions 

according to a Reynolds number, Re << 10, calculated according to (8): 

Re = d !V0 ! "
µ

= 0.02   Eq. S6 

where d (=7.3 % 10-5 m), is the particle diameter, V0 (= 1.9 % 10-4 m s-1) the superficial 

flow velocity, $ (= 997 kg m-3) the water density at 25°C, and " ( =8.9 % 10-4 kg m-1 s-

1) the dynamic viscosity of water at 25°C. 

 

Cry1Ab breakthrough. In an equilibration step, the column was rinsed with 10 mL 

(corresponding to >30 PV) of protein-free solution of the desired pH and I. Cry1Ab 

solutions of 10 "g mL-1 were prepared by transferring 0.7 to 0.9 mL of Cry1Ab stock 

solutions to 7 to 9 mL of pH- and I-adjusted solutions (pH 5 (3 mM acetate); pH 6 (3 

mM MES); pH 7 and pH 8 (both 3 mM HEPES), total I= 10mM, 50 mM, and 250 

mM, adjusted by NaCl), followed by brief sonication and transfer to 10 mL syringes. 
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The exact Cry1Ab concentration in the syringe was quantified by ELISA as described 

in (2). 

For each column, the syringe with the Cry1Ab-free solution (column equilibration) 

was replaced by a syringe with a Cry1Ab-containing solution of same pH and I and 

the Cry1Ab solution was immediately delivered to the column. When the volume in 

the syringe decreased to 1-2 mL, the final Cry1Ab solution concentration was 

quantified. The flow was subsequently stopped and the syringe was replaced by 

another syringe carrying a freshly prepared Cry1Ab-containing solution. All syringe 

replacements were short (< 60 sec) and were corrected for in the data analysis. Up to 

nine syringes with Cry1Ab-containing solutions were required for one experiment.  

Column rinsing was initiated by replacing the syringe carrying Cry1Ab-containing 

solution with a new syringe containing protein-free solutions at the same solution pH 

and I. Finally, the pH of the rinsing solution was increased to pH 8 and I= 50 mM. 

During the entire experiment, the column outflow was collected in 2 mL Safe-lock& 

tubes containing PBST to prevent adsorption of Cry1Ab to the sampling tubes. The 

Cry1Ab concentration in each tube was quantified by ELISA, as described in (2). 

Cleaning of column materials and SiO2 beads. After each experiment, the SiO2 

beads were removed from the column and cleaned by H2O2 and HCl, as previously 

described. The Teflon& tubing was rinsed for > 20 minutes with 2%w/w sodium 

dodecyl sulphate solution (SDS), followed by de-ionized water for > 20 minutes. All 

column parts (borosilicate columns, glass frits, and sealing caps) were cleaned in 

2%w/w SDS solution in an ultrasonic bath for 15 minutes and subsequently repeatedly 

rinsed with de-ionized water. 

Section S7. Modelling of column breakthrough  

The breakthrough data was fitted using the “saturated soil column compartment” 

model in aquasim 2.1b software for Windows (3). This model solves the advection 

dispersion equation for transport in porous media: 

 Eq. S7
 

where Caq (ng cm-3) is the aqueous Cry1Ab concentration, A (cm2) is the column cross 

section area, ( is the porosity of the column, x (cm) is the column length coordinate, 
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Q is the volumetric flow rate (cm3 min-1), D is the dispersion coefficient (cm2 min-1), 

and s is the adsorption term that depends on the tested adsorption models (1SM, 2SM, 

2stM, transM).  

The one-site model (1SM) and the two-site model (2SM) are described in the main 

text (Eq. 2). We additionally tested the following adsorption models. 

The two-state model (2stM) assumes that there are two distinct populations of Cry1Ab 

molecules, n= 1 and 2. For instance, these two populations may comprise molecules 

with slightly different conformations and therefore different affinities for the SiO2 

surface.  

 Eq. S8 

where kads n and kdes n (both min-1) are the adsorption and desorption rate constants, Sn 

is the surface concentration of population n, and Smax (= 300 ng cm-2) is the maximum 

adsorbed concentration (i.e., the column adsorption capacity). 

The transition model (transM) assumes that Cry1Ab molecules adsorb into a state 1 

on the SiO2 surface. Adsorbed Cry1Ab in state 1 may subsequently undergo a slow 

transition into an adsorbed state 2. Desorption from state 2 is modelled to proceed via 

state 1. The model would capture slow Cry1Ab conformational changes on the SiO2 

surface leading to an increase in affinity to SiO2 over time. A similar model which 

accounts for protein conformational changes in adsorbed states was proposed by 

Sz%llosi et al (9). The transM is given as: 

 

 Eq. S9.1 

 
Eq. S9.2

 

where kads and kdes (both min-1) are the adsorption and desorption rate constants to and 

from state 1, k12 and k21 (both min-1) are the forward and reverse rate constants for 

transition from state 1 to 2, and S1 and S2 are the Cry1Ab surface concentrations in 

states 1 and 2, and Smax (= 300 ng cm-2) is the column capacity. 

!S
!t

=
!Sn
!ti=1

n

" = kads n #
$
A
#Caq # 1%

Sni=1

n"
Smax

&

'
(
(

)

*
+
+
% kdes n #Sn

,

-

.

.

/

0

1
1i=1

n

"

!S1

!t
= kads 1 "

#
A
"Caq " 1$ S1 + S2

Smax

%
&'

(
)*
$ kdes 1 + k12( ) "S1 + k21 "S2

!S2
!t

= k12 "S1 # k21 "S2



 Chapter 3: Effects on transport and activity 

 149 

Parameters were estimated by aquasim software (3) that uses a fitting algorithm that 

minimizes "2 according to Eq. S4. The standard error for each measurement i of the 

Cry1Ab solution concentration Caq, , was calculated according to: 

 Eq. S10 

where  is an absolute (Caq-independent) contribution and  is a relative, Caq-

dependent contribution to the standard error . We used  = 0.1 "g Cry1Ab 

mL-1 (estimated from the quantification limit of the ELISA method of ~ 0.05 to 0.1 ng 

mL-1 multiplied by 1500, the average volumetric dilution factor of a column effluent 

sample for quantification) and = 0.1 (estimated based on the reproducibility of 

Cry1Ab quantification by ELISA). The same values for  and  were used in all 

columns and models to assure comparable weighing of the residuals in Eq. S4. All 

input parameters used in the fitting procedure are provided in Table S2. 
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Table S2. Column properties, input parameters and settings in modelling of Cry1Ab breakthrough curves by aquasim (3). 
Solution chemistry       
pH 5 6 7 8 7 7 
I/(mM) 50 50 50 50 250 10 
constants       
mass of SiO2 beads (kg) 1.198 ! 10-3 1.199 ! 10-3 1.202 ! 10-3 1.207 ! 10-3 1.309 ! 10-3 1.309 ! 10-3 
SiO2 surface per volume of column (A) (m2 SiO2 m-3 column) 49460 47605 45398 47915 49839 49839 
bed length of column (m) 0.0226 0.0235 0.0247 0.0235 0.0245 0.0245 
volume of column compartment (m3) 7.73 ! 10-7 8.04 ! 10-7 8.45 ! 10-7 8.04 ! 10-7 8.38 ! 10-7 8.38 ! 10-7 
pore volume (PV) (m3) 2.87 ! 10-7 2.88 ! 10-7 3.58 ! 10-7 3.14 ! 10-7 3.07 ! 10-7 3.07 ! 10-7 
porosity (")  (#) 0.372 0.358 0.423 0.391 0.367 0.367 
volumetric flow rate (Q) (m3 s-1) 6.70 ! 10-9 6.70 ! 10-9 6.70 ! 10-9 6.70 ! 10-9 6.70 ! 10-9 6.70 ! 10-9 
dispersivity (D) (m2 s-1) 2.53 ! 10-7 2.53 ! 10-7 2.53 ! 10-7 2.53 ! 10-7 2.53 ! 10-7 2.53 ! 10-7 

average of Cry1Ab input concentration ( ) (g m-3) 6.99 7.89 7.53 7.80 9.92 8.16 

settings       
number of spatial grid points 100 100 100 100 100  
total simulation time (s) 15092 5192 3020 1922 2370  
simulation time step size (s) 30 10 6 4 5  
maximum internal step size for parameter estimation (s) 5 5 5 5 5  
maximum number of iterations for parameter estimation 1000 1000 1000 1000 1000  
interpolation method of  linear linear linear linear linear  

interpolation method  spline spline spline spline spline  

 

Caq
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Caq
in

Caq
out
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Statistical model comparison. The quality of model fits were compared based on the 

Bayesian Information Criterion (BIC). The BIC evaluates the quality of different 

models by comparing the goodness of fit (!2) to the number of model parameters used 

in the model. The BIC introduces a penalty for every increase in model parameters 

(10). 

The BIC for comparison of two models fitted to the same data set by minimizing !2, 

BIC!2, is given as: 

 Eq. S11 

where p is the number of parameters,  the quality of the fit and d the number of 

data points.  

Section S8. Insecticidal activity of adsorbed Cry1Ab 

Particle-adsorbed Cry1Ab. Cry1Ab was adsorbed to 0.82 !m SiO2 particles at pH 6 

(3 mM MES) and I = 10 mM (adjusted by NaCl) at initial Cry1Ab solution 

concentrations of 8, 15, 30, 60, 125, 300, 500 ng mL-1. The particle concentration in 

the adsorption step was 34.2 mg mL-1. The tubes were placed on an overhead shaker 

for 30 min. The tubes were then centrifuged, and an aliquot of the supernatant was 

analyzed for the Cry1Ab concentration, as described in (2). The adsorbed mass of 

Cry1Ab was calculated from the difference between initial Cry1Ab concentration and 

Cry1Ab concentration determined in the supernatant. 1.7 mL of the total solution 

volume of 1.8 mL were then removed and replaced with protein-free solution to 

minimize addition of non-adsorbed Cry1Ab to the diet. Cry1Ab-free controls 

containing the same concentration of SiO2 particles were prepared to test for potential 

effects of sorbent particles on larvae growth.  

Dissolved Cry1Ab. Cry1Ab solution containing no SiO2 particles were prepared by 

adding the appropriate volumes of Cry1Ab stock solution to pH 6 and I= 10 mM 

solutions. The prepared solution Cry1Ab concentrations were 8, 15, 30, 60, 125, 300, 

500 ng mL-1. In addition, a control containing 2 mL of protein-free solution was 

prepared. 

Bioassays. The biological activity of Cry1Ab adsorbed to SiO2 particles and non-

adsorbed Cry1Ab was assessed in diet incorporation bioassays using growth 

BIC
!2

= ! 2 + ln d( ) " p

! 2
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inhibition (GI) of the susceptible test organisms Ostrinia nubilalis (Insecta: 

Lepidoptera, common name: European corn borer). O. nubilalis eggs (obtained from 

INRA, Surgères, France) were split into different batches and placed in plastic 

containers covered with permeable tissues and incubated in a climatic chamber at 

temperatures ranging from 15 to 28°C depending on the desired hatching day (70 ± 

2% relative humidity and a 16h/8h light/dark cycle).  

The insect diet was prepared according to (11): The diet consisted of 78 g de-ionized 

water, 2 g agar powder (Technical Agar, Difco Laboratories Detroit, MI), 5 g corn 

semolina (Maismehl Bio, Rapunzel Naturkost AG, Legnau, Germany), 5 g wheat 

germs (Biorex AG, Ebnat-Kappel, Switzerland, pulverized in a Retsch centrifugal 

mill, 0.5 mm sieve), 5 g yeast powder (Phag-Vitamin Nährhefe, Phag SARL, Mont-

sur-Rolle, Switzerland), 0.18 g benzoic acid, 0.18 g methyl-p-hydroxy-benzoate 

(“nipagin”), and 0.45 g ascorbic acid (the latter three > 99.0 %, Fluka, Switzerland). 

The water and agar were brought to boil. Upon cooling, corn, wheat, and yeast were 

added and mixed in until a homogenous mixture was obtained, followed by addition 

of nipagin, ascorbic acid, and benzoic acid. The diet mixture was split into 11 - 11.5 

mL aliquots and stored in a water bath at 60 °C. The aliquots were subsequently 

amended with 2mL solutions containing (i) particle-adsorbed Cry1Ab, (ii) dissolved 

Cry1Ab (no SiO2 particles), (iii) only SiO2 particles but no Cry1Ab (control 1), and 

(iv) neither SiO2 nor Cry1Ab (control 2).  

Following thorough mixing, the aliquots were transferred into plastic trays and cooled 

at 4°C. The cooled and solidified diet in each tray was cut into 16-18 cubes. A total of 

16 cubes were subsequently transferred to the wells on a bioassay tray (1 cube per 

well) (Bio-Ba-128; C-D International, Pitman, NJ, USA), resulting in 16 repetitions 

per treatment. One freshly hatched (< 24 h) O. nubilialis larvae were placed on each 

diet cube using a moist, fine-tipped paintbrush. The trays containing the larvae were 

then incubated for 7 days in a climatic chamber (25 ± 1°C; 70 ± 2% relative humidity; 

16h/8h light/dark). Following incubation, each larva was weighted using a 

microbalance (Mettler Toledo MX5, Switzerland). Dead larvae (i.e., no response to 

touch by paintbrush) were rarely observed (no more than one out of 16 larvae per 

treatment) and were not included in the statistical analysis. The measured larvae 

weights were used to calculate growth inhibition (GI) (Eq. 3 in the manuscript), which 

was plotted against the known Cry1Ab concentration in the diet, CCry1Ab (ngCry1Ab gdiet
!1
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). The resulting dose-response curve was fitted using SigmaPlot (version 11.0, Systat 

Software Inc. Chicago, IL) according to:  

GI = 1

1+10s LEC50 ! log10 CCry1Ab( )  Eq. S12 

where LEC50 (unit: log10(ngCry1Ab )) is the fitted log10 of the median effect 

concentration (i.e., the concentration that reduces larval growth by 50 % (i.e. GI = 

0.5) relative to the control), and s is the slope of the semi-logarithmic dose-response 

curve (Fig. 1f, manuscript) at GI = 0.5.  

Results 

Section S9. Solution depletion experiments 

Adsorption and desorption rates of Cry1Ab to 3.4 !m particles. Figure S4 shows the 

fits of the kinetic adsorption model (Eq. 1 in the manuscript) to the experimental data. 

The rate at which Caq decreased increased with decreasing pH and I. This trend is 

reflected in the fitted rate constants of Cry1Ab adsorption to SiO2, , which 

increased with decreasing pH and I (Table S3). Cry1Ab adsorption to SiO2 particles 

was faster than to the tube walls (i.e.,  > ) at all conditions, except for pH 7 

and pH 8 at I = 50 mM (Table S3). In the latter two cases,  >  resulted in 

relatively large uncertainties in . The rate constants for Cry1Ab desorption 

from SiO2, (min-1) decreased and the ratio increased with 

decreasing pH and I. These effect of solution chemistry on ad- and desorption rates 

are in agreement with PCEA and with the rates of Cry1Ab adsorption to planar SiO2 

surfaces measured by in situ surface techniques (2, 5). 

gdiet
!1
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Figure S4. Measured and modelled (Eq. S2.1 to S3) decrease in Cry1Ab solution 
concentration, Caq, at pH 5 to 8 and I= 50 mM (a.) and 10 mM (b.). Dashed lines 
represent error bounds, calculated via error propagation from the standard errors of 
the parameters. 
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Table S3. Estimated rate constants and associated errors for Cry1Ab adsorption to and 
desorption from SiO2 particle and tube wall surfaces. Caq

t=0  is the initial Cry1Ab solution 

concentration; , , ,  are the estimated rate constants of adsorption 

and desorption of Cry1Ab to and from SiO2 and to and from the tube, respectively; ! is the 
adsorption efficiency. The errors of calculated values were obtained by error propagation of 
model estimated errors. 

     
I = 10 mM pH 5 pH 6 pH 7 pH 8 

Caq
t=0  (ng mL-1) 3.76 ± 0.08 3.67 ± 0.09 4.62 ± 0.12 4.52 ± 0.04 

(min-1) 1.05 ± 0.10 0.97 ± 0.12 0.51 ± 0.21 0.22 ± 0.06 
! 1.20 ± 0.11 1.11 ± 0.14 0.59 ± 0.24 0.25 ± 0.06 
 (min-1) 0.009 ± 0.002 0.035 ± 0.008 0.17 ± 0.08 0.10 ± 0.04 

 119 ± 28 28 ± 7 3.0 ± 1.9 2.1 ± 0.9 

 (min-1) 0.060 ± 0.012 0.042 ± 0.007 0.053 ± 0.033 0.091 ± 0.009 

 17 ± 4 23 ± 5 9.7 ± 7.3 2.4 ± 0.7 

(min-1) 0.044 ± 0.022 0.053 ± 0.013 0.104 ± 0.078 0.070 ± 0.012 

     
I = 50 mM pH 5 pH 6 pH 7 pH 8 

Caq
t=0  (ng mL-1) 3.32 ± 0.06 4.14 ± 0.05 4.43 ± 0.05 4.64 ± 0.19 

(min-1) 0.88 ± 25 0.44 ± 0.03 0.034 ± 0.081 0.048 ± 0.114 
! 1.00 ± 0.24 0.50 ± 0.03 0.04 ± 0.08 0.05 ± 0.11 
 (min-1) 0.001 ± 0.001 0.045 ± 0.009 1.4 ± 3.3 0.15 ± 0.04 

 1310 ± 979 9.8 ± 2.0 0.02 ± 0.08 0.31 ± 0.75 

 (min-1) 0.046 ± 0.004 0.038 ± 0.005 0.082 ± 0.023 0.098 ± 0.023 

 19 ± 6 12 ± 2 0.4 ± 1.0 0.5 ± 1.2 

 (min-1) 0.028 ± 0.005 0.034 ± 0.005 0.101 ± 0.046 0.153 ± 0.039 

 

Adsorption efficiencies ! . Adsorption efficiencies !  (Table S3) were calculated by 

normalizing to  measured at pH 5, I = 50 mM (Eq. S5) (for reasons specified 

above). Figure S5 shows that the adsorption efficiencies obtained in this work by 

solution depletion (!SD) were in good agreement with previously measured adsorption 

efficiencies !QCM and !OWLS using quartz-crystal microbalance with dissipation 

monitoring (QCM-D) and optical waveguide lightmode spectroscopy (OWLS), 

respectively.  
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Figure S5. Cry1Ab adsorption efficiencies to SiO2 at I = 50 mM (a) and I= 10 mM 
(b), determined by solution depletion experiments (!SD; this work), and by quartz-
crystal microbalance with dissipation monitoring (QCM-D) and optical waveguide 
lightmode spectroscopy (OWLS) (!QCM and !OWLS; from our previous work (2, 5)).  

 

Adsorption of Cry1Ab to 0.82 !m and 97 nm SiO2 particles. Figure S6 shows that, 

for both particles and at I= 50 mM and 10 mM, the adsorbed fraction of the total 

added Cry1Ab, fads, decreased with increasing pH. For adsorption to 97 nm particles, 

fads at pH> IEP Cry1Ab were higher at I = 10 mM than at I = 50 mM, consistent with 

patch-controlled electrostatic attraction. Higher fads to the 97 nm particles (albeit 

shorter adsorption times) compared to the 0.82 !m SiO2 likely reflected the increase 

in surface area with decreasing particle size (note that particle concentrations were 

constant) and shorter average diffusion distances for Cry1Ab molecule to reach the 

SiO2 surface. 
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Figure S6. a. Fraction of total added Cry1Ab adsorbed to SiO2, fads, at pH 6 to 10 and 
ionic strengths I = 50 mM and I= 10 mM. a. d50= 0.82 !m particles (20 sec adsorption 
time). b. d50=97 nm SiO2 particles (10 sec adsorption time). The initial Cry1Ab 
solution concentration was 20 ng mL-1. Error bars in panels a and b represent standard 
deviations of five and six replicate measurements, respectively.  

 

Cry1Ab desorption from 0.82 !m SiO2 particles. Figure S7 shows that the fraction 

of initially adsorbed Cry1Ab decreased with increasing solution pH in the desorption 

step. Increasing desorption with increasing pH is consistent with the PCEA 

mechanism (5).  

 

Figure S7. Fraction of initially adsorbed Cry1Ab (full circles) that remained adsorbed 
during single-desorption step sat pH 7 to pH 9 (open circles).  



Chapter 3: Effects on transport and activity 

 158 

Section S10. Elution experiment 

Table S4 summarizes the results from Cry1Ab elution experiments. Rinsing at pH 5, 

the same pH as in the adsorption step, did not result in Cry1Ab elution. Cry1Ab 

elution increased with increasing pH of the rinsing solutions. Approximately 70% of 

initially adsorbed Cry1Ab were eluted during rinsing at pH 8. The step increase in the 

pH of the rinsing solutions to pH 8 and pH 10 after 27 to 32 pore volumes facilitated 

Cry1Ab elution.  

Table S4. Details on the column elution experiment (manuscript Fig. 1d). 

elution 
pH* 

Initially adsorbed 
Cry1Ab concentration 

(ng cm-2) 

Fraction that remained 
adsorbed after rinsing at 

same pH 

Fraction that remained adsorbed after 
step increase in the pH of the rinsing 

solution 
5 22 1.00 0.81 (pH 8) 
6 15 0.71 0.53 (pH 8) 
7 17 0.63 0.57 (pH 8) 
8 15 0.30 0.26 (pH 10) 

* adsorption all at pH 5 

 

Section S11. Column breakthrough 

Table S5 summarizes the results of Cry1Ab breakthrough in columns packed with 73 

!m SiO2 beads at I= 50 mM (pH 5, 6, 7 and 8), I= 250 and I= 10 mM (both at pH 7). 

Figure S8 shows the adsorbed concentrations of Cry1Ab on SiO2 determined by 

column breakthrough experiments (this work) and by OWLS experiments. 



 Chapter 3: Effects on transport and activity 

 159 

 
Table S5. Cry1Ab breakthrough in columns packed with 73 !m SiO2 beads. Cin is the average Cry1Ab 
input concentration; S is the adsorbed Cry1Ab concentration at the end of the adsorption step 
calculated by mass balance;  is the fraction of S that desorbed during rinsing at the same pH and I 
as used in the adsorption step; the centre of mass is the pore volume (PV) at which S decreased to half 
of its original value;  is the fraction of S that desorbed during rinsing at pH 8 and I = 50 mM. 

pH 
I 

(mM) 
Cin

 

(!g mL-1) 
Retardation factor 

R (PV) 
S 

(ng cm-2)  
Centre of mass 

(PV)  

5 50 7.0 29 239 0.68 40 0.87 
6 50 7.9 13 87 0.85 9 0.99 
7 50 7.5 12 89 0.77 7 0.91 
8 50 7.8 6.5 38 0.96 3 0.96 
7 250 9.9 1.1 6 n.d. n.d. n.d. 
7 10 8.2 114 551 a 0.45 > 175 b 0.57 

n.d. = not determined because Cry1Ab did not adsorb at I= 250 mM. a Breakthrough was incomplete at I= 10 
mM (i.e., Cout< Cin) when rinsing was initiated. The given adsorbed surface concentration, S, was therefore 
smaller than the steady-state adsorbed concentration. b The system was rinsed for 175 PV during which only 45% 
of the initially adsorbed mass desorbed; the centre of mass was larger than the 175 PV. 

 

 

 

 

 

Figure S8. Surface concentration of Cry1Ab adsorbed to SiO2 at I = 50 and pH 5 to 8, 
and at I = 10 mM and pH 7, determined by (i) OWLS (from our previous work (2, 5)), 
(ii) mass balance and (iii) modelling of column breakthrough (both this work). 
*Experiments were stopped before apparent adsorption equilibrium was reached. 
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Section S12. Modelling of Cry1Ab breakthrough experiments 

Table S6 summarizes the fitting results obtained from the different adsorption models. 
The best fits at all pH were obtained by using the two-site model (2SM) (lowest 
BIC"2). The 1SM fails to accurately describe the breakthrough curves, particularly the 
tailing during desorption at pH 5 and 6 (Fig 2, manuscript). While the two-state model 
(2stM) and the transition model (transM) accurately described the tailing of 
breakthrough curve during desorption, these models did not accurately describe the 
overall breakthrough (data not shown).  



 

 

 
Table S6. Parameters and their standard errors estimated by fitting the adsorption models to  and  (both !g mL-1) of the 

column breakthrough: kads n and kdes n (both min-1) are the rate constant of adsorption and desorption to and from site n (1SM, 2SM) or of 
state n (2stM); k12 and k21 (both min-1) are the rate constants of transition from state 1 to 2 and back; Smax n (ng cm-2) is the column 

capacity for site n, where  = 300 ng cm-2, with Smax the total column capacity corresponding to a monolayer of 

Cry1Ab (2). xn = Smax n/Smax is the fraction of Smax covered by site n. Errors of derived variables (kads n/kdes n, kads n/xn, (kads n/xn)/kdes n) were 
calculated by error propagation. 1SMk: kinetic 1-site model (kads 1 and kdes 1 were estimated); 1SMe: equilibrium 1-site model (kads 1 
fixed, kdes 1 was estimated); 2SMk: kinetic 2-site model (kads n, kdes n and Smax 2 were estimated; note that Smax 1 is given by Smax 1 = Smax –
 Smax 2), 2SMe: equilibrium 2-site model (kads 1 fixed, kads 2, kdes n and Smax 2 were estimated); 2stMk: kinetic 2-state model (kads n and kdes n 
were estimated); transMk: kinetic transition model (kads 1, kdes 1, k12 and k21 were estimated). The fitting algorithm minimized !2 (Eq. S4) 

of experimental and simulated values for a total of d data points. p is the number of fitted parameters and BIC!2 is the Bayesian 

information criterion for comparison of !2-fitted models. 
      

1SMe     pH 7, I = 250 mM 
kads (min-1)     fixed to 6 " 104 
kdes (min-1)     2.76 " 105 a 

kads/kdes     0.217 
!2     283 
d     151 
p     1 

BIC!2     288 
      

1SMk pH 5, I = 50 mM pH 6, I = 50 mM pH 7, I = 50 mM pH 8, I = 50 mM pH 7, I = 250 mM 
kads (min-1) 49.1 ± 1.0 2.62 " 107 a 27.4 ± 3.8 20.9 ± 2.6 4.58 " 106 a 
kdes (min-1) 1.00 ± 0.19 1.41 " 106 a 1.80 ± 0.26 3.43 ± 0.45 21.0 " 106 a 

kads/kdes 48.9 ± 9.4 18.6 a 15.2 ± 3.1 6.11 ± 1.11 0.218 a 
!2 419 686 477 390 281 
d 69 59 95 89 151 
p 2 2 2 2 2 

BIC!2 428 694 486 399 291 
a. Standard errors of parameters could not be estimated. 

Caq
in Caq

out

Smax ni=1

n! = Smax



 

 

 
2SMk pH 5, I = 50 mM pH 6, I = 50 mM pH 7, I = 50 mM pH 8, I = 50 mM 

kads1 (min-1) 27.0 ±3.4 6.10 " 106 ± 6.93 " 106 6.00 ± 0.58 17.6 ± 3.27 
(kads1/(x1)) (min-1) 55.7 ± 7.4 1.01 " 107 ± 1.16 " 107 6.59 ± 0.77 18.4 ± 4.0 

kdes1 (min-1) 0.364 ± 0.059 5.22 " 105 ± 5.88 " 105 0.570 ± 0.059 3.92 ± 0.79 
kads1/kdes1 74.0 ± 15.2 11.7 ± 18.7 10.5 ± 1.5 4.50 ± 1.23 

(kads1/(x1))/kdes1 152 ± 32 19.2 ± 31.0 11.6 ± 1.8 4.69 ± 1.39 
kads2 (min-1) 0.409 ± 0.052 0.773 ± 0.094 10.3 ± 1.2 1.66 ± 0.14 

(kads2/x2) (min-1) 0.793 ± 0.107 1.96 ± 0.24 115 ± 14 39.3 ± 3.4 
kdes2 (min-1) 0.00383 ± 0.00064 0.0941 ± 0.0064 0.0370 ± 0.0126 0.0918 ± 0.025 

kads2/kdes2 107 ± 22.3 8.21 ± 1.14 277 ± 100 18.1 ± 5.1 
(kads2/x2)/kdes1 206 ± 44 20.9 ± 2.9 3116 ± 1125 428 ± 121 

x2 0.516 ± 0.023 0.393 ± 0.082 0.0889 ± 0.0057 0.0422 ± 0.0048 
S1+S2 (ng cm-2) 213 ± 10 84.6 ± 31.8 83.0 ± 6.6 34.2 ± 6.4 

!2 42 59 50 122 
d 69 59 95 89 
p 5 5 5 5 

BIC!2 63 79 103 145 
     

2SMe pH 5, I = 50 mM pH 6, I = 50 mM pH 7, I = 50 mM pH 8, I = 50 mM 
kads1 (min-1) fixed to 6 104 fixed to 6 104 fixed to 6 104 fixed to 6 104 

(kads1/(x1)) (min-1) 1.14 " 105 ± 1.30v 105 9.09 " 104 ± 2.70 " 104 did not converge did not converge 
kdes1 (min-1) 792 ± 48 5.30 " 103 ± 0.30 " 103   

kads1/kdes1 75.8 ± 8.8 11.3 ± 1.3   
(kads1/(x1))/kdes1 144 ± 19 17. 2 ± 5.2   

kads2 (s-1) 0.478 ± 0.075 0.801 ± 0.129   
(kads2/x2) (s-1) 1.01 ± 17 2.36 ± 0.76   

kdes2 (s-1) 0.00468 ± 0.00076 0.0887 ± 0.0081   
kads2/kdes2 102 ± 23 9.03 ± 1.67   

(kads2/x2) kdes1 215 ± 50 26. 6 ± 8.9   
x2 0.475 ± 0.025 0.340 ± 0.095   

S1+S2 (ng cm-2) 213 ± 14 84.8 ± 6.0   
!2 109 60 (103) (185) 
d 69 59 95 89 
p 4 4 4 4 

BIC!2 126 76 (121) (203) 
Values in brackets: solution did not converge, lowest !2 of parameter estimation. 



 

 

 
2stMk pH 5, I = 50 mM pH 6, I = 50 mM pH 7, I = 50 mM pH 8, I = 50 mM 

kads1 (min-1) 49.5 ± 16.6 5.83 105 ± 21.1 105 42.8 ± 6.4 21. 3 ± 2.4 
kdes1 (min-1) 1.26 ± 0.47 5.45 104 ± 19.7 104 3.12 ± 0.50 3.72 ± 0.46 

kads1/kdes1 39.4 ± 19.9 10.7 ± 54.7 13.7 ± 3.0 5.73 ± 0.96 
kads2 (min-1) 0.704 ± 0.072 0.987 ± 0.103 0.462 ± 0.036 0.254 ± 0.028 
kdes2 (min-1) 0.0241 ± 0.0030 0.111 ± 0.010 0.0243 ± 0.0027 0.0359 ± 0.0071 

kads1/kdes2 29.3 ± 4.7 8.87 ± 1.21 19.1 ± 2.6 7.06 ± 1.61 
!2 68 75 141 165 
d 69 59 95 89 
p 4 4 4 4 

BIC!2 85 91 159 183 
     

transMk pH 5, I = 50 mM pH 6, I = 50 mM pH 7, I = 50 mM pH 8, I = 50 mM 
kads1 (min-1) 49.2 ± 10.1 1.03 106 ± 11.5 106 44.5 ± 5.3 21.2 ± 2.4 
kdes1 (min-1) 1.21 ± 0.27 9.45 104 ± 106 104 3.19 ± 0.41 3.61 ± 0.46 

kads1/kdes1 40.7 ± 12.5 10.9 ± 172.3 13.9 ± 2.5 5.87 ± 0.99 
k12 (min-1) 0.0172 ± 0.0027 0.0850 ± 0.0166 0.0330 ± 0.0028 0.0427 ± 0.0052 
k21 (min-1) 0.0257 ± 0.0036 0.104 ± 0.010 0.0249 ± 0.0030 0.0358 ± 0.0074 

k12/k21 0.669 ± 0.142 0.820 ± 0.135 1.33 ± 0.20 7.06 ± 1.61 
!2 68 76 141 165 
d 69 59 95 89 
p 4 4 4 4 

BIC!2 85 93 159 183 
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Chapter 4 

 

In vitro and in vivo detection of transgenic 

insecticidal Cry1Ab protein adsorbed to soils. 
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Abstract 

Insecticidal Cry proteins produced by genetically modified Bt crops enter soils via 

various pathways. For fate and risk assessment, reliable quantification methods of 

soil-adsorbed Cry proteins are required. In this work, we assessed the variability in 

response factors, RF, – that is, the fraction of detected Cry proteins in a sample from 

total present – for soil-adsorbed Cry1Ab for two detection methods: (i) an in vitro 

method, Cry1Ab extraction from soils followed by immunological detection, and (ii) 

an in vivo diet-incorporation bioassay using Ostrinia nubilalis. High pH and ionic 

strength extraction buffers containing a nonionic detergent resulted in highest RFvitro, 

consistent with the attenuation of Cry1Ab-sorbent electrostatic interactions and of the 

hydrophobic effect. RFvitro, however, were always smaller than unity and decreased 

with increasing Cry1Ab-soil contact time, reflecting increasing attractive interactions 

over time. Conversely, in vivo detection resulted in complete Cry1Ab recoveries from 

soils and from major soil constituents (RFvivo! 1), demonstrating that Cry1Ab was not 

inactivated by adsorption or degraded. The in vivo method should at least complement 

the in vitro method in the analysis of Cry1A proteins in soil samples and may serve to 

conservatively estimate the exposure of non-target soil dwelling organisms to Cry1A 

proteins. 
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4.1 Introduction 

Genetically modified Bt crops produce insecticidal Cry proteins against specific pest 

insects by expression of gene sequences from the bacterium Bacillus thuringiensis. 

The use of Bt crops results in the release of Cry proteins into agricultural soils and 

adjacent ecosystems (1, 2). Risk and fate assessment of Cry proteins require their 

reliable detection and quantification in soils. The underlying analytical methods need 

to be highly selective to Cry proteins. Due to the specificity in the mode of action of 

Cry proteins, unfolded or partially degraded Cry proteins are likely less active and 

thus of less environmental concern. Therefore, quantitative analysis of Cry proteins in 

soils is challenging because during any treatment and/or extraction procedure 

irreversible conformational changes or cleavage of the protein must be avoided.  

There are currently two types of detection methods used that are based on either an in 

vitro or an in vivo approach. In in vitro detection, Cry proteins are first extracted from 

soil samples using an extraction buffer followed by an immunological technique, most 

commonly enzyme-linked immunosorbent assays (ELISA). In the sandwich ELISA, 

Cry protein specific antibodies are used to (i) immobilize and (ii) label the Cry 

proteins in their native conformation. If during adsorption to soils, the epitopes on the 

Cry protein are irreversibly altered, quantification of Cry proteins by ELISA is 

impaired. In the in vivo detection, the soil particles are incorporated into the diet of 

insect larvae susceptible to the Cry protein to be detected. Upon ingestion, Cry 

proteins are extracted by the midgut fluid of the insect larvae and subsequently trigger 

a toxic response by binding to specific receptors on the membrane surface of midgut 

epithelial cells and forming lytic pores in the membranes (3).  

Spike-recovery experiments typically serve to determine the response factors, RF, 

(i.e., ratio of recovered and spiked protein mass) of these methods. For in vitro 

detection, soils spiked with known amounts of Cry protein are extracted and the Cry 

protein concentration in the extract is quantified by external standard calibration. For 

in vivo detection, the response factor is determined by comparing the median effect 

(or lethality) concentrations, EC50 (or LC50), of Cry proteins adsorbed to soils before 

transfer into the insect diet to Cry proteins directly added to the diet (control).  

Previous studies using ELISA detection of Cry proteins in soils reported response 

factors RF between 0.24 to 1.02 (1, 4-6). For in vivo detection, Stotzky and coworkers 
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reported RF up to 2.5 for mixtures of several Cry1 and Cry2 proteins adsorbed to soils 

and soil constituents (7-10). These latter RF are, however, difficult to interpret 

because protein mixtures and high (environmentally irrelevant) concentrations were 

used in the bioassays. More recently, RF close to unity were demonstrated for in vivo 

detection of soil-adsorbed Cry3Bb1 (11) and for SiO2-adsorbed Cry1Ab (12).  

The reasons for the large variations in RF for both types of detection methods applied 

to Cry proteins adsorbed to different soils or sorbents, and between in vitro and in 

vivo detection methods are still mostly unresolved. Low RF may either reflect 

inefficient in vitro or in vivo extraction due to strong protein-sorbent interactions, 

matrix effects or sorbent-induced irreversible conformational changes of the Cry 

protein that rendered it undetectable by antibodies or receptors. Such surface induced 

irreversible conformational changes are well documented for numerous proteins (13, 

14). 

The objective of this work was, therefore, to evaluate the variability of RF of Cry1Ab 

adsorbed to soils of different mineralogy and to major soil constituents at 

environmentally relevant concentrations using two common analytical methods, an in 

vitro method – extraction followed by ELISA – and an in vivo bioassay using 

Cry1Ab-susceptible larvae of Ostrinia nubilalis as test organism. Cry1Ab, a 

commercially important Cry protein, was used for two reasons. First, we have 

demonstrated that Cry1Ab adsorption to polar charged mineral sorbents in soils is 

governed by patch-controlled electrostatic attraction (PCEA) and adsorption to less 

polar organic matter by a combination of electrostatics and contributions from the 

hydrophobic effect (15-17). The knowledge of the adsorption mechanism allows for 

systematic variation of extraction buffers and sorbents, and is important for 

interpretation of RF with respect to the applied extraction method and to soil and 

sorbent properties. Second, we have successfully tested a diet incorporation bioassay 

for Cry1Ab using growth inhibition of neonate O. nubilalis larvae as toxicity endpoint 

(12). Compared to lethality, growth inhibition is a continuous and more sensitive 

variable allowing for lower Cry protein concentrations.  

4.2 Materials and Methods 

Proteins and chemicals. Purified Cry1Ab was purchased from M. Pusztai-Carey 

(Case Western Reserve University, Cleveland, OH, USA; details in (15)). Bovine 
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serum albumin (BSA, lyophilized, >99%) used in extraction buffers was purchased 

from Sigma-Aldrich (St. Louis, MO). All chemicals were analytical grade and are 

listed in section S1 of the Supporting Information (SI). 

Soils and soil constituents. Soils differed in grain size distribution, mineral 

composition and organic matter content. Soils S1 to S3 (Eurosoils 1, 3, and 6) were 

from the Institute for Reference Materials and Measurements (IRMM, Belgium), and 

soils S4 to S8 were from LUFA Speyer (Speyer, Germany). All soils were !-irradiated 

with 66 kGy (Leoni Studer AG, Switzerland). Details on the soil properties are listed 

in Table 1. 

 

Table 1. Soil types, organic carbon content (org. C), grain size distributions, and mineral composition where 
available. 

soil reference name texture 
org. C 

(%) 
sand fraction 
>63 "m (%w) 

silt fraction 
2-63 "m (%w) 

clay fraction 
< 2 "m (%w) 

SiO2
 a 

(%w) 
Al2O3 

a 
(%w) 

Fe2O3 
a 

(%w) 

S1 b Eurosoil 1 clay soil 1.30 3.3 21.9 75.0 57 23 11 

S2 b Eurosoil 3 silt loam 3.45 46.4 36.8 17.0 69 11 4 

S3 b Eurosoil 6 silt 0.25 1.7 82.4 16.0    

S4 c LUFA 2.1  0.81 ± 0.21 86.6 ± 5.3 10.4 ± 2.1 3.0 ± 0.9    

S5 c LUFA 2.2  2.16 ± 0.40 80.9 ± 3.5 12.7 ± 1.6 6.4 ± 0.9    

S6 c LUFA 2.3  0.98 ± 0.05 58.7 ± 3.5 31.9 ± 2.5 9.4 ± 0.9    

S7 c LUFA 5M  1.29 ± 0.20 55.2 ± 1.4 34.0 ± 1.4 10.8 ± 1.3    

S8 c LUFA 6S  1.75 ± 0.11 20.9 ± 1.2 37.0 ± 2.9 42.1 ± 1.8    
a content of inorganic soil constituents, determined by wavelength-dispersive X-ray fluorescence spectrometry; 
b properties from ref (18); c properties from LUFA Speyer (Speyer, Germany) 

 

SiO2 particles differed in mean hydrodynamic diameters (d50= 97 nm, 0.82 "m, 

3.4 "m, 73 "m and >212 "m). Clay minerals included a montmorillonite (SAz-1) and 

a kaolinite (KGa-1B), were purchased from the Clay Minerals Society (Chantilly, 

VA), Na+-homoionzed and size-fractionated to < 2"m hydrodynamic diameters. 

Aluminum oxide (!-Al2O3; 99.99% purity) was provided by Taimei Chemicals 

(Tokyo, Japan). Iron oxide goethite ("-FeOOH) was from Bayer (Leverkusen, 

Germany). Films of poly-L-lysine (PLL; purchased from Sigma-Aldrich) and Elliot 

soil humic acid (HA, purchased from the International Humic Substances Society (St 

Paul, MN)) were coated to d50= 0.82 "m SiO2 particles resulting in positively charged 

PLL (IEPPLL # 10 (19)) and negatively charged, partially apolar HA surfaces. Details 
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on the particle sources, cleaning, and coating procedures are provided in section S2, 

SI. 

In vitro detection. Solution equilibrated soils S1 and S2 (40 ± 0.5 mg) were amended 

with 18 ng Cry1Ab to a final solution volume of 2 mL (pH 7, 3 mM N-(2-

Hydroxyethylpiperazine)-N’-2-(ethanesulfonic acid) (HEPES), total ionic strength 

I= 10 mM adjusted by NaCl) in Protein LoBind Tubes (Eppendorf, Germany). Tubes 

were agitated on an overhead shaker for 2 h (or 30 min to 24 h for aging experiment) 

and subsequently centrifuged. Details on the experimental procedure are provided in 

section S4, SI. The supernatant Cry1Ab concentration was quantified by ELISA 

(PathoScreen® Cry1Ab-1Ac kit; Agdia Incorporated; Elkhart, USA) as described in 

section S3, SI. The soil adsorbed Cry1Ab concentration was calculated by mass 

balance on initial and final solution concentrations.  

Extraction was initiated by replacing 1600 "L of the supernatant with extraction 

buffer, followed by agitation for 30 minutes on an overhead shaker. Following 

centrifugation, Cry1Ab in the extract was quantified by ELISA, as described in 

section S3, SI. The response factor was calculated as: 

  
RFvitro =

mrec ! maq

mads

   Eq. 1 

where mrec is the Cry1Ab mass recovered by extraction, maq is the Cry1Ab mass in the 

remnant aqueous phase (i.e., non-adsorbed) before adding the extraction buffer, and 

mads is the total Cry1Ab adsorbed mass prior to extraction.  

The RF were determined for extraction buffers (EB) that differed in pH, I, ion 

composition, type and concentration of detergents, and presence of an additional 

protein (bovine serum albumin) as competitor for adsorption sites. The pH and I of 

the EB were pH 7.0 and I = 165 mM for EB1, pH 10.5 and I = 808 mM for EB2, pH 

7.4 and I = 768 mM for EB3, pH 7.0 and I = 780 mM for EB5, and pH 10.5 and 

I = 297 mM for EB5. The exact buffer compositions are given in section S4, SI. 

Furthermore, the dependencies of RF on sequential extraction (three steps at 30 min 

each), prolonged extraction (one step of 90 min), high-intensity sonication during 

extraction, and protein-soil contact time (0.5 to 24 h) was tested using EB2.  
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In vivo detection. Various amounts of Cry1Ab were adsorbed to soils and soil 

constituents (exact masses in section S5, SI) at pH 6 (3 mM 2-morpholino-

ethanesulfonic acid monohydrate (MES), I= 10 mM) in 2 mL tubes on an overhead 

shaker for 30 min. Following centrifugation, the supernatant Cry1Ab concentration 

was quantified by ELISA, and the soil adsorbed Cry1Ab concentration was calculated 

by mass balance on initial and final solution concentrations. Prior to transfer into the 

diet, >94% of the supernatant were replaced by protein-free buffer solution to 

minimize transfer of non-adsorbed Cry1Ab. Cry1Ab-free tubes containing the same 

sorbent concentration were transferred into the diet and served as controls (i.e., no 

larval growth inhibition). 

For effects of non-adsorbed Cry1Ab, sorbent-free solutions at various Cry1Ab 

concentrations (8 to 500 ng Cry1Ab mL-1; pH 6, 3 mM MES, I= 10 mM) were 

transferred into the diet. A sorbent- and Cry1Ab-free control was also prepared. 

Direct Cry1Ab addition and addition after particle adsorption resulted in Cry1Ab 

concentrations in the diet between 1 to 65 ng Cry1Ab g-1 diet. 

Bioassays were carried out as described in (12). Neonates (< 12 h after hatching) were 

separately transferred at least 16 fold replication for each treatment to bioassay trays 

containing diet aliquots. The trays were placed in a climatic chamber (25 ± 1°C; 

70 ± 2% relative humidity; 16h/8h light/dark cycle) for seven days, after which 

growth inhibition (GI) was determined as the toxicity end point: 

  
GI =

wt= 7 d
0 ! wt= 7 d

Cry1Ab

wt= 7 d
0 ! wt=0 d

0    Eq. 2 

where wt=0 d (mg) are the weights of the neonates, and (mg) and  (mg) are 

the weights of larvae after seven days feeding on Cry1Ab-free diet and on diet 

containing either directly added or particle-adsorbed Cry1Ab. Regression analysis of 

dose-response curves using a 2-parameter sigmoid (Eq. S1, SI) model yielded the 

EC50 values. Details on the bioassays are provided in section S5, SI. 

Response factors (referred to as relative potencies in (20)) were given by the ratios of 

the median effect concentrations of Cry1Ab directly added to the diet, , and 

Cry1Ab added adsorbed to soils or particles, : 
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RFvivo =

EC50
control

EC50
adsorbed

   
Eq. 3 

Control experiments demonstrated that Cry1Ab was not inactivated and did not 

desorb from the soils and from particles during diet incorporation (section S8, SI). 

4.3 Results and Discussion 

4.3.1 Effects of extraction buffer composition and soil properties on RF of in vitro 

detection 

Figure 1a shows the RFvitro for Cry1Ab adsorbed to two reference soils, S1 and S2, by 

replacing the supernatant after the adsorption step with protein-free solutions of the 

same composition as used in the adsorption step (DB) or by extraction with two 

commonly used extraction buffers, EB1 and EB2. S1 was chosen as a model clayey 

soil rich in Al- and Fe (hydr)oxides and clay minerals (Table 1). S2 is a sandy loam 

with higher SiO2 and lower Al- and Fe (hydr)oxides contents than S1 (Table 1).  

Small RFvitro< 0.05 by DB showed that Cry1Ab adsorption to S1 and S2 was highly 

irreversible with respect to dilution, suggesting strong protein-sorbent interactions at 

pH 7 and I= 10 mM. Increasing I to 165 mM and adding the non-ionic detergent 

Tween® 20 in EB1, while maintaining a neutral pH, resulted in a significant (p <0.05, 

statistics in section S7, SI) increase in the RFvitro (details on the extraction buffers in 

section S4, SI). Despite this increase, RFvitro remained low (0.2 and 0.35 for S1 and 

S2, respectively). Using EB2, both high in pH (= 10.5) and I (= 808 mM), yielded 

significantly higher RFvitro of ~ 0.60 for S1 and S2.  

The effect of buffer composition on RFvitro may be rationalized on the basis of the 

known Cry1Ab adsorption mechanism. Increasing I and introducing the detergent 

Tween® 20 from DB to EB1 likely increased RFvitro by attenuation of both protein-

sorbent electrostatic attraction and of the contribution of the hydrophobic effect to 

adsorption to organic matter, respectively. The pH of 10.5 in EB2 is above the global 

and domain specific IEPs of Cry1Ab as well as above the point of zero charges of 

most soil constituents including Fe- and Al (hydr)oxides (PZC~ 8-9). For S1, with 

high content of Fe- and Al- (hydr)oxides, the increase in RFvitro from EB1 to EB2 may 

reflect conversion of electrostatic attraction of Cry1Ab to Fe- and Al- (hydr)oxides 

via Cry1Ab domains II (IEP= 9.6) and III (IEP= 9.4) at pH 7 into electrostatic 
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repulsion. This explanation is supported by the findings that (i) RFvitro from S1 

decreased from ~ 0.6 to ~ 0.4 when decreasing the pH to 7.4 (EB3 in Figure 1a), and 

(ii) that the decrease in RFvitro occurred at pH< 9 (Figure S1), which coincides with 

the upper range of PZCs for Fe and Al (hydr)oxides. Conversely, for S2, RFvitro did 

not decrease upon lowering the pH of EB2 from pH 10.5 to 7.5 (Figure 1a), 

demonstrating that the recovery was more affected by changes in I rather than pH. 

This finding may reflect that a large fraction of Cry1Ab in S2 was adsorbed to 

negatively charged particle surfaces (e.g., SiO2 in the silt fraction) via patch-

controlled electrostatic attraction and that this interaction was efficiently screened by 

increasing I. Efficient screening of Cry1Ab-SiO2 interactions at pH 7 with increasing 

I was previously demonstrated by in-situ surface adsorption techniques (16). 

We further tested whether alterations in the composition of EB2 and in the extraction 

procedure increased RFvitro of Cry1Ab detection in S1 and S2 (details in section S7, 

SI). Neither the replacement of Tween® 20 by the nonionic detergent Triton X-100, 

nor the addition of excess amounts of bovine serum albumin (BSA) significantly 

increased RFvitro (Figure S2). Triton X-100 and BSA were tested because they were 

shown to increase the extraction efficiencies of three enzymes from soils (21). No 

significant increase in RFvitro by addition of BSA suggests that it did not competitively 

replace adsorbed Cry1Ab, consistent with the results of an earlier study (4). Potential 

effects of increased pH and I of EB2 on RFvitro were not tested for several reasons. 

First, pH> 11 is expected to alter the conformation of Cry1Ab (22). Second, high pH 

extraction of soils with high organic matter contents would result in significant co-

extraction of soil organic matter that is expected to decrease the Cry1Ab detection 

limit of ELISA, as demonstrated in control experiments (Section S7, SI). Third, 

extracts with highly alkaline pH and I require large volumetric dilution ratios, leading 

to a decrease in the Cry1Ab concentration, to not damage the antibodies in the ELISA 

detection. 
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Figure 1. a. Response factors of in vitro detection, RFvitro, of Cry1Ab spiked to two 
soils S1 and S2 by replacing the supernatant after the adsorption step (2h) with 
protein-free solutions of the same composition as used in the adsorption step (DB) or 
by extracting the soils with two commonly used extraction buffers (EB1 and EB2). 
EB3 had lower pH than EB2 but was otherwise identical in chemical composition. b. 
Effect of variations in the extraction procedure on the RFvitro, including three 
sequential extraction steps of 30 min each, one extraction step of 90 min, and one step 
of 30 min with high intensity continuous sonication. c. Effect of Cry1Ab-soil contact 
time on RFvitro of in vitro detection of Cry1Ab spiked to S1 and S2 using EB2 in a 
single extraction step of 30 min.  
 

 

 

 

 

 

 

 

 

 

 

Figure 1b shows that RFvitro using EB2 did not significantly increase by sequential 

extraction, by an extended extraction time (90 min), and by high-intensity sonication 

of the sample during extraction (150 W; VibraCell rod sonicator, Sonics & Materials, 

Inc., USA). Pronounced decreases in the extraction efficiency of Cry1Ab from 

agricultural soils from the first to the second extraction steps was also reported by 

Baumgarte et al. (1).  

4.3.2 Effect of Cry1Ab-soil contact time on RFvitro using EB2 

The maximum RFvitro! 0.6 in Figure 1a suggests the presence of processes that 

rendered ~40% of the added Cry1Ab unrecoverable with 2 hours of adsorption to S1 

and S2. Consistent with these findings, RFvitro values decreased with increasing 

Cry1Ab-soil contact times prior to the extraction by EB2 (Fig. 1c). For S1, RFvitro 
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continuously decreased to ~ 0.35 after 24 h (all decreases were statistically 

significant), while for S2, RFvitro leveled off at ~ 0.55 after 2 h and no further 

significant changes with time were observed. The differences between S1 and S2 in 

the kinetics and the extents of the RFvitro decrease suggest that the finding of RFvitro 

~ 0.6 for both soils after 2 h of contact time was therefore probably coincidental. We 

can rule out Cry1Ab degradation as cause for the decrease in RFvitro as the soils were 

sterilization by !-irradiation prior to use. Similar to our findings, Shan et al. (6) 

reported decreasing RFvitro from 0.75 to 0.66 upon increasing the contact time of 

Cry1Ab with a clayey soil from 30 min to 24 h. Clearly, these trends call for caution 

when using RFvitro determined in the laboratory with minutes to hours protein-sorbent 

contact times in the analysis of field samples with Cry1A-soil contact times of weeks 

to months. Decreasing RFvitro with time likely reflect strengthening of Cry1Ab-

sorbent interactions. These may have involved slow redistribution of Cry1Ab into 

high-affinity sites from which it was not easily extracted. Alternatively, the surfaces 

may have induced slow Cry1Ab conformational changes that rendered the protein less 

extractable from the surface and potentially undetectable by conformation-specific 

antibody binding in ELISA. To assess, whether the latter process resulted in decreased 

activity, in vivo bioassays were carried out for a total of 7 days, which will be 

discussed below. 

4.3.3 Effect of spiking and equilibration method on in vitro detection of Cry1Ab 

Shan et al. (6) reported high RFvitro for Cry1F (RFvitro = 0.82 to 1.16), Cry1Ac (RFvitro 

= 0.82 to 0.96), and for Cry1Ab (RFvitro= 0.64 to 1.14) in six soils using a neutral (pH 

7) extraction buffer of I= 780 mM, that was modeled after the gut fluid of a marine 

annelid, herein referred to as EB4. Using EB4 to extract Cry1Ab from S1 and S2 

resulted in RFvitro of ~ 0.4 and ~ 0.6 (Figure S5). Compared to EB2, EB4 was 

therefore less and equally efficient for S1 and S2, respectively. Notably, RFvitro using 

EB4 fit into the RFvitro trends with the pH and I of the extractions buffers discussed 

above. The overall higher RFvitro in (6) as compared to the RFvitro herein were 

therefore likely due to methodological differences in protein spiking and 

equilibration. In (6), a small volume (50 "L) of highly concentrated protein solution 

was spiked to field moist soils followed by mechanical mixing. In this work, the 

procedure of (6) to spike and equilibrate Cry1Ab to S1 and S2 resulted in RFvitro of 

~ 0.92 and ~ 1.00 using EB2, respectively, which were significantly higher than those 
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obtained by EB4 from the same samples (RFvitro~ 0.74 and ~ 0.90, respectively; 

section S7, SI). The spiking method in (6)  likely resulted in a heterogeneous Cry1Ab 

distribution in the soils with limited Cry1Ab-sorbent contact, leading to higher 

extraction efficiencies. In contrast, the solution depletion procedure used herein likely 

resulted in a more homogeneous protein distribution in the soil. Furthermore, Cry1Ab 

molecules may have undergone several adsorption-desorption cycles until irreversibly 

adsorbing to high affinity sites.  

The above findings show the difficulties in interpreting RFvitro values for Cry1A 

proteins in soils from different studies. General trends, however, can be seen when 

comparing our results to reported data in refs. (1, 4-6, 23, 24). Response factors 

increase with increasing pH and I of the extraction buffer, and decrease with 

increasing protein-soil contact time. 

4.3.4 In vivo detection of Cry1Ab adsorbed to different soils 

Figure 2a shows the growth inhibition GI of O. nubilalis neonates after 7 days of 

feeding on diet containing Cry1Ab mixed either directly into the food (control) or 

after being adsorbed to soils S1 and S2. The error bars represent standard deviations 

of at least 38 replicate larvae. The solid lines represent the fits of Eq. 2 and the dashed 

lines the corresponding 95%-confidence bands. The EC50 of Cry1Ab adsorbed to all 

tested seven soils, including S1 and S2, were in good agreement with published 

values for EC50 of adsorbed Cry1Ab (25, 26). The corresponding RFvivo are plotted in 

Figure 2b. A detailed list on all EC50 and RFvivo is given in Table S5. While individual 

RFvivo for five soils were not statistically different from unity (95% confidence 

interval does include 1 (27), statistics in section S8, SI) Cry1Ab adsorbed to S1 and 

S5 resulted in RFvivo = 2.0 (95% confidence interval from 1.3 to 2.9) and 0.84 (95% 

CI from 0.70 to 0.99) and were thus significantly different from 1 (95% CI does not 

include 1). However, as will be discussed in the following section, a combined 

statistical analysis of RFvivo of Cry1Ab adsorbed to the seven soils and the major soil 

constituent showed no significant variation of the sorbent with RFvivo. This analysis 

implies, that significant differences in individual RFvivo of Cry1Ab adsorbed to S1 and 

S5 are the result of the commonly observed experiment-to-experiment variability of 

RFvivo in bioassays (28).  
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 The RFvivo ! 1 of the bioassays of Cry1Ab adsorbed to soils exhibiting different 

mineral compositions, grain size distributions, and organic carbon contents showed 

similar activities among these tested soils and to non-adsorbed Cry1Ab. These 

findings have several implications. First, Cry1Ab had to be adsorbed to soil particles 

that were sufficiently small to be ingested by the neonate larvae. Control experiments 

in which larvae were fed with Cry1Ab adsorbed to differently sized SiO2 particles 

(diameters from 97 nm to 250 "m) suggested that size did not affect ingestion for 

particles of diameters $3.4"m (Figure S7). Consequently, Cry1Ab was likely 

adsorbed to clay and fine-silt sized particles, consistent with their large contributions 

to total surface areas in soils. Furthermore, control experiments showed high Cry1Ab 

affinity to fine colloidal particles in the supernatant of soils S1 and S2 (data not 

shown). Increased EC50 for Cry1Ab adsorbed to particles with diameters %73 "m 

further demonstrated that desorption of Cry1Ab during diet preparation was 

insignificant. Second, relative to the control, the larvae quantitatively extracted 

Cry1Ab from the ingested soil particles. Third, the in vivo extracted Cry1Ab was in its 

active, and hence native conformation. Cry1Ab adsorption therefore did not 

irreversibly alter its structure, consistent with earlier evidence of high Cry1Ab 

conformational stability in adsorbed states (15). Extensive conformational changes of 

Cry1Ab would have resulted in RFvivo <<1 or even the complete absence of growth 

inhibition. Complete Cry1Ab inactivation by conformational unfolding was 

demonstrated by treating Cry1Ab with the denaturing detergent sodium dodecyl 

sulfate (1%w/w) before transfer into the diet (Figure S8). 

4.3.5 In vivo detection of Cry1Ab adsorbed to various model soil constituents 

It is conceivable that the tested soils contained surfaces that inactivate Cry1Ab but 

that no adsorption occurred to these surfaces under the chosen experimental 

conditions. In order to assess this possibility, we determined the RFvivo for Cry1Ab 

adsorbed to major mineral and organic soil constituents, including SiO2, goethite, 

aluminum oxide, two clay minerals (kaolinite and montmorillonite), and a soil humic 

acid. In addition, Cry1Ab was adsorbed to a poly-L-lysine (PLL) films for a model of 

a positively charged organic surface (IEPPLL !10 (19)). All except one sorbent (SiO2 

with d50= 0.82 "m) were tested in duplicate experiments on different days (i.e., with 

different batches of larvae). The corresponding RFvivo are given in Figure 2c. While 
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one experiment for Cry1Ab adsorption to SiO2 (d50= 97 nm and 3.4 "m), 

montmorillonite, and kaolinite showed RFvivo <1 (95% CI did not include 1), the 

duplicate experiments conducted with larvae from different shipments showed RFvivo 

that did not significantly differ from unity. Both experiments of Cry1Ab adsorbed to 

aluminum oxide resulted in RFvivo >1. For Cry1Ab adsorbed to goethite, one 

experiment resulted in RFvivo <1 and one experiment in RFvivo >1. Individual RFvivo of 

Cry1Ab adsorbed to organic soil constituents were not significantly different from 1. 

An ANOVA showed that neither the type of sorbent nor the shipment of larvae had a 

significant influence on RFvivo. The average RFvivo of all sorbents (including soils) 

was 1.02 (95% CI from 0.85 to 1.19) and did not significantly differ from 1 (t-test). 

The observed variations in RFvivo are therefore not an effect of adsorption of Cry1Ab 

or variations of shipment-to-shipmen larval variability, but the common variability in 

diet incorporation bioassays as discussed in ref (28).  

Therefore, the RFvivo! 1 suggests quantitative in vivo extraction of Cry1Ab from the 

tested soil constituents. For reasons discussed above, quantitative extraction is 

consistent with the highly alkaline (pH> 10) and high ionic strength conditions in the 

midgut of O. nubilalis. Furthermore, the midgut contains surfactants, like 

lysolecithins, (29, 30) that likely facilitate Cry1Ab desorption from the less polar 

humic acid surface. Furthermore, RFvivo! 1 demonstrated that Cry1Ab retained full 

activity –within the error of the measurement– during adsorption-desorption cycles 

involving the major soil constituents.  
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Figure 2. a. Growth inhibition of Ostrinia nubilalis neonates fed with diet containing 
Cry1Ab either directly mixed into the diet (control) or Cry1Ab adsorbed onto soils S1 
and S2 prior to mixing into the diet. The error bars represent standard deviations of at 
least 38 replicate larvae. The solid and dotted lines represent the fit and the 
corresponding 95%-confidence bands by a dose-response model (Eq. S1). 
b. Response factors (RFvivo) (the ratios of the median effect concentrations, EC50, of 
Cry1Ab added directly to the diet (control) and added pre-adsorbed to a soil or 
particle surface) of Cry1Ab adsorbed to seven different soils. RFvivo larger and smaller 
than unity signified increased and decreased activities, respectively, of Cry1Ab 
relative to the controls. c. RFvivo for Cry1Ab adsorbed to major mineral (SiO2, 
goethite, aluminum oxide) and organic (humic acid) surfaces in soils. Poly-L-lysine 
served as a model for a positively charged surface with high point of zero charge. The 
two data points for each sorbent (except SiO2 0.82 "m) represent the results of 
duplicate measurements conducted on different days with larvae from different 
shipments. Error bars in b and c represent 95%-confidence intervals of RFvivo. 
Asterisks (*) indicate individual RFvivo that are significantly different from 1 (95% 
confidence interval does not include 1).  

 

 

 

4.3.6 Comparison of in vitro and in vivo detection. 

The averaged RFvivo of 1.02 was significantly larger than the largest RFvitro of 0.84 

(based on the 95%-CI of RFvivo from 0.85 to 1.19). The retained insecticidal activity 

of Cry1Ab adsorbed to S1 and S2 ruled out that the decrease in RFvitro with increasing 

Cry1Ab-soil contact time was due to protein inactivation. We propose two 

explanations for the observed differences. First, particle adsorbed Cry1Ab was more 

efficiently extracted in vivo than in vitro. This explanation was supported by RFvitro 

using a newly developed biomimetic extraction buffer EB5 that were significantly 

higher than the RFvitro using any of the other tested buffers (statistical analysis in 

section S7, SI). The composition of EB5 was based on the published pH, ion 

concentration and composition of the midgut fluid of lepidopteran larvae (section S4, 

SI). At the same time, RFvitro using EB5 remained significantly smaller than unity. 

Second, adsorption may have resulted in slight conformational changes that altered 

the epitope for antibody binding in in vitro detection while not affecting the affinity of 

the protein to the receptors anchored in the midgut of O. nubilalis.  
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4.4 Implications 

This work has several implications for the detection of Cry1Ab, and likely other 

Cry1A proteins, in soil samples. First, alkaline (pH> 10), high ionic strength (I= 800 

mM) extraction buffers containing non-denaturing detergents should be used for in 

vitro detection of Cry1Ab. These buffers yielded significantly higher response factors 

(RFvitro) in laboratory spike-recovery experiments than buffers with neutral pH and 

lower I, including commonly used PBST. Efficient extraction at high pH and I in the 

presence of detergent likely reflects attenuation of Cry1Ab-sorbent electrostatic 

attraction and adsorption by the hydrophobic effect, which were shown to govern 

adsorption to charged polar mineral and less polar organic matter surfaces, 

respectively (15-17). A molecular level understanding of Cry protein adsorption to 

soil constituents may therefore help in the design of efficient extraction buffers for 

other Cry proteins. For soils with high organic matter content, interference of co-

extracted organic matter may interfere with the ELISA detection and warrants 

separate assessment.  

Second, even when using efficient extraction buffers, RFvitro determined in short-term 

laboratory spike-recovery experiments with protein-soil contact times of minutes to 

hours may not be applicable to quantify Cry1Ab in field samples in which the protein 

has been in contact with the soil for weeks to months. If applied, Cry1Ab 

concentrations in field soils are expected to be underestimated and may even have led 

to false negative results in past studies, because Cry1Ab was not extracted from the 

soil samples. Decreasing RFvitro with increasing protein-soil contact time likely 

reflected increasing protein-sorbent attractive interactions. 

Third, Cry1Ab adsorbed to soils and to major mineral and organic soil constituents 

retains its full insecticidal activity over the course of a week, as demonstrated by 

RFvivo! 1 for in vivo detection of Cry1Ab adsorbed to these sorbents using 

O. nubilalis as sensitive test organism. Clearly, in vivo detection was superior to in 

vitro detection in short-term spike recovery experiments. Retained activity over a 

week rules out that the Cry1Ab undergoes extensive and irreversible conformational 

changes in adsorbed states. These findings indicate that sorbent-induced inactivation 

of Cry1Ab is not a major dissipation route in the environment.  
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Fourth, despite being labor intensive, bioassays using growth inhibition of 

O. nubilalis as toxicity endpoint offer significant advantages as compared to in vitro 

detection of Cry1Ab. The use of in vivo detection is warranted, because RFvivo were 

!1 for Cry1Ab spiked to soils, which were significantly higher than corresponding 

RFvitro. The effect of long-term Cry1Ab-soil contact on RFvivo still needs to be 

established. Bioassays have the advantage of detecting only active Cry proteins. 

O. nubilalis is an ideal test organism due to both efficient extraction and highly 

selective binding of Cry1Ab in its midgut. We therefore propose the routine use of 

O. nubilalis bioassays as a method to conservatively estimate the exposure of non-

target soil-dwelling organisms to Cry1Ab in soils. Hence, this test can be used to 

evaluate whether labor intensive and expensive field studies seeking for potential 

effects on soil-dwelling non-target organisms are warranted. 
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4.6 Appendix 4 

Materials and Methods 

Section S1. Chemicals and Cry1Ab protein  

Chemicals. All chemicals were analytical grade if not otherwise stated and used as 

received. 2-morpholinoethanesulfonic acid monohydrate (MES), N-(2-

Hydroxyethylpiperazine)-N’-2-(ethanesulfonic acid) (HEPES), N-cyclohexyl-3-

aminopropanesulfonic acid (CAPS), boric acid (B(OH)3), sodium chloride (NaCl), 

potassium chloride (KCl), sodium bicarbonate (NaHCO3), disodium sulfate (Na2SO4), 

magnesium chloride (MgCl2), calcium chloride (CaCl2), disodium phosphate dibasic 

(Na2HPO4), potassium dihydrogen phosphate (KH2PO4), hydrogen peroxide (H2O2, 

! 35.0 %), sodium hydroxide (NaOH, !  32.0 %), hydrochloric acid (HCl, !  32.0 %), 

methyl-4-hydroxybenzoate (Nipagin), benzoic acid, ascorbic acid, malic acid, citric 

acid, sodium taurocholate (STC) (technical grade), Triton X-100®, sodium dodecyl 

sulphate (SDS), and polyoxyethylen(20)-sorbitan-monolaurat (Tween® 20) were from 

Sigma-Aldrich (St. Louis, MO), and sulphuric acid (H2SO4) was from Merck 

(Darmstadt, Germany).  

Proteins. Cry1Ab was purchased from M. Pusztai-Carey (Case Western Reserve 

University, Cleveland, OH, USA, details in (1)). Bovine serum albumin (BSA, 

lyophilized, >99%) used in extraction buffers was purchased from Sigma-Aldrich (St. 

Louis, MO). 

Section S2. Preparation and properties of soil constituents 

 SiO2. Different SiO2 particles were tested. (i) Snowtex ST-ZL SiO2 particles with 

mean hydrodynamic diameters of d50= 97 nm were provided by Nissan Chemical 

Company (Houston, TX, USA)). (ii) SiO2 particles with d50= 0.82 and 3.4 "m 

obtained by wet sedimentation on > 99.6% purity SiO2 particles from Sigma Aldrich 

(product number S5631; St. Louis, MO, USA). (iii) SiO2 beads with d= 73 and >212 

"m were from Sigma Aldrich (St. Louis, MO). The cleaning and preparation for all 

particles is described in (2) 

Clay minerals. Montmorillonite (SAz-1) and Kaolinite (KGa-1B) were purchased 

from The Clay Minerals Society (Chantilly, VA). The clays were Na+-homoionized 
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by three cycles of washing with 3M NaCl, followed by extensive washing in de-

ionized water (>18 M! cm-1 resistivity). The homoionized SAz-1 was size 

fractionated by wet sedimentation in de-ionized water into two fractions with 

hydrodynamic diameters larger and smaller than 2 "m, respectively. The fraction 

< 2 "m was used for experiments. 

Aluminum and iron oxides. !-Al2O3 (TM-DAR, 99.99% pure, charge 5751) was 

provided by Taimei Chemicals (Tokyo, Japan)(3) and goethite ("-FeOOH, Bayferrox 

910) was from Bayer Chemical company (Leverkusen, Germany). Particle properties 

are listed in Table S1. Both sorbents were used as received.  

Humic acids and poly-L-lysine (PLL). Elliot Soil humic acid standard (ESHA) and 

Leonardite humic acid standard (LHA) were purchased from the International Humic 

Substances Society (IHSS) (St. Paul, MN). Poly-L-lysine (PLL) (70-150 kDa) was 

from Sigma-Aldrich (St. Louis, MO). 

(i) PLL coating to SiO2 particles (d50= 0.82 !m) . 20 mg of SiO2 particles were 

suspended in 2 mL solution (pH 7; 3 mM HEPES, total ionic strength I= 10 mM by 

addition of NaCl) in a plastic tube. The particle suspension was added drop-wise to 

12.4 mL PLL solution (pH 7, I= 10 mM) at concentration of 0.116 mg mL-1, sitting in 

a sonication bath at approximately 4°C under constant sonication, resulting in a final 

solution volume of 14 mL at a nominal concentration of 0.1 mg PLL mL-1. PLL was 

in excess to the amount required to coat the SiO2 surface. Upon addition of all the 

SiO2 particles, the solution remained in the sonicator for another 30 min (constant 

sonication, T= 4°C) to ensure adsorption equilibrium. Excess PLL in solution was 

subsequently removed by three centrifugation cycles (2000 g for 8 min), replacement 

of the supernatant with PLL-free solutions (pH 7, I= 10 mM; 3mM HEPES). An 

aliquot of the washed particles was removed and analyzed for #-potential by 

electrophoretic light scattering. 

(ii) HA coating to PLL coated SiO2 particles (d50= 0.82 !m). 5 mg of SiO2 particles 

coated with PLL were re-suspended in 2 mL solution (pH 7, I= 10 mM, 3 mM 

HEPES) and added drop-wise to a HA solution (concentration of 0.053 mg HA mL-1; 

prepared by dissolving 2.02 mg HA in 38.3 mL) placed in the sonication bath at 4°C 

under constant sonication, resulting in a final nominal HA concentration of 0.05 mg 

mL-1. HA was in excess to the amount required to coat the PLL-SiO2 surface. Upon 
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addition of all the PLL-SiO2 particles, the solution remained in the sonicator for 

another 30 min (constant sonication, T= 4°C) to ensure adsorption equilibrium. 

Excess HA in solution was subsequently removed by three centrifugation cycles 

(2000 g for 8 min), replacement of the supernatant with HA-free solutions (pH 7, I= 

10 mM; 3mM HEPES). An aliquot of the washed particles was removed and analyzed 

for #-potential by electrophoretic light scattering. 

Table S1. Properties of soil constituents 

sorbent 
particle 

diameter 
("m) 

specific surface 
area (m2 g-1) 

point of zero 
charge (PZC) 

cation exchange 
capacity (meq/100g) 

97 nm SiO2 d50 = 0.097a 34 b 2-3 c  

0.82 "m SiO2 d50 = 0.82 a 7.8 a 2-3 c  

3.4 "m SiO2 d50 = 3.36 a 3.6 a 2-3 c  

73 "m SiO2 d50 = 73 a  2-3 c  

>212 "m SiO2 212-300 d  2-3c  
aluminum oxide  d50 = 0.116 e  13.4 e 9.1 e  

Goethite  0.1 to 0.6 d 17.5 d 7.85 d  
Montmorillonite  < 2 "m f 97 g (external) 2-3 g 120 g 

Kaolinite  3.2 h 12 i (external) 4 j 30 i 
a ref (2), b ref (4), c ref (5), d information by supplier, e ref (3), f size fractioned by wet sedimentation, g 

The Clay Minerals Society, h ref (6), i ref (7), j ref (8), k ref (9). 

Section S3. Cry1Ab quantification by enzyme-linked immunosorbent assay (ELISA) 

Cry1Ab concentrations in solutions following the adsorption step and in the extracts 

were quantified by Cry1Ab-specific enzyme-linked immunosorbent assays (sandwitch 

ELISA) (PathoScreen® Cry1Ab-1Ac kit; Agdia Incorporated; Elkhart, IN, USA). 

Each 96 well plate contained 15 Cry1Ab calibration standards at concentrations of 0.1 

to 7.6 ng Cry1Ab mL-1, prepared in phosphate buffered saline containing Tween® 20 

(PBST, composition see section S4). Details on the quantification are provided in ref 

(1). 

Section S4. In vitro detection of Cry1Ab  

Chemical composition of extraction buffers. 

Extraction buffer Nr. 1 (EB1) corresponded to phosphate buffered saline containing 

Tween (PBST). The chemical composition of EB1 was 137 mM NaCl, 8.1 mM 
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NaH2PO4, 1.5 mM KH2PO4, 2.8 mM KCl, 0.05%w Tween® 20, pH adjusted to pH 

7.4. The calculated total ionic strength of EB1 was I = 165 mM. 

Extraction buffer Nr. 2 (EB2) is an alkaline extraction buffer described by Palm et al. 

(10). The chemical composition of EB2 was 750 mM KCl, 10 mM ascorbic acid, 

50 mM boric acid, 0.075%w Tween® 20, pH adjusted to pH 10.5. The calculated total 

ionic strength of EB2 was I = 808 mM.  Extraction buffer Nr. 3 (EB3) had identical 

composition to EB2 with the exception of containing 10 mM boric acid instead of 

50 mM in EB2.  

Extraction buffer Nr. 4 (EB4) is a pH 7, biomimetic extraction buffer described by 

Shan et al. (11). The chemical composition of EB3 was 335 mM NaCl, 7.9 mM KCl, 

2.1 NaHCO3, 24.5 mM Na2SO4, 11.9 mM CaCl2, 98.4 mM MgCl2, 13 mM sodium 

taurocholate, 0.075 mM BSA, pH adjusted to 7.0, total I = 780 mM. 

Extraction buffer Nr. 5 (EB5) is an alkaline extraction buffer based on lepidopteran 

larvae midgut fluid. The chemical composition of EB5 was: 50 mM CAPS, 50 mM 

K2SO4, 1mM NaCl, 100 mM KCl, 2 mM citric acid, 0.3 mM malic acid, 0.375%w, pH 

adjusted to 10.5. The calculated total ionic strength of EB5 was I = 297 mM. 

Spike-recovery experiments of Cry1Ab on soils S1 and S2 

A mass of 40 ± 0.5 mg of soils S1 and S2 were weighed into separate 2 mL tubes 

(Protein LoBind, Eppendorf AG, Hamburg, Germany). The soils were amended with 

1800 "L of solution (pH 7, 3 mM HEPES, total ionic strength I = 10 mM; adjusted by 

NaCl), followed by vigorous mixing. The tubes were agitated on an overhead shaker 

for 12-14 h to ensure equilibration of soils to the solution. 

Tubes were subsequently centrifuged (16000 g, 5 min), 1600 "L of the supernatant 

was removed and replaced by 700 "L of solution (pH 7, 3 mM HEPES, I = 10 mM). 

Following re-suspension, 900  "L of a 20 ng mL-1 Cry1Ab solution (in pH 7, 3 mM 

HEPES, I= 10 mM) were added. The tubes were placed on an overhead shaker for 2 h 

(or, for kinetic experiments for times varying between 30 min and 24 h). 

Subsequently, the tubes were centrifuged at 16000 g for 5 min. 90 "L of the 

supernatant were transferred to the test-wells of an ELISA plate containing 10 "L of 

10-fold concentrated PBST (details of ELISA quantification in section S3), followed 

by ELISA quantification (see above). 
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The adsorbed Cry1Ab concentration on the particle surface was determined indirectly 

by mass balance on the initial Cry1Ab mass added and the mass remaining in solution 

after the adsorption step. Control experiments were conducted in which the solution 

pH during adsorption was varied between pH 5.5 to 7.5. Solution pH during 

adsorption did not affect the response factors for the soils (data not shown). 

For extraction of Cry1Ab from soils, an additional 1510 "L of supernatant were 

removed and 1600 "L of extraction buffer were added. The tubes were subsequently 

agitated for 30 minutes on an overhead shaker, unless specified otherwise. The tubes 

were centrifuged for 5 min at 16000 g. For quantification of Cry1Ab in the extract, 

10 "L of the supernatant were mixed with 90 "L of 1.1-fold concentrated PBST in the 

test-wells of the ELISA plate.  

Effect of extraction buffer pH on the response factor 

The effect of extraction buffer pH was evaluated by adjusting the pH of EB2 to pH 

10.8, 9.5, and 8.7 (instead of 10.5), and the initial pH of EB3 to pH 9.5. Extraction 

experiments were performed as described above. Following extraction for 30 min and 

subsequent centrifugation, the pH of the extract was determined. It was smaller than 

the initial buffer pH due to soil pH buffering.  

Effects of chemical composition of EB2 on the response factor 

The chemical composition of EB2 was altered in different ways. (i) Substitution of 

Tween® 20 (0.61 mM (0.75 mg mL-1)) by the non-ionic detergent Triton X-100 

(2.58 mM (1.61 mg mL-1)), which corresponds to the same ten-fold critical micelle 

concentration as 0.61 mM Tween® 20).  

(ii) Addition of sodium taurocholate (STC; 13 mM (7.0 mg mL-1); corresponding to 

the 2-fold CMC); (iii) addition of BSA (5 mg mL-1); and (iv) Addition of both STC 

and BSA in the same concentrations as in (ii) and (iii).  

Effect of co-extracted dissolved organic matter on the ELISA response  

Alkaline extraction buffers may co-extract soil organic matter, which may interfere 

with Cry1Ab quantification by ELISA. This was tested by preparing Cry1Ab 

calibration standards in PBST buffer containing Leonardite humic acid (LHA) at 

concentrations of 0.01 to 100 mg organic carbon mL-1.  
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An apparent Cry1Ab concentration, CLHA
app , in a Cry1Ab concentration standard 

containing LHA was calculated from a calibration curve of Cry1Ab concentration 

standards without LHA. CLHA
app  was divided by the concentration of the Cry1Ab 

concentration standard without LHA with the same Cry1Ab concentration. This ratio 

is referred to as relative ELISA response. 

Effects of sequential extraction, extraction time and sonication on the response factor 

For soils S1 and S2, experiments were conducted to assess the effects of sequential 

extraction, extraction time, and sample sonication on the response factor. In all cases, 

Cry1Ab was adsorbed to soils S1 and S2 as described above. The Cry1Ab-soil contact 

times were 2 h and EB2 was used for extraction.  

(i) Sequential extraction. The first extraction step was carried out as described above. 

After removal of 90 "L of the first extract for Cry1Ab quantification, an additional 

1510 "L were removed and replaced by 1600 "L of fresh EB2. The samples were 

subsequently agitated for 30 minutes on an overhead shaker, then centrifuged for 

5 min at 16000 g, followed by withdrawing 90 "L for Cry1Ab quantification. The 

same procedure was repeated, resulting in a total of three sequential extractions of the 

same soil sample. 

(ii) Extraction time. Cry1Ab was extracted from soils S1 and S2 using EB2. The 

extraction period was 90 minutes instead of typically used 30 min.  

(iii) Sonication. After addition of EB2 to the samples (as described above), the 

samples were sonicated with a tapered microtip for 5 seconds with 150 W (VibraCell, 

model CV33, Sonics & Materials, Inc., Newtown, CT, USA). Samples were 

subsequently extracted for 30 min as described above. 

Effect of Cry1Ab-soil contact time on the response factor (Figure 1c) 

Cry1Ab was added to soils S1 and S2 as described above, followed by equilibration 

for 30 min, 2h (see above), 11 h, and 24 h. Given the high surface area of the soils and 

irreversible adsorption of Cry1Ab to the soils (see Figure 1a), unspecific losses of 

Cry1Ab to tubes were considered small. Close to quantitative recovery was 

determined when spiking Cry1Ab to the supernatants of S1 and S2 obtained by 

equilibrating the soils to the experimental solution (pH 7, I= 10 mM, 3 mM HEPES), 
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indicating minor loss to the tubes. Conversely, experiments in which Cry1Ab was 

spiked to only the solution resulted in losses of 45 ± 12 % to the tubes. 

Effects of spiking and equilibration methodology on the response factor 

The response factor, RFvitro, of the in vitro detection of Cry1Ab was compared 

between two spiking methods. In the first method, Cry1Ab was adsorbed to the soil 

by solution depletion (as described above), in the second, 50 "L of 0.36 ng Cry1Ab 

"L-1 were spiked to 40 mg of moist soils S1 and S2, followed by mechanical mixing 

(vortex), and subsequently 30 minutes equilibration, according to the procedure 

applied by Shan et al. (11). S1 and S2 were extracted by adding 1800 "L of EB2 and 

then further processed as described above. 

Section S5. Insecticidal activity of adsorbed Cry1Ab 

Cry1Ab added to the diet following pre-adsorption to soils and soil constituents 

Cry1Ab was adsorbed to the sorbents in solutions with pH 6 (3 mM MES) and total 

ionic strengths of I = 10 mM (adjusted by NaCl). 200 "L of soil or particle 

suspensions (pH 6, I= 10 mM) were amended with 1800 "L Cry1Ab solution (pH 6, 

I= 10 mM) at initial protein concentrations of 8, 15, 30, 60, 125, 300, 500 ng mL-1. 

The amounts of soil and particles in the 200 "L suspensions were as follows: 4 mg for 

d50= 97 nm SiO2; 34.2 mg for d50= 0.82 "m SiO2, PLL-coated and HA-coated SiO2, 

resulting in the same surface areas, 140 mg for d50= 3.4 "m SiO2 and 73 "m SiO2, and 

450 mg for >212 "m SiO2 (resulting in the same surface areas for 73 " m and 

> 212 "m particles); 35.5 ± 0.5 mg for Al2O3, SAz and Goethite; 72 mg for KGa; and 

150 ± 1 mg for the soils. Following Cry1Ab addition, the tubes were agitated on an 

overhead shaker for 30 min. The tubes were then centrifuged (5 minutes at 16000 g), 

and an aliquot of the supernatant was analyzed for the Cry1Ab concentration, as 

described in (1). The adsorbed mass was calculated by mass balance. Volumes of 

1700 "L of the total solution volume of 1800 "L were removed and replaced with 

protein-free solutions (pH 6, I=10 mM) to minimize the amount of non-adsorbed 

Cry1Ab that was transferred into the diet. Cry1Ab-free controls containing the same 

sorbent concentration were prepared and used as reference for no effect (i.e., zero 

growth inhibition (GI = 0)). 
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Cry1Ab added directly to the diet 

Cry1Ab solutions at 8, 15, 30, 60, 125, 300, 500 ng Cry1Ab mL-1 and containing no 

sorbents were prepared by adding the appropriate volumes of Cry1Ab stock solution 

to pH 6 and I= 10 mM solutions. In addition, a protein-free solution was prepared. All 

solutions were transferred and mixed into the diet. 

Bioassays were carried out as described in (2). Eggs were obtained from INRA, 

Surgères, France or French Agricultural Research Inc., MN, USA. The Cry1Ab 

concentration in the diet ranged from 1 to 65 ng Cry1Ab g-1 diet. Two Cry1Ab-free 

controls were run, one with and one without sorbent. Larvae were placed in a climatic 

chamber (25 ± 1°C; 70 ± 2% relative humidity; 16h/8h bright/dark cycle) for seven 

days, after which growth inhibition (GI) was determined as the toxicity end point, 

according to Eq. 2 in the manuscript. 

Regression analysis of dose-response curves using a 2-parameter sigmoidal model 

(Eq. S1) yielded EC50 values, the median GI concentrations relative to the Cry1Ab-

free control group containing sorbent: 

GI = 1
1+10s LEC50 ! log10 C( )  Eq. S1 

where LEC50 (unit: log10(ng g-1)) is the fitted log10 of the EC50 (ng g-1 diet), C (ng g-1) 

is the Cry1Ab concentration in the diet, and s is the factor determining the slope of the 

dose-response curve (the EC50 must be fit in its logarithmic form, since otherwise 

confidence intervals could potentially go to (meaningless) negative concentrations). 

Variations in the EC50 values due to differences in larval fitness between different 

shipments and bioassay events were accounted for by relating the mean effect 

concentration of the particle-adsorbed Cry1Ab, , to that of the respective 

control,  according to Eq. 3 in the manuscript. Higher and smaller responses 

of adsorbed compared to directly added Cry1Ab are indicated by RFvivo> 1 and <1, 

respectively. Individual RFvivo were considered significantly different from 1 if their 

95% confidence interval did not include 1 (12). An ANOVA was performed to test for 

a significant influence of the sorbent on all RFvivo. 

EC50
adsorbed

EC50
control
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Effect of temperature during diet preparation on Cry1Ab activity 

Cry1Ab, either free in solution or particle adsorbed, was typically added into the 

liquid diet at a diet temperature of # 60°C (2). The relatively high temperature was 

required to impair agar solidification. To test for a potential Cry1Ab inactivation at 

60°C, 1.8 mL PBS solutions at 5 ng Cry1Ab mL-1 were kept in a water bath at 

temperatures of 25, 40, 50, 60, and 70 °C for 8 minutes. Subsequently, the Cry1Ab 

concentrations in the PBST were quantified by ELISA. 

Cry1Ab thermal stability during diet preparation 

Glass vials with 20 g of diet at 60 ng Cry1Ab g-1 diet were prepared and subsequently 

either cooled immediately or kept at 60°C for 10, 30 or 60 minutes. After cooling, 262 

± 18 mg of the diet were extracted with 900 "L extraction buffer (300 mM CAPS, 50 

mM K2SO4, 1 mM NaCl, 2 mM citric acid, 0.3 mM malic acid, 0.075%w/w Tween$ 

20). During the first minute of extraction, the samples were ultrasonicated at 150 W 

for 1 minute (pulses of 0.8 sec, interrupted by 0.2 sec breaks; VibraCell, model CV33, 

Sonics & Materials, Inc., Newtown, CT, USA). Samples were then agitated on an 

overhead shaker for 2 hours. Subsequently, the samples were centrifuged (5 min at 

16000 g) and an aliquot of the supernatant extraction buffer was diluted 1:5 with a pH 

6.4 buffer (75 mM HEPES), followed by quantification of Cry1Ab in the diluted 

buffer by ELISA. Calibration standards prepared in diet extracts showed the same 

response in the ELISA as standards prepared in PBST, demonstrating that there were 

no matrix effects on ELISA quantification. 

Section S6. Statistical evaluation of response factors.  

For the in vitro method, 1-, 2- and 3-way ANOVAs were performed to tests for 

significant differences in the RFvitro, among different treatments and/or sorbents. For 

RFvivo from the in vivo method (bioassays), a 1-way ANOVA was performed to test 

for differences in RFvivo among the sorbents. In a 2-way ANOVA, additionally to the 

influence of the sorbent on the RFvivo, the influence of larval batch-to-batch variability 

on the RFvivo was included, by taking the event into account as a second variable. 

In both methods, in vitro and in vivo, the Tukey's honestly significant difference 

criterion (HSD) was used to identify individual significant differences between the 

RF. The HSD uses statistical parameters obtained by the ANOVA, such that the HSD 
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identifies significant differences in the RF only if the ANOVA-derived p < 0.05. All 

statistical evaluations were performed with Matlab R2010a for Mac OS X 

(MathWorks, Natick, MS). 

Results and Discussion 

Section S7. In vitro detection 

Influence of extraction buffers on the response factor 

Table S2 lists the results of the ANOVA for the influence of extraction buffers EB1, 

EB2 and EB3 on the RFvitro for soils S1 and S2  

 

Table S2. Results of statistical tests for the influence of extraction buffers on the RFvitro for 
soils S1 and S2 (Figure 1a). Significant differences between RFvitro (p < 0.05) are marked †.  
p values of the 2-way ANOVA of testing the influence of extraction buffers (EB1, EB2 and 
EB3) and the soils (S1 and S2) on the RFvitro 

p value for influence of extraction buffers on the RFvitro 
† 3 % 10-12 

p value for the influence of the soils on the RFvitro 
† 1 % 10-7 

p value of interactions between buffers and soils † 0.0001 
p values of the 1-way ANOVA of testing the influence of extraction buffers (EB1, EB2, and 
EB3) on the RFvitro (separate analysis for each of the soils).  

p value for S1 p value for S2 
† 9 % 10-9 † 2 % 10-5 

Results of the honestly significant difference (HSD) criterion for indentifying individual 
differences between the RFvitro obtained by the different buffers (" = 0.05). The table lists 
only the buffers that resulted in significantly different RFvitro. A larger-than sign (>) indicates 
which buffer resulted in the larger RFvitro. 

S1 S2 
EB2 > EB3 > EB1 EB2 > EB1 

 EB3 > EB1 

 

Influence of the extraction buffer pH on the response factor 

For soil S1, the response factor, RFvitro, increased with increasing the pH of the 

extraction buffer from RFvitro= 0.43 (pH 7.3) to 0.58 (pH 9.4) (Figure S1) (1-way 

ANOVA, p = 0.0002). Extraction at pH 7.3 resulted in a significantly lower RFvitro 

than at higher pH (HSD). However, differences between the RFvitro for extractions at 

pH 8.2, 8.9, and 9.4 were statistically insignificant (HSD). In contrast to soil S1, the 
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pH of the extraction buffer did not affect the RFvitro for soil S2 (1-way ANOVA, p = 

0.08). 

 

Figure S1. The response factor, RFvitro, for soils S1 and S2 as a function of the pH of 
extraction buffer EB2. The pH values corresponded to the final pH measured in the 
extract after 30 min of extraction.  

 

Effect of extraction buffer composition on the response factor 

Figure S2 shows the RFvitro of in vitro detection of Cry1Ab EB2 and a modified 

version of EB2, where Tween® 20 was replaced by the nonionic detergent Triton X-

100, which was used in (13). A 2-way ANOVA for combined testing for the influence 

of the soils and the detergents on the RFvitro showed no significant difference between 

the RFvitro of the two version of EB2 (pdetergents = 0.19, psoils = 0.44). 

Extraction buffer EB4 contained the anionic detergent sodium taurocholate (STC) and 

the protein bovine serum albumin (BSA). The presence of STC in the extraction 

buffer EB2 resulted in a significant increase of the RFvitro for soil S1 but not for S2 

(Figure S3). The addition of BSA and of both, STC and BSA, did not result in a 

significant increases of the RFvitro for both soils. Details on the statistical analysis are 

provided in Table S3. 
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Figure S2. Effect of the replacement of Tween® 20 in EB2 by Triton X-100 on the 
response factor, RFvitro, for Cry1Ab from soils S1 and S2.  

 

 

Figure S3. Effect of addition of sodium taurocholate (STC) and bovine serum 
albumin (BSA) (both separate and combined) on the response factors, RFvitro for 
Cry1Ab from soils S1 and S2. 
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Table S3. Results of statistical tests for the influence of addition of STC or BSA or both 
(STC and BSA) to EB2 on the RFvitro for soils S1 and S2 (Figure S3). Significant differences 
between RFvitro (p < 0.05) are marked with †. 
p values of the 2-way ANOVA of testing the influence of the four buffers (EB2, EB2 & STC, 
EB2 & BSA, and EB2 & STC & BSA) and the soils (S1 and S2) on the RFvitro. 
p value for influence of extraction buffers on the RFvitro † 0.042 

p value for the influence of the soils on the RFvitro 
† 2 % 10-14 

p value of interactions between buffers and soils † 2 % 10-5 
p values of the 1-way ANOVA of testing the influence of the four buffers (EB2, EB2 & STC, 
EB2 & BSA, and EB2 & STC & BSA) on the RFvitro (separate analysis for each of the soils). 

p value in soil S1 p value in soil S2 
† 0.002 † 0.003 

Results of the honestly significant difference criterion for indentifying individual differences 
between the RFvitro obtained by the four buffers (EB2, EB2 & STC, EB2 & BSA, and EB2 & 
STC & BSA) (" = 0.05). The table lists only the buffers that resulted in significantly different 
RFvitro. A larger-than sign (>) indicates which buffer resulted in the larger RFvitro. 

S1 S2 
 EB2 <  EB2 & STC 

EB2 & STC  <  EB2 & STC & BSA 
EB2 & STC >  EB2 & STC & 

BSA 
EB2 & BSA  <  EB2 & STC & BSA  

 

Effect of dissolved organic carbon on Cry1Ab quantification by ELISA  

Figure S4 shows the relative ELISA response as a function the dissolved organic 

carbon (DOC) concentrations. A relative ELISA response < 1 underestimates the true 

Cry1Ab concentration. However, DOC concentrations # 1 mg mL-1 did not 

significantly affect Cry1Ab quantification relative to the matrix-free standards (HSD). 
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Figure S4. The relative ELISA response is the apparent concentration of a Cry1Ab 
standard containing DOC relative to the matrix-free standards (HSD). Significant 
deviations from 1 are indicated by an asterisk (*) (HSD).  
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Response factors of in vitro detection of Cry1Ab by all extraction buffers 

Figure S5 shows the response factors of in vitro detection of Cry1Ab employing the 

extraction buffers EB1, EB2, EB3, EB4 for soils S1 and S2 and EB5 for soil S1. EB5 

in soil S1 resulted in a RFvitro that was significantly larger than of all the other 

extraction buffers (1-way ANOVA for soil S1, p = 10-12, HSD). 

 

 

Figure S5. Response factors of in vitro detection of Cry1Ab in soils S1 and S2 using 
extraction buffers EB1 to EB 5 for soils S1 and EB1 to EB4 for soil S2. 

 

Effects of spiking and equilibration methodology on the response factor 

The method of Shan et al (11) (“spike”, i.e., Cry1Ab addition to moist soils in a small 

50 "L volume) resulted in RFvitro that were significantly higher (p = 2 % 10-12, 

ANOVA) than the RFvitro obtained by solution depletion (SD) method used in this 

work (Figure S6). 
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Figure S6. Effects of the spiking and equilibration methodology on the response 
factor, RFvitro, of Cry1Ab from soils S1 and S2. The method 'Shan et al.' is taken from 
ref. (11). 

 

The adsorption time showed a significant effect on the RFvitro in both soils (Figure 

1c). Statistical results are listed in Table S4. 

 

Table S4. Results of statistical tests for the influence of adsorption time on the response 
factors RFvitro for soils S1 and S2 (Figure 1c). Significant differences between RF (p < 0.05) 
are marked with †. 
p values of the 2-way ANOVA of testing the influence of adsorption duration and the soils 
(S1 and S2) on the RFvitro. 

p value for influence of adsorption time on the RFvitro  
† 1 % 10-14 

p value for the influence of the soils on the RFvitro  
† 2 % 10-9 

p value of interactions between adsorption time and soils † 7 % 10-5 
p values of the 1-way ANOVA of testing the influence of adsorption time on the RF (separate 
analysis for each of the soils). 

p value for S1 p value for S2 
† 6 % 10-10 † 8 % 10-6 

Results of the honestly significant difference criterion for indentifying individual differences 
between the RF obtained by the different adsorption times (" = 0.05). A larger-than sign (>) 
indicates which adsorption time resulted in the larger RFvitro. 

S1 S2 
0.5 h > 2 h > 11 h > 24 h 0.5 h > (2 h, 11 h, 24 h) 
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Section S8. Insecticidal activity of adsorbed Cry1Ab 

Table S5 lists the EC50 of adsorbed Cry1Ab (EC50
adsorbed ) and their respective control 

EC50 with non-adsorbed Cry1Ab (EC50
control ) from the same event and the resulting 

RFvivo (Eq. S2). 

 



  

 

Table S5. Results of insecticidal activity of Cry1Ab adsorbed to soils or soil constituents. Each experiment, numbers 1 to 11, consisted of one bioassays with non-adsorbed Cry1Ab 
and one or several bioassays with Cry1Ab adsorbed to the . EC50

control and EC50
adsorbed  (both ng g-1) are the EC50 of the control and the adsorbed Cry1Ab; -95% CI and +95% CI are 

the negative and positive deviations from the EC50 and RFvivo (calculated by error propagation) to the 95% confidence interval (CI) of the fit of the GI data to the sigmoidal function. 

experiment Nr. sorbent EC50
control

(95% CI) (ng g-1) EC50
adsorbed

 (95% CI) (ng g-1) RFvivo (95% CI) 

2 97 nm SiO2 5.0 (4.2-6.0) 8.5 (6.8-10.5) 0.59 (0.44-0.78) 
1 97 nm SiO2 10.3 (8.2-13.0) 8.6 (7.2-10.4) 1.19 (0.88-1.58) 
1 0.82 !m SiO2 10.3 (8.2-13.0) 13.7 (11.1-17.1) 0.75 (0.54-1.02) 
1 3.4 !m SiO2 10.3 (8.2-13.0) 11.8 (9.1-15.4) 0.87 (0.60-1.23) 
6 3.4 !m SiO2 4.6 (4.1-5.1) 9.3 (8.4-10.4) 0.49 (0.42-0.57) 
1 73 !m SiO2 10.3 (8.2-13.0) 31.3 0.33 
2 73 !m SiO2 5.0 (4.2-6.0) 29.2 (23.4-37.2) 0.17 (0.13-0.23) 
2 250 !m SiO2 5.0 (4.2-6.0) 61.8 0.08 
8 montmorillonite 3.8 (3.3-4.4) 9.3 (7.8-11.1) 0.41 (0.33-0.51) 
5 montmorillonite 7.9 (6.7-9.4) 8.3 (6.4-10.8) 0.95 (0.69-1.30) 
5 kaolinite 7.9 (6.7-9.4) 7.4 (6.0-9.3) 1.06 (0.80-1.39) 
8 kaolinite 3.8 (3.3-4.4) 13.3 (11.0-16.0) 0.29 (0.23-0.36) 
3 humic acid 12.7 (10.2-15.5) 10.2 (8.4-12.4) 1.25 (0.91-1.63) 
4 humic acid 9.0 (7.2-11.2) 12.2 (8.8-17.4) 0.74 (0.49-1.10) 
3 poly-L-lysine 12.7 (10.2-15.5) 10.7 (9.1-12.7) 1.19 (0.89-1.52) 
4 poly-L-lysine 9.0 (7.2-11.2) 9.7 (7.0-12.6) 0.93 (0.62-1.30) 
5 aluminum oxide 7.9 (6.7-9.4) 5.6 (4.7-6.8) 1.42 (1.12-1.85) 
7 aluminum oxide 4.9 (4.3-5.7) 3.9 (3.4-4.4) 1.27 (1.05-1.52) 
7 goethite 4.9 (4.3-5.7) 8.0 (7.1-9.0) 0.62 (0.51-0.74) 
5 goethite 7.9 (6.7-9.4) 4.8 (4.1-5.7) 1.63 (1.27-2.07) 
9 S1 4.6 (4.1-5.2) 5.5 (4.9-6.3) 0.84 (0.70-0.99) 
9 S2 4.6 (4.1-5.2) 4.1 (3.6-4.6) 1.13 (0.95-1.33) 

10 S3 14.3 (10.6-19.5) 10.1 (7.5-13.2) 1.43 (0.90-2.11) 
10 S4 14.3 (10.6-19.5) 7.3 (5.6-9.5) 1.97 (1.28-2.89) 
10 S5 14.3 (10.6-19.5) 9.9 (7.4-13.3) 1.45 (0.92-2.17) 
11 S6 7.5 (5.6-10.1) 6.6 (5.4-8.1) 1.14 (0.78-1.61) 
11 S7 7.5 (5.6-10.1) 9.1 (6.8-12.2) 0.83 (0.53-1.22) 
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Statistical evaluation of response factors of in vivo detection of Cry1Ab 

RFvivo of in vivo detection of Cry1Ab by diet incorporation bioassays for soils (Fig 

2b), soil constituents (excluding SiO2 particles !73 "m, Fig 2c) and the combined 

sorbents (soils and soil constituents, excluding SiO2 particles !73 "m) were normally 

distributed according to a normal probability plot. ANOVAs did not show significant 

differences in RFvivo for the combined sorbents (including soils and soil constituents, 

excluding SiO2 particles ! 73 "m), independent of including larval batch-to-batch 

variability (2-way ANOVA, psorbents = 0.57, pevent = 0.18) or not (1-way ANOVA, 

psorbents = 0.58). The average RFvivo for the combined sorbents was RFvivo= 1.02 ± 

0.41, which was not significantly different from 1 (p = 0.83, t-test). The 

corresponding 95% confidence interval from 0.85 to 1.2 showed, that the RFvivo 

obtained by the in vivo method were significantly larger than 0.84, which is more than 

the largest RFvitro from the in vitro method. 

Also, RFvivo for the various soil constituents (excluding soils and SiO2 particles ! 

73 "m) were not significantly different, independent of correcting for an influence of 

larval batch-to-batch variability (2-way ANOVA, psorbents = 0.55, pevent = 0.18) or not 

(1-way ANOVA, psorbents = 0.74). The average RFvivo of all soil constituents was 0.92 

± 0.38, which was not significantly different from 1 (p = 0.40, t-test). The 

corresponding 95% confidence interval from 0.73 to 1.1 showed, that RFvivo obtained 

by bioassays for the soil constituents were significantly larger than 0.72. 

Effect of particle size on the RFvivo 

The RFvivo of the in vivo method of Cry1Ab adsorbed to SiO2 particles with d50= 

97 nm to 3.4 "m showed similar RFvivo, whereas Cry1Ab adsorbed to SiO2 particles ! 

73 "m showed reduced activity (RFvivo< 1) (Figure S7). The particles with d50! 73 "m 

were similarly sized to the diameter of the head capsule of neonates of approximately 

200 "m as measured by light microscopy. The decrease in the RFvivo for Cry1Ab 

adsorbed to particles with diameters ! 73 "m therefore likely resulted from impaired 

particle uptake by the larvae, and hence reduced exposure to Cry1Ab, during feeding. 

This finding further suggests that Cry1Ab did not desorb from the particles into the 

diet during diet preparation. 
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Figure S7. Response factors, RFvivo, of in vivo detection of Cry1Ab adsorbed to SiO2 
particles with mean diameters ranging from d50= 0.097 "m to >212 "m. Error bars 
represent 95% confidence intervals, calculated by error propagation from EC50 values. 
For RFvivo without error bars, no confidence intervals could be calculated from the 
regression analysis. * indicate significant differences of RFvivo from 1. 

 

Deactivation of Cry1Ab by SDS 

SDS-treated Cry1Ab showed no growth inhibition up to a concentration of 62 ng 

Cry1Ab g-1 diet (Figure S8). The data suggests that Cry1Ab was irreversibly 

denatured by SDS and therefore did not refold into an active conformation in the 

larval midgut. 

 

Figure S8. Growth inhibition (GI) of larvae fed with either untreated Cry1Ab and 
with Cry1Ab treated with the denaturing detergent sodium dodecyl sulfate (grey).  
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Thermal stability of Cry1Ab during diet preparation 

Figure S9 shows the fractions of initial Cry1Ab in PBST that was detected by ELISA 

after exposure of the samples to 25°C to 70°C for eight minutes. Differences in the 

detected fractions after exposure to 25 to 60 °C were not statistically significant 

(HSD). Exposure to 70°C resulted in significantly lower detected fractions, indicating 

irreversible thermal denaturing of Cry1Ab. 

 

Figure S9. Fractions of initial Cry1Ab in phosphate buffered saline, that was detected 
by ELISA after exposure of the samples to 25°C to 70°C for eight minutes. Only 
exposure to 70°C resulted in significantly lower fractions (HSD). 

 

Figure S10 shows the fraction of total added Cry1Ab extracted from diet that was 

either cooled from 60°C to room temperature immediately after addition of Cry1Ab 

(time t= 0 min) or stored at 60°C for 10, 30, and 60 minutes prior to cooling. The 

recovered fraction for the sample cooled immediately (t = 0 min) was significantly 

higher than the fractions recovered from control samples in which Cry1Ab was added 

to cooled diet suspended in extraction buffer. The fractions recovered from samples 

stored at 60°C for t ! 10 min did not differ significantly from the fractions recovered 

from control samples (HSD). These finding rule out thermal degradation of Cry1Ab 

as the cause for RFvivo< 1 from the diet. Instead, the data are consistent with 

incomplete Cry1Ab extraction from the diet. In the standard protocol, the diet is 

immediately cooled to room temperature after the addition of free or particle-adsorbed 

Cry1Ab, ruling out that Cry1Ab was thermally deactivated during diet preparation.  
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Figure S10. Fractions of total added Cry1Ab recovered from diet that was cooled 
down to 25°C immediately after addition of Cry1Ab (t= 0 min) and from diet stored at 
60°C for different amounts of time before cooling down. The control was cooled 
down diet in extraction buffer to which Cry1Ab was added. 
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Conclusions 

Summary and conclusions 

In chapters 1 and 2, patch-controlled electrostatic attraction (PCEA) was identified as 

the mechanism that dominates Cry1Ab adsorption to negatively charged SiO2 and to 

positively charged poly-L-lysine. PCEA arises from the non-uniform distribution of 

charged amino acids on the Cry1Ab surface. PCEA resulted in increasing rates and 

extents of Cry1Ab adsorption to sorbents that carried the same net charge as the 

protein with decreasing ionic strength. At low ionic strength of 10 mM, PCEA also 

affected Cry1Ab intermolecular interactions, resulting in the adsorption of Cry1Ab bi- 

to multilayers. Desorption rates from SiO2 increased with increasing ionic strength 

and pH. Reversible adsorption to SiO2 suggested weak Cry1Ab-SiO2 electrostatic 

attraction. PCEA also governed Cry1Ab adsorption to SiO2 particles at low, 

environmentally relevant protein concentrations and under variable transport 

conditions. Finally, supply rate-independent extents of adsorption of Cry1Ab to apolar 

gold surfaces suggested that Cry1Ab has a high conformational stability in adsorbed 

states and, therefore, that entropic contributions from protein conformational changes 

to adsorption were only small for Cry1Ab. 

Given the high degree of sequence homology among Cry1A proteins, these proteins 

have adsorption characteristics similar to those of Cry1Ab. PCEA is therefore 

expected to govern the adsorption of other Cry1A proteins to charged polar sorbent 

surfaces in soils. In addition to SiO2, these surfaces may include the negatively 

charged basal planes of clay minerals and the positively charged surfaces of iron and 

aluminum (hydr)oxides. From these results and considerations it can be concluded 

that in general increasing ionic strength and changes in pH facilitate Cry1Ab 

desorption. 

Cry1Ab adsorption to SiO2 particles resulted in a fraction of adsorbed Cry1Ab that 

exhibited very slow desorption kinetics, reflecting strong Cry1Ab-SiO2 interactions in 

a limited number of high-affinity adsorption sites (Chapter 3). The abundance of these 

sites and their relative contribution to total adsorption depends on heterogeneities in 

the chemical and physical properties of the sorbent surface. Soil particle surfaces are 

known to be heterogeneous, and hence, Cry1Ab adsorption in soils may be dominated 
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by high affinity sites. Commonly used adsorption models that assume uniformly 

charged proteins and sorbents, including DLVO theory, are, therefore, inadequate to 

describe Cry1Ab adsorption to heterogeneous sorbent surfaces. Instead, models are 

required that account for orientation-dependent Cry1Ab electrostatic interactions with 

sorbents that allow for a distribution of interaction energies of Cry1Ab with the 

sorbent.  

The in vitro extraction-immunological detection method, assessed in chapter 4, 

yielded highest response factors for soil-adsorbed Cry1Ab using extraction buffers 

with high pH and ionic strength that contained a non-ionic detergent. The high 

response factors likely resulted from attenuation of Cry1Ab-sorbent electrostatic 

attraction and of the hydrophobic effect, respectively. The response factors by the in 

vitro method were, however, always smaller than unity and decreased with increasing 

Cry1Ab-soil contact time, likely due to an increase of the fraction of Cry1Ab 

adsorbed to high-affinity sites over time. This raises the question whether reported 

Cry1Ab concentrations in soils underestimated real concentrations due to incomplete 

Cry1Ab extraction. The in vivo bioassay method using the Cry1Ab-susceptible pest 

insect Ostrinia nubilalis showed complete recovery of Cry1Ab adsorbed to soils and 

soil constituents for the duration of one week. The bioassay, compared to in vitro 

detection methods, has the advantage of being selective to active Cry proteins. O. 

nubilalis is an ideal test organism due to both efficient extraction and selective 

binding of Cry1Ab to receptors in its midgut. The results from our work demonstrate 

that O. nubilalis growth inhibition bioassays are a suitable method to detect active 

Cry1Ab in agricultural soils and to conservatively estimate the Cry1Ab exposure of 

non-target soil-dwelling organisms which are expected to have lower extraction 

efficiencies and sensitivities for protein. The results from this bioassay may be used to 

decide whether labor intensive and expensive field studies looking for potential 

effects on soil-dwelling non-target organisms are required for a given Bt field site. 

Outlook 

The work in chapters 1 to 3 demonstrates that the same mechanism governs Cry1Ab 

adsorption to polar charged surfaces irrespective of surface heterogeneity, mass 

transport conditions, and Cry1Ab concentrations in solution. Therefore, the employed 

in-situ surface adsorption techniques, which are well established in the material and 

surfaces sciences, may be used in the environmental sciences to obtain a molecular-
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level picture on the adsorption of biomacromolecules to solid-water interfaces. Our 

group is currently extending on the work described herein by using these techniques 

to study Cry1Ab adsorption to soil organic matter films. Compared to most mineral 

surfaces, organic matter is less polar, although it carries a negative net charge at 

environmentally relevant pH. In addition to Cry1Ab-organic matter electrostatic 

interactions, the ongoing work will assess the relative importance of the hydrophobic 

effect (i.e., poor solvation of apolar patches on the organic matter and the protein 

surfaces) to adsorption. 

Since other Cry1A proteins likely exhibit adsorption characteristics very similar to 

that of Cry1Ab because of their high degrees of sequence homology. Cry proteins 

with smaller degrees of sequence homology, including the Bt crop expressed Cry3Bb1 

and Cry1C, may exhibit different adsorption behaviors. For instance, proteins with 

more uniform surface charge distributions than Cry1Ab are not expected to adsorb by 

PCEA. Note that while the primary sequence may differ substantially between Cry 

proteins, the secondary and tertiary structures of Cry proteins are highly conserved 

(1). Future work should therefore address the variability in the adsorption of different 

Cry proteins.  

Future work should also include Cry protein column transport studies in whole soils, 

both under saturated and unsaturated conditions. High Cry1Ab affinity to fine 

particles in soils warrants investigation of colloid-facilitated transport of Cry proteins 

in soils. 

The experimental results of this work should also be interesting for all atomistic 

modeling of the interaction energies of Cry1Ab with charged and uncharged sorbents. 

Such modeling efforts would advance our understanding of Cry protein adsorption 

and would help to further assess the relative importance of different driving forces to 

overall adsorption. Since PCEA is the major driving force for Cry1A protein 

adsorption, modeling of the orientation-dependent Cry1A-sorbent interaction energies 

could be a first step. 

Even though reliable detection methods are necessary to monitor Cry proteins in 

agricultural soils and in adjacent water bodies, there is, to date, no detection method 

that was demonstrated to work reliably on field soil samples. The results from 

bioassays in this work promise to become a reliable tool to obtain a conservative 
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estimate of the exposure of non-target soil-dwelling organism to soil-adsorbed 

Cry1Ab.  However, this bioassay method needs to be tested for soil samples in which 

Cry1Ab was adsorbed over extended time periods. 

Since adsorbed Cry proteins have been found to degrade only slowly, likely due to 

reduced accessibility to proteases, the over-all degradation rates of Cry proteins in 

soils will depend on the fraction of Cry protein in soil water. Soils exhibiting 

abundant high-affinity sites therefore likely show decreased over-all degradation rates 

for Cry proteins. Future experimental work is warranted that is directed towards 

linking adsorption and biodegradation of Cry proteins in soils. 

An immediate benefit of the research presented herein is an enhanced understanding 

of the adsorption mechanism of Cry1A proteins to polar charged surfaces. This 

research emphasizes the importance of electrostatic interactions in Cry1A adsorption 

in soils. As such, this research will have practical implications for monitoring and 

exposure assessment and promises to help establishing mechanistic models for 

prediction of Cry protein transport, fate, and activity in soils.  
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